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OBJECTIVES This study examined roles of iron oxide/porous
carbon material (Fe/C) for removing metronidazole in simu-
latedwastewater by adsorption and then followedby a degra-
dation using advanced oxidation process (H2O2, O3 and com-
bination of H2O2/O3). METHODS Fe/C was produced by an
impregnation of iron oxide precursors during resorcinol-
formaldehyde synthesis followed by pyrolysis at 800 °C. For
comparison, blank carbon (without iron loading) was also
synthesized. The properties of porous carbon were inves-
tigated by SEM-EDX, and N2-sorption analyzer. Blank car-
bon and Fe/C featured the specific surface area of 755 m2g-1

and 394 m2g-1, respectively. The loading of iron oxide al-
tered the pore structures of material. RESULTS The adsorp-
tion isotherm data were followed by the Langmuir isotherm
model with metronidazole uptake up to 46.07 mg g‐1 and
39.97 mg g-1 at 30 °C by Fe/C and blank carbon. The degra-
dation study was then carried out with catalyst dosage of 0.1
g/100 mL solution and 120 min reaction time at 30 °C. CON-
CLUSIONS It is noticeably that, the degradation of metron-
idazole was better when a combination of H2O2/O3 was em-
ployed, compared with an individual of H2O2 or O3. Regard-
ing the stability, Fe/C maintained its high activity upon four
consecutive runs.

KEYWORDS Advanced oxidation; iron oxide; metronidazole;
porous carbon

1. INTRODUCTION

The development of pharmaceutical industries could create
problems related to environmental affecting aquatic ecosys-
temsandhumanhealth. Pharmaceutical contaminants have
potentially raised concerns since they are toxic to aquatic or-
ganisms at trace concentrations (Mirzaei et al. 2017). There-
fore, these compounds cannot only be found in sewage treat-
ment units, but its presence has been detected in groundwa-
ter (Patel et al. 2019), surface water, and seawater (Costanzo
et al. 2005). Some of the doses used in medical procedures
are not absorbed (Balarak et al. 2020). They arewasted by hu-
mans and accumulate in waste disposal units (Malakootian
et al. 2019). Thepresenceof thesedrugscanaffectwaterqual-
ity. Several hazards include the development of antibiotic-
resistant microbes in the aquatic environment (Gadipelly
et al. 2014), changes in fish reproduction due to the presence
of estrogenic compounds (Escher et al. 2010) and inhibition
of photosynthesis in algae (Munoz et al. 2017).

Metronidazole is anantibiotic in the familyofnitroimida-
zole. The molecular structure is shown in Figure 1. Metron-
idazole has a three-dimensional size of X = 0.668, Y = 0.627
and Z = 0.262 nm (Carrales-Alvarado et al. 2014). This com-
pound is commonly used to treat infections caused by pro-
tozoa and anaerobic bacteria (Goolsby et al. 2018). These
compounds have high solubility in water and difficult to de-
gradenaturally (Johnson andMehrvar 2008). In recent years,
Adsorption is a widely used as treatment procedure for re-
moval organic pollutants like antibiotic (Balarak et al. 2020).
Adsorption is an effective method to remove metronidazole
from aqueous solutions (Ighalo et al. 2020). However, the ad-
sorptionmethodonlymovescomponents fromliquid tosolid
phase. For this reason, thedegradationprocess is considered
used as alternative processes to remove pharmaceuticals in
the adsorbent. The degradation processes are currently be-
ing developed to remove pharmaceuticals compounds are
advance oxidation processes (AOPs). Thismethod have been
widely used to remove organic pollutants such as antibiotics
by produce hydroxyl radicals (Cuerda-Correa et al. 2020).

Many studies have been focused on the preparation of
adsorbent and catalysts. It has to be mentioned that it is
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FIGURE 1. Molecular structure of metronidazole (Carrales-Alvarado et al.
2014).

difficult to separate the solid catalyst from aqueous suspen-
sion when using a homogenous system AOPs. Porous car-
bon is considered one of the most promising support ma-
terials because it has outstanding properties such as good
physical andchemical stability (Ariyantoetal. 2019), highspe-
cific surface area (500-2000m2/g) (MohdZawawi et al. 2021),
well-developed pore structure, and good surface chemistry
(Prasetyo et al. 2013). Porous carbon could be used as a cata-
lyst carriermediuminadvancedoxidationprocesses (Amelia
et al. 2020). Therefore, many works have been devoted
to studying different carbon materials as catalytic support
for removal metronidazole (Nasseh et al. 2020; Seidmoham-
madi et al. 2021). However, the pore structure of porous car-
bon as a heterogeneous catalyst for the degradation process
of metronidazole has not been studied in depth before. The
influence of the porous carbon structure as a metal catalyst
carriermediumand theperformanceof thedegradationpro-
cess is indirectly affected by the carbon material. Polymer-
based porous carbon can be used as an adsorbent in adsorp-
tion and ametal catalyst carriermedium in degradation pro-
cess. Porous carbon made by the carbonization process of
synthetic polymers can produce a more uniform structure
(Rajagopal et al. 2020). The pore size can be adjusted by
changing thepolymerprecursorandcanhavea largespecific
area (Prasetyo et al. 2013).

The paper presents a study of synthesis iron oxide on
porous carbonmaterial as analternativemethod for removal
metronidazole concentration in water by adsorption pro-
cess and then followed by a degradation process using AOPs.
Porous carbon material was produced by carbonization of
synthetic polymer due to the pore size can be turned by al-
ter polymeric precursors. To determine the performance of
the catalytic system of porous carbon as a carrier medium,
AOPs using hydrogen peroxide (heterogeneous Fenton) and
Ozonation catalytic ozonewill beused, and the resultswill be
compared. Porous carbon will be tested for stability as a cat-
alyst with repeated use of four processes in a row.

2. EXPERIMENT SECTION.

2.1 Materials

The carbon support used in this study was polymer derived
carbon synthesized by pyrolysis of resorcinol and formalde-
hyde. Fe(NO3).9H2O (99% purity Merck, Germany) was em-
ployed as iron oxide precursor. In the degradation processes,

metronidazole (99%SigmaAldrich, Singapore)was used as a
target pollutant. H2O2 (50% purity) from Merck and Ozone
from ozonation generator, were used as a hydroxyl radical
producer.

2.2 Carbon catalyst preparation

Porous carbon was synthesized by pyrolysis of phenolic
resin. To produce polymeric mixture resorcinol, formalde-
hyde, with and without Fe(NO3).9H2O. The molar ratio of re-
sorcinol and formaldehyde was fixed to 2.8:1. The mass frac-
tion of catalyst precursor (Fe(NO3)3.9H2O) was 1% of the to-
tal solution. Polycondensationreactionofpolymerprecursor
mixture was described elsewhere (Prasetyo et al. 2013). Poly-
mermaterial was placed in the furnace and then the furnace
was heated to 800 °Cwith ramp rate of 3 °C, and under nitro-
gen atmosphere. The furnace was cooled down to ambient
temperature overnight. Porous carbonwithout andwith iron
oxide/carbon were labeled as blank carbon and Fe/C, respec-
tively.

2.3 Adsorption test

The metronidazole adsorption was performed through a
preparation of metronidazole solution at various concentra-
tions. The initial concentration range from0 to 800ppmwas
employed to determine adsorbate in liquid and solid phase,
until the adsorption capacity was reached. A 50 mg carbon
was poured into 50 ml metronidazole solution placed in Er-
lenmeyer. The mixture was shaken for 24 h in a water bath
shaker (Memmert, Schwabach, Germany) at 30 °C until equi-
librium. The sample was mixed with 1 M HCl, NaNO2, sul-
famic acid dan b-naphthol. A 1 M NaOH was then added
till the solution was colored. The metronidazole adsorption
test in liquid was performed using a Vis Spectrophotome-
ter (C-7000 Series Spectrophotometer, Peak Instrument Inc)
at λmax from the previously determined calibration curve
(wavelength of 510 nm). The detail of adsorptionmethod and
analyticalmethod are provided in literature (Panandita 2022;
Saffaj et al. 2006). The uptake capacity (Cµ) was calculated by
mass balance formulation of Eq. (1).

Cµ =
(C0 − Ce)× V

m
(1)

WhereC0 is the initial concentration ofmetronidazole in
the liquid phase (mg.L-1), Ce is equilibrium concentration of
metronidazole in the liquid phase (mg.L-1) after adsorption,
m is themass of adsorbent (g) andV is the volumeof the solu-
tion (L). Equilibrium data weremodeled using Langmuir and
Freundlichmodels, as show in Eq. (2) and Eq. (3).

Cµ =
Cµmax × KL × Ce

1 + KL × Ce
(2)

C = KF × C1/n
e (3)

Where Cµmax is the maximum adsorption capacity
(mg.g-1 carbon), KL and KF are the Langmuir and Freundlich
equilibrium constant, respectively.
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FIGURE 2. (a) N2-sorption isotherm (closed symbol: adsorption, open symbol: desorption) and (b) pore size distribution of blank carbon and Fe/C.

2.4 Degradation test

Carbon material used in adsorption was placed in a three-
neck flask containing 100 ml aquadest. The solution was
stirred at a constant speed at a room temperature (about 30
°C). Then, oxidation of AOPs (H2O2 and ozone) were added
into the three-neck flask while stirring for 4 h (used H2O2)
and 2 h (used ozone and combination process). Residual con-
centration of H2O2 was analyzed spectrophotometrically by
the titaniumoxysulfatemethod (1.5-2.0 Ti based as TiO2). The
concentration ofmetronidazole detected in liquid phasewas
determined by Vis Spectrophotometer (C-7000 Series Spec-
trophotometer, Peak Instrument Inc.) at a wavelength 510
nm. Thedegradation testwas conducted in 5 cycles using the
same Fe/Cmaterial to evaluate the efficacy of the catalyst for
consecutive usage. Fe/C was dried in oven at 60 °C prior to
the next run. The detail procedures are provided in literature
(Panandita 2022).

2.5 Characterization methods

The porosity of the porous carbon (Fe/C and blank carbon)
was characterized by nitrogen physisorption at a tempera-
ture of 77K using a Quantachrome instrument (NOVA 2000,
USA). The analytical method used was multipoint Brunauer-

Emmett-Teller (BET) to determine the specific surface area.
The pore size distributions (PSDs) were evaluated using the
Density Functional Theory (DFT) model. The morphology of
the carbon surface material was observed by Scanning Elec-
tronMicroscopic (SEM, JEOLJSM-6510LA).EnergyDispersive
X-ray (EDX) coupled with SEMwas used to investigate chem-
ical elementalmaterials.

3. RESULT AND DISCUSSION

3.1 Pore structures of materials

The type ofmaterial usedwill affect the structure of the pore
characteristics with different pore properties. This differ-
ence will later affect the adsorption and degradation perfor-
mance and the effect of the iron oxide catalyst on the car-
bon characteristics. The material properties of the porous
carbon material were characterized using low-temperature
nitrogen physisorption analysis. Figure 2.a displays the re-
sult of the sorption isotherm. According to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) classifi-
cation (Thommes et al. 2015), the shape of the isotherm for
Fe/C is classified as a combination of type I and IV isotherm.
This means an unrestricted monolayer-multilayer adsorp-
tion with a hysteresis loop. While blank carbon is classified

TABLE 1. Analysis result of pore properties.

Material SSAa (m2g-1) Vsb (cm3g-1) %Vmicc (%) dvd (nm)

Blank Carbon 755 0.49 55.05 2.61

Fe/C 394 0.37 22.02 3.72

aSpecific surface area, determined by multipoint BET
bTotal pore volume at 0.98 P/P0
cMicropore volume fraction, determined by the t-plot method
dMean pore diameter, calculated with dv = 4Vt/area

TABLE 2. Constant value of various fitting models of metronidazole adsorption.

Material
Langmuir model Freundlich model

KL (Lmg-1) Cµmax (mg g�1) R2 kf n R2

Blank carbon 0.00351 ±0.0064 39.97 ±4.25 0.96 1.08 ±0.52 1.98 ±0.32 0.96

Fe/C 0.0354 ±0.0041 46.07 ±0.004 0.99 15.40 ±1.43 5.87±0.56 0.99
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FIGURE 3. The SEM images of blank carbon (a), Fe/C material (b) and elemental mapping (EDX) of Fe in carbon (c).

as a microporous material (Type I). This can be seen from
the adsorption line which approached a saturation value at
small P/Po. N2-uptake capacities of both carbons indicates
that highly porous material is present. The pore size distri-
butions (PSDs) calculated with the DFTmodel Figure 2.b The
poresizewasdistributed to theporouscarbonwith ironoxide

FIGURE 4. Adsorption isotherm of metronidazole in blank carbon and Fe/C
(line: Langmuir fitted curve; dash line: Freundlich fitted curve).

catalyst having a higher mesopore fraction (2-5 nm). On the
otherhand, the blankporous carbon,whichhada reasonably
highmicropore fraction (2 nm).

The structural properties of the two carbon materials
such as specific surface area (SSA), pore volume, average
pore size, andmicroporosity are summarized in Table 1. This
table compares the results of carbon added with and with-
out iron oxide catalyst. The textural properties showed that
surface area (394-754m2g‐1) and a highly developed porosity
are obtained. This material could be compared with porous
carbon synthesized from other polymeric materials, which
are usually produced in the range of 600-2000 m2 g−1. For
Fe/C, the reduction of the specific surface area is likely due to
the iron oxide in the material, which is non-porous and can
inducemesoporous-graphitic structure (Prasetyo et al. 2019;
Amelia et al. 2020). Fe/C and blank carbon material have
mesoporous structurewith ameanpore 3.72 nmand2.61 nm.
The difference can occur due to the presence of iron oxide
and high temperature process that triggers a mesoporous
structure. Comparing the total pore volume of both carbon
materials, the iron oxide carbon material featured a higher
pore volume (0.491 cm3g-1) than blank carbon (0.367) cm3g-1.
Overall, the results fromtheporosityanalysisofblankcarbon
have a larger specific surface area, but the Fe/Cmaterial have
a largermesopore size.
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3.2 Surface morphologies and elemental analysis

The morphology of carbon material was investigated using
scanning electronmicroscopy. From Fig 3.a and Fig 3.b, SEM
images showed that surface of the Fe/C material has more
voids than the blank carbon. It is important to mention that
pore sizes which are important formolecular adsorption are
in the range of nanometer scale, hence it is unseen in the
SEM images. The results indicate that the addition of iron
oxide can affect the morphology of carbon surface. This re-
lates to the use of polymer precursor types and their compo-
sition (Asgharzadeh et al. 2020). To determine the distribu-
tion of iron on the carbon surface, Fe elemental mapping by
EDXwas carried out as can be seen in Figure 3.c. The color in
the image from elementalmapping (EDX) indicates the pres-
ence of Fe on the carbon surface. It shows that the iron oxide
has been distributed well. In other words, the result clearly
showed successful preparation steps to produce iron oxide
porous carbonmaterial.

3.3 Metronidazole adsorption

Theperformanceofmaterialwas tested in themetronidazole
adsorption in the range of 0-800 ppm metronidazole solu-
tion (Figure 4). Metronidazole can be adsorbed by both car-
bon material of Fe/C and blank carbon. The adsorption per-
formanceof ironoxidecarbon is slightlybetter than theblank

carbon in the term of uptake capacity. For blank carbon, the
uptake capacity is ca. 25 mg g-1 at 800 ppm. The impregna-
tion of iron oxide loading remarkably increases the metron-
idazole adsorption, which results in ca 40mgg-1.

Isotherm models have been reported to represent the
adsorption equilibrium data. In this study, the Langmuir
isothermmodel and Freundlich isothermmodel were fitted
to the experimental metronidazole adsorption data for both
materials. These adsorption isotherms can be represented
mathematically by Eq. (2) and (3). The parameters of mod-
els are shown in Table 2. The Langmuir models are more
appropriate for metronidazole adsorption models than Fre-
undlich models (R2 closer to 1). The parameter Cµmax is the
maximum adsorption capacity. For iron oxide carbon mate-
rial, the value of themaximum adsorption capacity for Lang-
muir model 46.07 mg/g at 800 ppm, which is higher than
blank carbon material (39.97 mg g‐1). The value of Langmuir
constant of KL for F/C is higher than blank carbon. It is likely
that uptake capacity of metronidazole seems to be more re-
lated to change in pore textural properties (Table 1). Blank
carbon has a lowmean pore size which hindered adsorption
despite having a high specific surface area. This effect to
adsorption metronidazole is in agreement with literatures
(Carrales-Alvarado et al. 2014).

FIGURE 5. Concentration profile of H2O2 (a), Concentration profile of metronidazole in liquid phase during H2O2 method (b) Concentration profile of metron-
idazole in liquid phase during ozonation (c) Concentration profile of metronidazole in liquid phase during H2O2/O3 method (d) Condition: 100mg of catalyst
in 100 mL solution and 30 °C reaction temperature.
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FIGURE 6. Durability test showing high reusability of Fe/C for metronida-
zole removal.

3.4 Catalytic degradation performance

The performance of material was then studied in degrada-
tion test to evaluate the role of carbon material as a catalyst.
The adsorbent that had previously been used in the adsorp-
tion process were separated and then degraded by hetero-
geneous Fenton, Catalytic ozonation and ozone/H2O2 meth-
ods. As observed Figure 5.a, the experiment with blank car-
bon and Fe/C inH2O2 solutionwas performed to evaluate the
possible role of Fe/C material as catalyst. The experimental
data was fitted by considering the first order of reaction for
H2O2 depletion. It can be seen that no significant decrease
ofH2O2was observed after 3 h reaction timeusing blank car-
bon. It concluded that blank carbon cannot facilitate the for-
mation of hydroxyl radicals. On the other hand, Fe/C mate-
rial can facilitate the formation of hydroxyl radical in the 30
min regarding thedecreaseofH2O2 concentrationprofile. In
Figure 5.b, themetronidazole concentrationwas observed af-
ter 4 h reaction time using H2O2. It can be determined that
H2O2 cannot oxidize the metronidazole without catalyst Fe
under the operating conditions in this work. The degrada-
tion process with blank carbon only desorbs metronidazole
back into liquid phase. However, there is a 79% reduction of
metronidazole when using oxidizing H2O2.and catalyst Fe/C.
The transfer of metronidazole from adsorbent to liquid can
occur due to the influence of stirring condition during degra-
dation process. This was because metronidazole molecules
were in solid phase, so themetronidazole concentration can-
not bemeasured directly.

The degradation result of metronidazole with Fe/C and
blank carbon material through O3 and O3/H2O2 is shown in
Figure 5.c and Figure 5.d, the results presented show that
degradation allows of eachmaterial. In the blank carbonma-
terial, therewas decrease in the concentration ofmetronida-
zole during a 2-h process. This is likely due to the ozone is
an oxidizing agent with high oxidation potential (2.07 V) and
couldbreak thechemical bondsoforganicmoleculesdirectly
(Issaka et al. 2022). However, the oxidizing is lower than hy-
droxyl radical. Thepresenceof ironoxidecatalyst (Fe/C) in the
degradation processes can accelerate the degradation pro-
cess. This effect to degradation using O3 is also observed

from literature (Nasseh et al. 2020).
The results showed that degradation using O3 and

O3/H2O2 with Fe/C material showed a reduction of metron-
idazole reaching almost 90%. The reduction of metronida-
zole is better when using Fe/C and combination of O3/H2O2.

Metronidazole was fully degraded at 2 h. This was due to the
very strong oxidative properties of the hydroxyl radicals pro-
duced from hydrogen peroxide and catalyst (He et al. 2016)
and thereactionofO3/Fe2+, O3/H2O2 andH2O2/Fe2+yieldeda
large amount hydroxyl radicals. This indicates Fe/C could be
used as a catalyst in the degradation of metronidazole using
AOPs.

3.5 Recyclability test of Fe/C catalyst

To evaluate the reusability ofmaterial, Fe/Cwas submitted to
consecutiveadsorptionanddegradationruns (H2O2/O3). The
degradation was achieved after 2 h reaction time along for 4
runs. Theresult is showninFigure6. According toadsorption
process, its slight decrease in repetitions (about 12%). The
decrease in adsorption performance of Fe/C in consecutive
tests can be caused by remaining metronidazole in the solid
carbon. Therefore, material is not able to adsorb metronida-
zoleasmuchas thepreviousprocess. ThiseffectofusingFe/C
material synthesized by phenolic resin is also observed from
literature (Amelia et al. 2020). In general, the Fe/C material
synthesized from resorcinol-formaldehyde has a good phys-
ical resistance as shown by only ca. 10% decrease in adsorp-
tion performance.

4. CONCLUSIONS

Fe/C catalyst was produced by impregnation of iron oxide
precursor in polymerization of resorcinol formaldehyde fol-
lowed by pyrolysis. Fe/C exhibited dominantly mesoporous
with the specific surface area of 394mg2g-1, while blank car-
bon dominantly displayedmicroporouswith the specific sur-
face area higher than Fe/C (755 mg2g-1). Iron oxide could be
successfully loaded in the porous carbonmaterial as proven
by result of SEM-EDX analysis. Uptake measurement exhib-
ited that metronidazole is more favorably adsorbed in Fe/C.
The Fe/C catalyst showedhigh stability andmaintained its ac-
tivity almost unchanged consecutive runs.
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