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A B S T R A C T   

Diuron, gabapentin, sulfamethoxazole, terbutryn and terbuthylazine are emerging micro-pollutants with con-
centrations in water and wastewater ranging from tens of ng/L to >10 μg/L levels. The Fenton oxidation cat-
alysed either by zero-valent iron (Fe(0)) or by Fe(II) salts was studied to treat the targeted micro-pollutants and 
their mixtures at compound concentrations between 1 and 1000 µg/L. The Fe(0)-catalytic Fenton oxidation 
exhibited complete degradation of all micro-pollutants at initial solution pH 3 but at pH 5, the degradation was 
90% for diuron, 80% for gabapentin, 95% for sulfamethoxazole, 100% for terbutryn and 70% for terbuthylazine, 
respectively. Moreover, dissolved organic carbon in multiple micro-pollutant solutions can be reduced by 70% at 
pH 3 and 46% at pH 5, which were much better than Fe(II)-catalytic Fenton reaction for the same pH conditions. 
SEM/EDX analysis showed the corrosion of iron surface and FTIR analysis evidenced the adsorption of oxidation 
by-products onto solid iron surface. Additionally, the toxicity of effluent after the treatment was reduced to 
minimal and the Behnajady-Modirshahla-Ghanbery (BMG) model fitted well to the kinetics of the mineralisation 
of the studied micropollutants. Finally, Fe(0) catalyst can be reused up to three times and the process produced 
no or less sludge at pH 3 and pH 5, respectively. The impact of this study is that the Fe(0)-catalytic Fenton 
oxidation would be an alternative to the traditional Fenton reaction to combat the environmental issues caused 
by the emerging micro-pollutants.   

1. Introduction 

Rapid increase in recalcitrant contaminants in the environment and 
the associated adverse effects on human health and ecosystem have been 
observed due to extensive use of chemicals globally [1–4]. These pol-
lutants can be physical, chemical, or biological species which raise the 
aesthetic or detrimental hazard on aquatic ecosystems. Large sized 
particles causing water disharmony are easy to treat. However, a rising 
concern is the existence of micro-pollutants, which are usually found in 
concentration levels of ng/L to µg/L and deteriorate the water quality 
henceforth, posing a threat to the ecosystems [3]. 

Due to continuous discharge of pharmaceuticals, steroids, pesticides, 
and many more synthetic chemicals, micro-pollutants are widely 
distributed in the environment. Some of these compounds are recalci-
trant hence, difficult to treat. Therefore, they persist in the environment 
due to extended half-life [5]. Several researchers have detected high 
levels (> 10 µg/L) of pharmaceuticals, precisely paracetamol, 

gabapentin, codeine, tramadol, and atenolol detected in raw wastewa-
ters [6]. Among all studied compounds, gabapentin did not degrade into 
its metabolite, and thus, 100% of the gabapentin dispensed were 
detected [7]. Pesticides/biocides are generally toxic and resistance to 
biological treatment. These compounds are also commonly drained 
through soils and leached into the groundwater [8]. And therefore, they 
tend to accumulate in the environment causing long-term pollution. 

Diuron has been the most frequently detected pesticide in water [9, 
10] and its elevated contents pose a hazard to aquatic life and can have 
human health implications [11]. Gabapentin has been classified as the 
drug in Class C controlled substance [12] and evolved as an emerging 
micro-pollutant. Sulfamethoxazole is an antibiotic and sparingly soluble 
in water. With its low KOC value, sulfamethoxazole is conducive for 
leaching potential [13] and its residuals in water pose a threat to human 
health and the ecosystem [14]. Terbutryn and terbuthylazine are se-
lective herbicides that belong to the triazines type compounds, which 
are usually toxic and tend to accumulate in the environment causing 
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prolonged pollution [8,15]. The stated five organic compounds were 
chosen for this study based on the occurrence of each micro-pollutant in 
water and wastewaters (Table 1) and these compounds are placed in the 
Watch List given by the European Union Water Framework Policy and 
Annex III inventory [16]. 

The growth of water and environmental pollution has called for an 
ultimate demand to develop viable technologies to combat the resistant 
chemical contaminants. Ozonation is among the widely studied and 
practised oxidation technology, which can achieve high efficiency to 
degrade numerous pollutants; however, it does not mineralise the 
compounds so efficiently [23]. As an outcome, the by-products formed 
after the oxidation can be toxic in water bodies [24]. 

Advanced Oxidation Processes (AOPs) have been practised at labo-
ratories to oxidise and mineralise recalcitrant contaminants [25,26] and 
reduce the wastewater toxicity [27,28]. Table 2 provides examples of 
the targeted micro-pollutants’ treatability by various AOPs. In general, 
UV irradiation induced photocatalytic oxidation is one of the most 
common AOPs where either ozone or peroxide or Fenton reagent is 
widely used as the oxidant and TiO2 or metal oxide as the catalyst. 
Boron-doped TiO2 was more active than bare TiO2 in performing the 
catalysis [29] and combined application of UV/H2O2 had high treatment 
efficiency in comparison with O3/H2O2 or ozone alone in the wastewater 
tertiary treatment [30]. 

The Fenton oxidation was initially driven by the oxidation of tartaric 
acid with hydrogen peroxide catalysed by ferrous ions in 1894 [36] and 
since then, it has been researched for the non-selective degradation of 
recalcitrant organic substances, accompanying by the exploration of 
reaction mechanisms, studying on the sludge development and toxicity 
assessment after the Fenton oxidation [37–42]. The Fenton oxidation 
reaction is classified as either homogenous or heterogeneous status, 
based on the catalyst (iron) sources. In a homogeneous status, ferrous 
iron salts act as catalyst, and ferric-hydroxide sludge is accumulated at 
pH 4 or higher, which affects the oxidation competence [43]. The pro-
cess is limited to use at a large-scale application due to many factors like 
consumption of catalyst, high sludge production and the requirement of 
low operating pH (most cases at pH 3) to initiate the process [3]. The 
major issues retained with the classical Fenton oxidation is the opera-
tional cost from heavy sludge production and the pH adjustment and 
neutralisation of effluent after the treatment. These drawbacks limit the 
usage of the classical Fenton oxidation at industrial scale [44]. On the 
other hand, heterogeneous Fenton oxidation uses solid irons including 
zero-valent iron Fe(0) powder as catalyst, which are oxidised to soluble 
Fe (II)/(III) ions to progress the Fenton reactions. Compared with ferrous 
iron as catalyst, solid iron could be beneficial in surface reactivity and 
reduction of iron sludge production; and then it could broaden the scope 
of Fe(0) powder application as an alternative catalyst to the Fe(II) ion for 
the Fenton oxidation. 

In terms of the literature review, the advantages of Fe(0) catalytic 
Fenton oxidation have not been fully explored and then we hypothesize 
innovative components of the process as 1) synergistic functions of 
catalysis and adsorption of Fe(0) powder in the Fenton reaction, 2) much 
less sludge production will be achieved due to the property of the Fe(0) 
powder, and 3) acceptable reusable performance of Fe(0) catalyst. 

Confirmation of these hypothesises will contribute to elucidate the su-
perior performance of Fe(0) catalytic Fenton oxidation and then to 
propose the possibility of the technology applied in practical water and 
wastewater treatment. Thus, this research aims to explore the role and 
mechanisms of Fe(0) powder in the Fenton reaction and to rationalise if 
the Fe(0) catalyst could be used to perform the large scale Fenton 
reaction. 

To achieve the stated aims of the study, the performance of Fe(0)- 
catalytic and Fe(II)-catalytic Fenton oxidations were compared. As 
mentioned early, that the studied micropollutants were pharmaceuticals 
(sulfamethoxazole, gabapentin) and pesticides (diuron, terbutryn, ter-
buthylazine). The concentrations of the target micro-pollutants in water 
and wastewater ranged from tens of ng/L to >10 μg/L levels (Table 2) 

Table 1 
Occurrence of five micro-pollutants in water and wastewater.  

Analyte/classification Occurrence Source Ref. 

Diuron/ pesticide 26.6 ng/L Groundwater [17] 
500 ng/L River Ebro [8] 

Gabapentin/epileptic drug 1285 ng/L Wastewater [18] 
13.2 ± 3.3 μg/ 
L 

Raw 
wastewater 

[19] 

Sulfamethoxazole/antibiotics 21 ng/L Groundwater [20] 
Terbutryn/pesticide (Triazine class) 5600 ng/L Surface water [21] 
Terbuthylazine/ pesticide (Triazine 

class) 
>100 ng/L Groundwater [22]  

Table 2 
Examples of the treatability of the targeted micro-pollutants (MP) by Advanced 
Oxidation Processes (AOPs).  

MP AOP Remark Ref. 

Diuron (Aqueous 
solution) 

Platinized (Pt) TiO2 

(Photocatalytic 
ozonation) 

Degraded after 20 min 
treatment. 97% diuron 
mineralised under UV 
irradiation after 8 h of 
treatment. Pt-TiO2 was 
catalysed four times 
higher than P-25 TiO2. 

[31] 

Gabapentin 
(Wastewater 
effluent) 

Photocatalytic oxidation 
(P-25 TiO2 or ZnO/UV) 

ZnO catalytic UV 
irradiation: 40 min 
sufficient for 95% 
degradation. The 
reaction rate for ZnO 
was six times faster 
than P-25 TiO2. 

[32] 

Sulfamethoxazole 
(Wastewater) 

Ultrasonic/O3 oxidation The toxicity of the 
solution was faded, 
and biodegradability 
increases from 0 to 
0.54. 

[33] 

Terbutryn (Well 
water) 

Solar photodegradation; 
Photocatalytic 
degradation (TiO2/ 
H2O2, Fe3+/H2O2, TiO2/ 
Fe3+/H2O2) 

TiO2/Fe3+/H2O2 

achieved the max. 
degradation at 3.5 h in 
natural sunlight; 
longer exposure was 
required for more/ 
complete 
detoxification. Long- 
chain fatty acid 
derivatives and 
phthalates esters were 
quite resistant to all 
treatments practised. 

[34] 

Terbuthylazine 
(Aqueous solution) 

UV254 photolysis, 
UV254/H2O2; Single 
Ozonation; O3/H2O2; 
Catalytic ozonation (e. 
g., MWCNT, TiO2 as a 
catalyst); TiO2 

photocatalytic oxidation 

UV254/H2O2- best 
removal of 
terbuthylazine; 
Catalytic ozonation- 
enhance O3 

performance; the 
degradation 
mechanism of 
terbuthylazine via 
either O3 molecule or 
free radical●OH 

[15] 

SMX, GBP, DIU, TBR 
(municipal 
wastewater 
effluent)a 

UV254 alone; Fenton 
(Fe2+, 3+/H2O2); Photo- 
Fenton (Fe2+,3+/H2O2/ 
with light) 

~Neutral pH 
condition. Photo- 
Fenton (UV254)- 97% 
of the pollutants were 
removed after 30 min 
(H2O2 50 mg/L, Fe2+

5 mg/L). The process 
of UV254 alone, Fenton 
or Photo-Fenton under 
sunlight showed poor 
% removal. 

[35]   

a SMX, sulfamethoxazole; GBP, gabapentin; DIU, diuron; TBR, terbutryn; TBZ, 
terbuthylazine. 
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and then we chose the range of between 1 and 1000 μg/L to study the 
comparative performance of Fe(0)/Fe(II) catalytic Fenton processes by 
analysing the degradation of micro-pollutants, toxicity reduction, sludge 
production and mineralization efficiency. The potential of Fe (0)-cata-
lytic Fenton oxidation was also assayed from mineralisation kinetics of 
the micro-pollutants. The mechanism of the developed method was 
examined for the event of adsorption and oxidation effects during the 
treatment. Also the treatment sustainability and possible degenerative 
by-products adhering onto the corroded iron surface during the treat-
ment were investigated. 

2. Materials and methods 

2.1. Materials 

Five micro-pollutants, namely diuron, gabapentin, sulfamethoxa-
zole, terbutryn and terbuthylazine, were studied for their removal by 
both the heterogeneous Fe(0) catalytic- and traditional homogeneous Fe 
(II) catalytic-Fenton oxidation processes. The chemicals used in the 
study are given in Table 3. 

Fresh Fe(0) powder was purchased from Sigma Aldrich (item code 
12310) with Fe content of ≥99% and the density of 7.86 g/mL. Specific 
surface area (as surface area/volume) of 0.38 µm− 1 was gained by the 
calculation from three consecutive slices in the SEM image with stan-
dard deviation ranging from 0.03 to 0.11 µm− 1 (Supplementary material 
- Image J software: area thresholding method). The fresh Fe(0) powder 
was stored in dark plastic bottle at room temperature and stable in the 
absence of water exposure and under ambient condition. 

2.2. Characterization of Fe(0) catalyst 

Scanning electronic microscopy (SEM)/energy-dispersive X-ray 

spectroscopy (EDX) analysis was performed by the Carl Zeiss EVO 50 
microscope with AztecEnergy acquisition software (Oxford Instruments) 
and XmaxNand X-act silicon drift detector. The SEM micrograph was 
taken at 100 µm resolution and 1000x magnification. SEM was run in 
high vacuum mode with accelerating voltage of 15 kV and working 
distance (WD) of 9 mm. Chemical characterisation of Fe (0) catalyst by 
quantitatively elemental composition analysis was obtained from X-ray 
mapping data using SEM-linked to EDX. 

The structure of organic-Fe complexes adsorbed onto the iron pow-
ders’ surface was examined by the standard FTIR procedure (JASCO FT/ 
IR-6100). The obtained IR spectrum was normalised and examined by 
Bio-Rad software (KnowItAll® Informatics System, ID Expert Bio-Rad 
Laboratories). The surface area of Fe powder was estimated from the 
SEM micrograph by Image J. software using the area thresholding 
method. 

2.3. Experimental procedures and reaction kinetics 

The test solutions containing micro-pollutants were prepared in tap 
water. The stock solutions and the micro-pollutants working solution for 
the kinetic study were prepared in distilled water generated by PURE-
LAB ® Classic ELGA 26600. The pH of the solution was adjusted with 
0.1 M or 1 M NaOH and 0.1 M or 1 M H2SO4. The detailed information 
on the preparation of working solutions is given in Fig. S1.1. The tap 
water quality was obtained from the Scottish water annual report [45]. 

The Fenton oxidation batch experiments were conducted by Kemira 
flocculator (Flocculator 2000, Kemira, Helsingborg, Sweden). All ex-
periments were conducted at ambient room temperature and atmo-
spheric pressure in one-litre glass beakers. The test solutions were mixed 
at 400 rpm for one minute, 80 rpm for adequate reaction time, and then 
remained undisturbed for 30 min to deploy the sedimentation. The 
Taguchi Method (Table S1.1) was used to obtain the operating condi-
tions of the Fe(0)- and/or Fe(II) catalytic Fenton oxidations. Experi-
mental factors such as initial solution pH, ratios of H2O2:Fe(II)/Fe(0) 
and reaction time of each parent compound (diuron, gabapentin, sul-
famethoxazole, terbutryn and terbuthylazine) and their mixture solution 
(MP

m) were optimised, which are given in Tables S1.2 and S1.3. The 
effluents obtained were filtered from 0.45 µm nylon filter in vacuum 
filtration for DOC analysis and filtered with a 0.2 µm nylon syringe filter 
for the analysis of micro-pollutants concentration. 

The kinetic studies were conducted using each test solution with 
micro-pollutant concentration of 100 μg/L and Fe(0) catalytic Fenton 
reaction at pH 5. The first- and second-order and BMG kinetic models 
[46] were applied to derive the rate constants for the mineralisation of 
diuron, gabapentin, sulfamethoxazole, terbutryn and terbuthylazine. 
The first-order and second-order kinetic models can be viewed in Eqs. 
(1) and (2), respectively: 

DOCt = DOCie− k1 t (1)  

1
DOCt

=
1

DOCi
+ k2t (2)  

Where k1 and k2 are the apparent kinetic rate constants of first- and 
second-order models, respectively. t is reaction time, DOCi and DOCt are 
the dissolved organic carbon concentrations in the beginning and at time 
t of the reaction. 

The BMG kinetic model is shown in Eqs. (3) and (4) (also refers to 
Supplementary data, S1); Eq. (3) shows the rate of mineralisation (rDOC) 
and Eq. (4) displays the final DOC concentration in the status of the 
reaction termination: 

rDOC = −
dDOCt

dt
= DOCi(1/m) (3)  

DOCt� = DOCi(1 − 1/b) (4)  

Table 3 
List of chemicals used and test purpose.  

Chemicals Usage Supplier 

2.5 L Methanol, for HPLC LC-MS/MS 
gradient 

Fisher 
Scientific 

Deferoxamine mesylate salt H2O2 quencher Sigma 
Aldrich 

Diuron Analyte studied Sigma 
Aldrich 

Fe powder(fine) [Item Code 12310] Fenton Oxidation 
experiment 

Sigma 
Aldrich 

Ferrous Ammonium Sulfate Heptahydrate, 
98.5–100%, (ACS Reagent Grade) 

Fenton Oxidation 
experiments 

Fisher 
Scientific 

Gabapentin Analyte studied Sigma 
Aldrich 

Hydrochloric Acid, 37%, Certified AR for 
Analysis, d = 1.18 

DOC analysis Fisher 
Scientific 

Hydrogen peroxide, for analysis, 35 wt% 
solution in water, stabilised, ACROS 
Organics™ 

Oxidant used in 
experiments 

Fisher 
Scientific 

Iron(II) sulfate heptahydrate, 99.5%, for 
analysis, ACROS Organics™ 

Fenton Oxidation 
experiments 

Fisher 
Scientific 

Lumi Multi-Shot bacteria Toxicity analysis ENVITECH 
Ltd 

Potassium Permanganate, Certified AR Fe2+ analysis Fisher 
Scientific 

Sodium hydroxide pellets Adjusted pH Fisher 
Scientific 

Sodium thiosulphate Fenton oxidation 
quencher 

Fisher 
Scientific 

Sulfamethoxazole Analyte studied Sigma 
Aldrich 

Sulfuric Acid Min 95% d = 1.83, Certified 
AR, 

Adjusted pH Fisher 
Scientific 

Terbuthylazine Analyte studied Sigma 
Aldrich 

Terbutryn Analyte studied Sigma 
Aldrich  
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Where, DOCi and DOCt are dissolved organic carbon concentrations 
before the reaction and at the given reaction time t, respectively. m and b 
are the constants, which depict the initial mineralisation rate and the 
maximum oxidation capacity, respectively. m < 1 predicts the 
maximum amount of the compounds to be oxidised in the beginning of a 
given degradation reaction and b > 1 suggests the theoretical maximum 
oxidation of organics [46]. 

2.4. Analytical methods 

Micropollutants concentration was estimated by Thermo Scientific 
Q- Exactive Orbitrap mass spectrometer with a positive electrospray 
ionisation mode. The samples were analysed against the calibration 
concentrations of 1.0–103 ng/mL by the given procedures as shown in  
Table 4. 

DOC was measured by SHIMADZU TOC-L analyser. The Non- 
purgeable organic carbon method was used to calibrate and evaluate 
DOC concentration. 50 µL of samples were injected into the instrument 
to analyse DOC. The amount of dissolved Fe was analysed by AA400 
Atomic Absorption Spectroscopy following the standard procedure. 

2.5. Estimation of sludge production by sludge volume index (SVI) 

The optimised dose of FeSO4, Fe(0) and H2O2 were used for the 
estimation of sludge production. The mixture solution with five selected 
micro-pollutants (0.1 mg/L each) was prepared in distilled water to 
obtain a final concentration of 0.5 mg/L. To simulate the natural water 
conditions, the above stated solution was mixed with 0.5 mg/L humic 
acid solution to obtain a mixing ratio of 1:1 (w/w) of micro-pollutants: 
humic acid (MPm: HA). The relevant Fenton reactions were run for 
60 min and then allowed for sedimentation of 30 min. After that, the 
volume of sludge generated was read and recorded. Each experiment 
was replicated thrice to attain the reproducible results. 

The mass of sludge was estimated by the amount of floc settled on 
filter paper after filtration. The 0.45 µm filter paper before and after 
filtration was dried in Panasonic Electric Oven (MOV-212 F) at 105º C 
for 10 min and 45 min, respectively, and left into desiccator to cool 
down to room temperature and then the paper or paper with sludge was 
weighted. The sludge mass was only recorded when the cooled down 
filtered paper attained a constant mass. Finally the sludge production or 
SVI value can be calculated using Eq. (5). 

SVI� (mL/g) =
Setteled� sludge� volume� (mL/L)

Suspended� solid� concentration� (mg/L)
× 1000 (5)  

2.6. Toxicity assessment 

The Microtox acute toxicity protocol was employed for toxicity 
assay. BioFix Lumni freeze-dried Luminescent Bacteria (Alivibrio fischeri) 
was activated by adding 11 mL of Biofix Lumni medium into the stated 
bacteria. The solution was stored at 4ºC for 30 min for stabilisation. The 
reference solution 18.7 mg/L Cr (VI) (52.9 mg/L potassium dichromate) 
was used as a positive control. Test samples were prepared using freeze- 
dried bacteria in 2% sodium chloride, providing an ambient condition 
for bacterial growth. The 0.1 mL bacterial solution was added into each 

fresh vial and incubated at 15ºC for 15 min. Next, the initial Relative 
Light Unit (RLU) value (I0) was measured. The control solutions and 
samples were added into the vials with already incubated bacteria. After 
30 min incubation, RLU (I30) was recorded. The correction ratio (fk =I0/ 
I30) for the individual control vials were calculated to find the mean 
correction value. The results obtained were evaluated as biolumines-
cence inhibition relative to the nagative control (2% NaCl solution, 
pollutants free). The test was considered valid if the individual values do 
not deviate from the mean by more than 5% (α = 0.05). Triplicate of 
each sample were collected and analysed within a day to avoid misin-
terpretation data. 

2.7. Iron powder re-usability 

Given volume of each micropollutant stock solution (1000 µg/L) was 
diluted together in tap water to form 500 mL of the mixed test solution 
with final concentration 100 µg/L. The experiment was induced with 
optimised initial pH and the molar ratio of H2O2:Fe powder. After each 
reaction, the solution was filtered to recover used Fe powder, which was 
washed with distilled water and dried in an oven (Panasonic Electric 
Oven (MOV-212 F)) at 100º C for 30 min and cooled at ambient tem-
perature for reuse. 

3. Results and discussion 

3.1. Micro-pollutants removal 

Fig. 1 shows overall performance of Fe(0) catalytic Fenton process to 
treat aqueous solution with each spiked micro-pollutants (10 µg/L). 
Though the reaction was optimised at initial pH 3, further experiments 
were conducted to check the feasibility of proposed Fe(0)- catalytic 
Fenton oxidation performance at pH 5. For pH 3, Fe(0) catalytic Fenton 
reaction was able to completely degrade each micro-pollutant (Fig. 1(a)) 
and can also mineralize the micropollutants mixture up to 70 ± 2.0% 
(Fig. 1(b)). Fig. 1(a) also shows that Fe(0) catalytic performance was less 
compromised at pH5 (except terbuthylazine). Pharmaceuticals like 
gabapentin are largely resistant to most treatment methods at pH5 [47, 
48], while the Fe(0) catalytic Fenton process was able to degrade 
gabapentin up to 85.9 ± 6.1% at pH 5. The removals of sulfamethoxa-
zole (antibiotic), diuron and terbutryn (pesticides) were around 
98.4 ± 2.7%, 94.7 ± 4.5% and 100%, respectively. The removal of 
terbuthylazine was reduced at pH5, which was 69.2 ± 2.0%. The mixed 
micro-pollutants solution was mineralised by ~ 46 ± 1.0% for pH 5% 
and 70% for pH 3 (Fig. 1(b)). 

This study also shows that complete degradation of the stated micro- 
pollutants was achieved at pH 3, irrespective of the type of catalyst used 
(Fig. S2.1). However, as shown in Table 5, the mineralisation of each 
micro-pollutant (i.e., DOC reduction) obtained in both treatments varied 
significantly; the Fe(0)-catalytic Fenton process showed greater DOC 
reduction than Fe(II)-catalytic Fenton process. Additionally, when each 
micropollutant was completely degraded, mineralisation of these com-
pounds was assessed in order to determine the fate of micro-pollutants in 
the Fe(0)-Fenton oxidation; which is affected by the type of oxidation 
by-products formed as well as the compound starting concentration and 
other oxidation conditions. Example of this is that 96% mineralisation 
was achieved for diuron solution at 100 µg/L as compared to minerali-
sation of 85% and 69% for diuron solution at 10 µg/L and 1000 µg/L 
respectively. The possible reason of this could be that for the diuron 
concentration of 100 µg/L, the resulting oxidation products could have 
been less stable per the reaction conditions. This assumption however, 
needs further studies to verify. 

Control experiments were carried out to validate the Fe(0) catalytic 
potential. Each micro-pollutant (100 µg/L) was treated by H2O2 alone at 
the pre-determined dose of 1.5–2.5 mM and the performance was 
compared with that of the Fe(0) catalytic Fenton reaction at the equiv-
alent H2O2 doses; both was operated at pH 3 (Table 6). The results 

Table 4 
LC/MS method and procedures.  

LC/MS model Thermo Scientific Q Exactive UHPLC equipped with 
electrospray ionisation interface (ESI) 

Column and Polarity Waters X select HSS column XP 2.5 µm. 2.1 × 150 mm; 
Positive 

Eluent A: 0.1% formic acid in methanol; B: 0.1% formic acid in 
Milli Q water 

Run time and 
injection volume 

0–17 min; 10 µL  
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showed capability of H2O2 alone in the oxidation of the selected micro- 
pollutants; degradation efficiency ranged from 70% to 90%, while Fe(0) 
catalytic Fenton reaction achieved 100% degradation for all the micro- 
pollutants studied. Hence, H2O2 alone is ineffective to deliver similar 
results as it was used in the Fenton reaction. 

3.2. Sludge production (as sludge volume index, SVI) and residual 
toxicity 

The performance of Fe(0) catalytic- and FeSO4 catalytic-Fenton 
processes was compared in terms of sludge production (as SVI) and re-
sidual toxicity. The flocs agglomeration or the sludge formation was 
observed after the FeSO4 Fenton reaction and very tiny amount of Fe 
precipitates were observed when the test solutions pH slightly increased 
after 60 min Fenton reaction (Fig. S2.3). Fig. 2(a) compares the SVI 
values of both processes. Mean SVI value was 144.3 ± 5.4 for FeSO4- 
catalytic Fenton process and 25.5 ± 1.9 for Fe(0)-catalytic Fenton pro-
cess, respectively. Significant reduction of sludge production from Fe(0)- 
catalytic Fenton process could attribute to the existence very low level of 
soluble iron species in the solution which is to be discussed further in 
Section 3.5. 

As shown in Fig. 2(b) (also refers to Fig. S2.2), initial samples 
(multiple pollutants’ mixture (MP

m)) were toxic (increasing biolumi-
nescence inhibition). On the other hand, most treated effluents by each 
process were non-toxic except FeSO4-final-2 sample, which showed 
possible toxicity with ± 15.1 deviations. This study confirmed the pre-
vious results [49] where Fe(0)-catalytic Fenton reaction completely 
removed the toxicity caused by organic micropollutants. High toxicity 
removal from Fenton treatment can be inferred with the formation of 
oxidation by-products with low molecular mass and short chain, which 
could exhibit non- or low-toxicity. This has been observed as well in the 
micropollutants’ degradation by ferrate oxidation, where short-chain 
oxidation by-products were generated and exhibited lower and no 
toxicity al all [50,51]. Additionally, oxidant used in the Fenton reaction 
is H2O2 which can break down to form non-toxic compounds like H2O 
and O2 and then contributes no toxicity at all in the reactions. 

3.3. Synergistic reactivity of Fe(0) powder in the Fenton reaction 

The advantage of Fe(0) catalytic Fenton process over the traditional 
Fe(II)-Fenton process was found as a result of the co-occurrence of the 
oxidation reaction in conjunction with the interface sorption. Fig. 3 
proposes the mechanism investigated to comprehend the mentioned 
synergistic reactivity. Broadly, the reactions occurring during the pro-
cess can be summarised as 1) Fe(0) surface activation under acidic 
environment, 2) degradation of micro-pollutants by oxidation and 3) 
sorption of organics on the surface of activated Fe(0) powders. 

Several pathways of Fe(0)-Fenton process shown in Fig. 3 is driven 
by the corrosion of Fe(0) powders. As suggested in [52], the levels of Fe 
(0) surface activation was found significant in determining the hetero-
geneous Fenton process’ reactivity. Surface area of the fresh Fe(0) 
powder was 952 µm2 (Area thresholding method, Table S2.1) which 
promoted mass transfer in terms of both the catalysis and surface 
sorption after its activation, and results in higher DOC removal in 
comparison to the FeSO4-catalytic Fenton oxidation, as discussed above. 

In aqueous solution under aerobic condition, Fe(0) is corroded by O2, 
and here, the effect was accelerated in an acidic environment to promote 
to generate more ferrous ions (Eq. 6).  

2 Fe(0) + O2 + 4 H+ → 2 Fe2+ + H2O                                              (6) 

The reactions displayed in Eq. (6) show two moles of Fe(0) are oxi-
dised by one mole of O2 to form two moles of Fe(II) ions, which involved 
in four-electrons’ transfer. The Fe(0) surface oxidation consumed H+

ions and then, in contrast to the traditional Fenton process, the pH of the 
solution was slightly increased during the Fe(0) catalytic Fenton process 

Fig. 1. (a) Fe(0) catalytic Fenton process performance in (a) degradation % of 
five micropollutants; (b) DOC removal (DOCf/i is the ratio of DOC concentra-
tions of the test solutions before and after oxidation treatment). 

Table 5 
DOC removal from the spiked micro-pollutants test solutions by FeSO4- and Fe 
(0)-Fenton catalytic oxidation processa.  

Substance µg/L DOCi/DOC0 DOCi/DOC0 

FeSO4 P-value Fe (0) P-value 

Diuron  10  0.73 4.6 × 10− 2  0.15 3.0 × 10− 3   

100  0.23 4.1 × 10− 4  0.04 4.2 × 10− 4   

1000  0.43 5.9 × 10− 5  0.31 2.6 × 10− 4 

Gabapentin  10  0.88 1.8 × 10− 2  0.69 7.6 × 10− 4   

100  1.06 0.28  0.32 6.4 × 10− 3   

1000  0.65 2.9 × 10− 3  0.29 2.4 × 10− 3 

Sulfamethoxazole  10  0.86 0.14  0.45 0.04   
100  0.54 0.1  0.37 0.04   

1000  0.46 1.3 × 10− 3  0.16 1.3 × 10− 3 

Terbutryn  10  0.60 9.4 × 10− 3  0.20 2.4 × 10− 3   

100  0.60 9.4 × 10− 3  0.16 1.2 × 10− 3   

1000  0.62 6.2 × 10− 4  0.12 3.2 × 10− 4 

Terbuthylazine  10  0.02 1.1 × 10− 3  0.01 1.1 × 10− 3   

100  0.71 6.9 × 10− 2  0.56 0.03   
1000  0.74 1.1 × 10− 2  0.69 5.0 × 10− 5 

The triplicate experiment results were validated from P-value evaluated from t- 
test. 

a The data presented as a ratio of final to initial DOC concentration of the 
solution. 
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(Fig. S2.3). Hence, the pH reduction complications in the Fe(II) catalytic 
Fenton process can be resolved. This, together with the significant 
reduction of sludge production (as shown previously), suggests that the 
Fe(0)-catalytic heterogeneous Fenton process could be used to replace 
the classical homogeneous Fenton oxidation for a large-scale water pu-
rification in practice. 

Rather than sole oxidation process, the Fe(0) catalytic Fenton process 
has numerous reaction schemes, and the prominent sorption occurred 
after Fe(0) surface’s activation, and this was evidenced by the Fourier 
Transform Infrared (FTIR) analysis of the oxidised Fe(0) powder surface. 
The Infrared (IR) spectrum in BioRad illustrates low molecular weight 
organic compounds found on the corroded Fe powder surface after the 
Fenton reaction (Figs. S2.4–2.8). Based on the functional groups pre-
sented, the adsorbed organics are mainly the oxidation by-products 

formed in the Fe(0)-Fenton degradation process, as shown in Fig. 4. A 
separate experiment was conducted where a 100 µg/L gabapentin so-
lution (pH 3) was mixed with given iron powder only (no oxidant 
addition) and left for overnight. The result showed 91.2 ± 6.8% of 
gabapentin was removed, which suggests the sorption potentials of 
micro-pollutant to the Fe(0) powder’s surface and provides evidence of 
synchronisation of oxidation and sorption effect in Fe(0) catalytic- 
Fenton process. 

3.4. Assessment of kinetic rate constant 

The kinetic rate of micro-pollutants’ mineralisation was evaluated 
using the First and Second order models and the BMG-model (Fig. S2.9), 
and the rate constants and the regression coefficient for each model are 

Table 6 
Comparative degradation by H2O2 alone and Fe(0) catalytic Fenton reaction.  

Process Diuron Gabapentin Sulfamethoxazole Terbutryn Terbuthylazine 

Degradation efficiency (%) 

H2O2 alone  90  76  90  85  70 
Fe(0) catalytic Fenton reaction  100  100  100  100  100  

Fig. 2. (a) Sludge volume index (mL/g) from Fe(0)- and FeSO4-catalytic Fenton processes; (b) Microtox toxicity assay for solution samples of untreated and after 
treatment by FeSO4 and Fe (0) Fenton oxidation. 
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given in Table 7. The BMG model possesses high linearity and thus can 
well represent the mineralisation rate of Fe(0)-catalytic Fenton process. 
It can be viewed from Table 4 that terbuthylazine had relatively slower 
kinetic mineralisation rate in comparison with the rates of other pol-
lutants. This is consistent to the DOC removal results shown in Table 5, 

where DOC of terbuthylazine was less removed, especially when starting 
DOC was 100 and 1000 µg/L. 

3.5. Re-usability of Fe powders for the Fenton reaction 

Preliminary tests showed that Fe powders can be proficiently reused 
up to three times in terms of the constant reduction efficiency of micro- 
pollutants (Fig. 5). The DOC reduction was compromised to around 20% 
at third cycle of reusing Fe powder (Fig. 5a). Additionally, after the 
Fenton reactions, the iron powder was recovered and treated, more than 
94% of them can be recovered after each application, with a relatively 
low amount of dissolved Fe ions in the solutions, leading to no (when pH 
3 – 3.5) or less (for pH 5 – 5.5) sludge formed, respectively. This suggests 
a high efficiency of recovery and reuse of Fe powders for the catalyst 
functions in the Fenton reaction (Fig. S2.10). Scanning electron micro-
scope (SEM) and energy-dispersive X-ray spectroscopy (EDXRS) mea-
surements (Fig. S2.11) show the decreasing in Fe content and increasing 
in oxygen content after Fenton reactions (Table 8), suggesting the for-
mation of iron oxide layers on the Fe-powder surface, which reduced the 
capacity of both catalysis and sorption functions of Fe powders [53]; and 

Fig. 3. Pathways causing micro-pollutants removal during Fe(0) catalytic 
Fenton reactions - synchronisation of redox reactions and surface adsorption. 

Fig. 4. Oxidation by-products found on the Fe(0) powder surface after the Fenton reaction.  

Table 7 
Fe(0) Fenton oxidation kinetic rate constants.   

First order model Second order model BMG kinetic 
model 

k × 10− 2 

(1/min) 
R2 k × 10− 2 

(1/ 
(M min)) 

R2 -k (1/ 
mg/ 
(L min)) 

R2 

Diuron  0.29  0.84  1.41  0.89  0.36  1 
Gabapentin  0.17  0.96  0.66  0.96  0.35  1 
Sulfamethoxazole  0.24  0.94  0.92  0.95  0.39  1 
Terbutryn  0.24  0.95  1.08  0.92  0.44  1 
Terbuthylazine  0.1  0.82  0.36  0.82  0.31  1 

k: Mineralisation kinetic rate constant; R2: Regression coefficient. 
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this could explain decreasing in the degradation efficiency after the third 
run of Fe(0) catalytic Fenton reaction. 

4. Conclusions and future work recommendation 

Using Fe(0) catalytic Fenton process, we found that 100% reduction 
of five studied micropollutants was achieved at pH 3 though the 
reduction efficiency was slightly reduced by 5–15% at pH 5 (except 
terbuthylazine); DOC in multiple micropollutant solutions can be 
reduced by 70% at pH 3 and 46% at pH 5, which were much better than 
the Fe(II)-catalytic Fenton reaction for the same pH conditions. The 
results showed that when Fe(0) powders initiated the catalytic Fenton 
reaction, simultaneous adsorption of the studied micropollutants 
occurred, which explains the relatively better performance of Fe(0) 
catalytic Fenton reaction in comparison with that of the Fe(SO4)–cata-
lytic Fenton reaction. Additionally, Fe(0) powder could be reusable up 
to three times although the DOC reduction was decreased by 20% at the 
third run. And, studies showed that the BMG model fitted well to the 
kinetics of degrading the studied micropollutants in the Fe(0) catalytic 
Fenton reactions. Although the traditional Fenton oxidation can highly 
degrade a lot of organic pollutants, the primary drawback of the process 
is heavy sludge production caused by the consumption of catalyst and 
low pH requirements. The current work suggests that the Fe(0)-catalytic 
Fenton oxidation can not only achieve high degradation of the selected 
micropollutants at pH up to 5, but also produced no or much less sludge, 
reduced the toxicity and demonstrated Fe(0) powder reusable 

potentials. And thus, Fe(0) catalytic Fenton process is an alternative to 
the traditional Fenton process to combat the negative issues caused by 
emerging micropollutants. Full economic assessment, though, needs 
fully assessed before the process can be used in large scale environ-
mental remediation. Moreover, more fundamental studies are needed to 
investigate the efficiency of radicals generation, passivation mini-
misation on the Fe(0) powder surface and increasing the degradation 
efficiency when water pH was greater than 5; all these will reach the 
technology more applicable in practice. 
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