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Abstract

The feasibility of a heterogeneous Fenton Process (ZVI/H2O2) using commercial

low-carbon-steel nails as the Zero-Valent Iron (ZVI) source was evaluated for the first

time for the removal of NOM from natural surface waters with distinct physico-chemical

characteristics. The synergistic effect of ZVI nails and H2O2 on the process was

confirmed. Results showed similar removal efficiencies of NOM in water samples from

Thames river and Regent’s Park lake (both in London, UK) (under initial pH 3.5 and

100% excess of H2O2 dosage), reaching dissolved organic carbon (DOC) removals of

61.6% ± 3.0 and 59.6% ± 4.7, and UV254 removals of 79.9% ± 0.6 and 77.3 ± 6.2,

respectively with 60 min of batch reaction time. ZVI nail surface characterization by

scanning electron microscopy (SEM), X-ray energy-dispersive spectroscopy (EDS), and

X-ray photoemission spectroscopy (XPS) revealed the formation of a passivating oxide-

hydroxide layer on the nail during the reaction, which reduces its surface activity in 20%

in continuous use. Results indicate that ZVI/H2O2 process using commercial iron nails is

a promising pre-oxidation step for drinking water treatment. The low cost of commercial

nails together with the facility of separating them from the water are the main advantages

for the application of this process in remote regions with limitations in infrastructure

and/or finance.
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1. Introduction

Natural organic matter (NOM) present in waters may be responsible for drinking

water quality issues regarding colour, odour, and taste. An additional important concern

is the formation of disinfection by-products (DBPs) through the reaction between NOM

fractions (mainly hydrophobic portions i.e. humic substances) and the chemicals (mostly

chlorine) [1–3] applied for disinfection in water treatment plants (WTPs) [1,4–7].

As well-acknoweledged, the DBPs formed in chlorination have generated health

concerns such as the increased risk of developing cancer in humans [2,6]. In view of their

importance, this issue has been addressed in national standards for drinking water quality

in many countries, but if an appropriate treatment is not applied, the presence of NOM in

drinking water treatment can cause serious water quality issues [4].

In this context, NOM can pose significant impacts on the efficiency and the cost

of water purification [1]. Typically, high concentrations of NOM may increase the

required doses of treatment chemicals (such as coagulant and disinfectant) leading to

increased sludge formation and dissolved DBPs [3,8,9]. In addition, dissolved NOM

causes a challenge for WTPs due to its limited removal in the coagulation, flocculation,

and filtration steps [6,7]. According to Bhatnagar and Sillanpää [8], due to the high

variability of the NOM, its removal in each of the water purification steps is limited. In

this way, several studies aimed at enhancing the efficiency of NOM removal have been

carried out [7,10–15], various using Advanced Oxidation Processes (AOPs) with the

intent of mineralization [7,16–19]. Some previous investigations using natural water and

synthetic water showed average removal of dissolved organic carbon (DOC) around 50 -

60%, using AOPs such as Fenton, photo-Fenton, O3, UV/H2O2, and Electrocoagulation

processes [10,20–23]. On the other hand, for efficient mineralization of NOM, some of



these AOPs demand special equipment such as ozone generators, UV lamps and photo-

reactors, as well as energy and specialized maintenance [4].

According to Enami et al. [24], there are still controversies regarding the mechanism

of Fenton AOP and the identity of the intermediates participating in the oxidative process.

The speciation of Fe2+ / Fe3+ in aqueous solution includes several species of complex ions.

The application of some types of metals favoured the formation of a variety of ligated

iron (II) complexes in combination with H2O2 [25]. Bray and Gorin [26] have proposed

a mechanism in which the ferryl ion [FeIVO]2+ may be an active intermediate of the

process in addition to other mechanisms based in different active intermediates (such as

HO• and HOO• radicals). In general, an AOP using ferric (Fe+3) ions or others ions of

transiction metals in the reaction is named Fenton-like [27]. In the chemistry of both

Fenton and Fenton-like reactions, these can occur simultaneously. However, the Fenton-

like reaction is weaker than the Fenton one [25,27].

An interesting AOP technology of possible low cost is the heterogeneous ZVI-Fenton

process (ZVI/H2O2), which uses the Zero Valent Iron (ZVI, Fe0) as a pseudo-catalyst [28]

[29]. By way of comparison, typical prices of ZVI powder with 97-99% of purity range

from 60-150.0 US$/kg [30] and range from 0.2-0.6 US$/kg with 60-98% of purity [31].

Prices of commercial nails can be as low as 5.00 US$/kg in Brazil and range from 0.30-

0.70 US$/kg [32] in China. In the ZVI process, the metallic iron (Fe0) is initially corroded

in the presence of H2O2 (and (H+)), oxidading the Fe0 to Fe2+ (Equation (1)), which then

reacts with H2O2 generating Fe3+ and transient reactive oxygen species (ROS), such as

the hydroxyl radical (HO•) (Equation (2)). During the reaction, Fe0 can reduce Fe3+ to

Fe2+ and continue the cycle (Equation (3)). However, depending on the pH, the reduction

to Fe2+ is not much favoured, as the solubility of Fe3+ is more limited in pH closer to

neutrality, compared to Fe2+ [33, 34]. An also relevant aspect in favour of the ZVI/H2O2



process is that it is reported that it is successfully used in the degradation of several

organic compounds [20, [28,35–39]. According to Fukushima and Tatsumi [40], during

the degradation of NOM, the hydrogen abstraction stage in the aromatic sites of the humic

fraction may be one of the stages (Equation (4)), resulting in subsequent breaks of the

aromatic rings.

Fe0 + H2O2 + 2H+ Fe2+ + 2H2O (1)

Fe2+ + H2O2 Fe3+ + HO• + OH- (2)

Fe0 + 2Fe3+ 3Fe2+ (3)

NOM + HO• •NOM + HO2 (4)

The aplication of less conventional forms of ZVI has been reported in recent years in

AOPs. Santos-Juanes et al. [41] investigated the removal of pollutants of emerging

concern using steel-wool as source of ZVI to reduce those pollutants. In addition, they

employed the iron released in the solution from the ZVI reactions for the photo-Fenton

process. Segura et al. [42] evaluated the ZVI/H2O2 process on the depuration of a real

pharmaceutical wastewater using iron shavings coming from metallurgical residues.

Teixeira et al. [43] reported efficience for phenol removal from ZVI/H2O2 process with

commercial steel wool as ZVI source. Martins et al. [44] applied iron shavings in

ZVI/H2O2 process for the remediation of several landfill leachate.

A previous study by the present authors demonstrated the efficiency of the ZVI/H2O2

process using a low-cost form of ZVI for removal of NOM and the respective reduction

of THM formation [45]. However, to the present authors’ knowledge, none of the

investigations reported the ZVI/H2O2 for degradation of NOM in drinking water

treatment using real aquatic matrices with different physico-chemical characteristics.

Previous AOPs investigations have reported that the composition of the natural matrix

(e.g., the presence of inorganic species such as nitrate, chloride, phosphate, etc.) can



reduce the net supply rate of hydroxyl radical (HO•) [46,47] as these species may act as

scavengers. Hence, the overall efficiency of AOPs might be affected due to effect of

common raw water matrices’ constituents.

Therefore, the aim of the present work was to investigate the heterogeneous ZVI-

Fenton process (ZVI/H2O2) as a pre-oxidation step in conventional WTPs for the removal

of NOM in different surface waters (Thames river and Regent’s Park lake, London – UK).

This study applied ZVI in the form of small steel-nails to attain simplicity, reduce process

costs, and its possible reuse in continuous cycles, which may be especially interesting for

WTPs in regions that may lack sufficient infrastructure and/or finance. Also, it is foreseen

that in addition to the facility of separation of the nails from the water during the pre-

oxidation step [48], the portion of Fe which gets dissolved will be removed as precipitated

Fe(OH)3 in the flocculated sludge.

2. Materials and Methods

2.1 Sampling

The ZVI/H2O2 pre-oxidation experiments were performed with water samples

from Regent’s Park lake (London, UK 51°31’28”N 0°09’15”W) and Thames river

(London, UK 51 ° 30'30 ”N 0 ° 07'12 ”W) [49] collected during the Autumn of 2018 to

verify the efficiency of the oxidative process in waters with distinct physico-chemical

characteristics. Water samples from the Thames river were collected on 20/11/2018 and

had pH = 7.5; weather conditions for that date were precipitation = 3.1 mm and tide state

= 3 – 2.5 m [50]. Samples from the Regent's Park lake were also collected during the

Summer of 2018 to compare the variation of NOM between Summer and Autumn.

Information for Regent’s Park lake sampling date and water quality are presented in in

Table A.1 (Supplementary Data).



The collected samples (about 6-10 L per collection) were stored at 4ºC and used

within 4 days in the experiments.

2.2 Materials and chemicals

Hydrogen peroxide (50% w/w) (Solvay) was applied on the experiments from a

1.0 g L-1 stock solution prepared by dilution of 50% concentrated product. All aliquots

drawn during runs were quenched with sodium sulfite (Merck, CAS: 7757-83-7) in

stoichiometric dosages to extinguish the remaining concentrations of H2O2 at the end of

the ZVI/H2O2 process, according to Liu et al. [51]. All used chemical reagents were of

analytical grade and the solutions prepared with ultrapure water (Millipore Milli-Q,

resistivity > 18.2 MΩ_cm). The ZVI applied in the process was in the form of small low-

carbon steel nails (AISI 1010) (ArcelorMittal) with 0.43 cm² g-1 (surface area per gram

of each nail). Previous tests performed by Optical Emission Spectroscopy – OES

(Spectromax Instrument) [45] showed that the total trace elements contained in the metal

amount to only 1% (mass concentration - %) (Table A.2).

2.3 Analytical Procedures

The organic content of the natural water was determinate by DOC (TOC-L CPH

model TOC analyzer), UV254 (Shimadzu UV 1800 spectrophotometer), and specific UV

absorbance – SUVA (L mg-1 m-1 = UV254/DOC * 100) according to the USEPA Method

415.3 [52] and Standard Methods 5910B [53]. The SUVA254 has been one of the

parameters applied to correlate the organic matter aromaticity and aquatic humic

composition [54,55]. The UV absorbance was measured at 200-400 nm wavelengths to

verify the characteristic absorbance of the samples and then, a standard curve was

performed at 254 nm, based on previous dilutions of the samples. Calibration curves were

performed for each collection and showed R² > 0.9. The determination of nitrate (NO3
-),



chloride (Cl-), phosphate (PO4
3-) and bromide (Br-) anions of the water matrices was

performed using the ion chromatography method (4 mm IonPac AS23 analytical column

and the IonPac AG23 guard column). The dissolved Fe2+ concentration was measured

immediately after removing the aliquots on a HACH 890 colorimeter at 520 nm (10-

phenanthroline method adapted from Standard Methods for the Examination of Water

and Wastewater) [56–58]. H2O2 concentration was monitored on a HACH 890

colorimeter at 420 nm according to Solvay-Peroxidos Brasil’s method [59].

Determination of the H2O2 concentration was based on the reaction between H2O2 and a

titanium (IV) salt (Allper reagent, Solvay-Peroxidos Brasil) in an aqueous acidic solution

to produce a yellow complex of perititanic acid. After the production of the standard

solutions with different concentrations of H2O2 and 50 mL of the Allper reagent, a

calibration curve was inserted in the HACH 890 photometer, at 420 nm (R² = 0.9964).

The pH of the water during the experiments was monitored with an interval of 15

min (Mettler Toledo, S47K) and the samples were previously filtered through a 0.45 µm

membrane for the analysis.

The cross-section of the ZVI-nail specimen was analyzed using field emission gun

scanning electron microscopes (FEGSEM) (JEOL JSM 7100F) in secondary electrons

(SE) imaging mode operating at 15 kV. X-ray energy dispersive spectroscopy (XEDS),

also operated at 15 kV provided qualitative compositional information about the surface

deposits on the ZVI, before and after the reaction process. The FEGSEM was equipped

with an Oxford Instruments Detector 80 windowless silicon drift detector (SDD). To

analyze the cross-section of the ZVI nail, some nails chosen randomly were embedded in

resin. Then, the material was subjected to grinding to approximately the center of the nail

and, later, it was mechanically polished in diamond paste. The oxides species on the ZVI

nail surface before and after ZVI/H2O2 reaction were identified by X-ray photoelectron



spectroscopy (XPS) using spectrometer Thermo K-alpha (E = 1486.6 eV). Casa XPS

software (version 2.3.16) was used to determine the spectra peaks.

Equipment calibrations were carried out before tests and according to

manufacturers' guidelines. The instruments used to performed the characterization of the

samples before and during the ZVI/H2O2 process are described in the Supplementary Data

(Table A.3).

2.4 Experimental Procedure

ZVI/H2O2 pre-oxidation experiments were performed under different initial pH

conditions (pH 3.5 and 5.5). The stoichiometric dosage of H2O2 applied to the natural

water was 8.6 mg L-1 per mg L-1 of DOC, based on the Dos Santos’ previous study with

synthetic water (containing reagent-grade HA) and natural water [60]. In her study, it was

assumed that that the H2O2 could fully oxidize the HA (with an average molecular weight

of the reagent grade HA supplied by Sigma Aldrich) to the extent of full mineralization

according to Equation (5). In addition to the consumption of H2O2 for ZVI oxidation with

consequent generation of aqueous Fen+ ions, it must be ackowledged that the

stoichiometric dose considered by this equation does not cover the consumption of H2O2

due to possible paralel self-decomposition reactions and consumption of H2O2 for

oxidation of other dissolved oxidizable species which might be present in natural waters.

C308H328O90N5 + 702,5 H2O2 ↔ 308 CO2 + 864 H2O + 5 H+ + 5 NO3
- (5)

Prior to the start of the experiments, the ZVI nails were immersed in a 1% HCl

solution (Sigma-Aldrich, CAS: 7647-01-0) for 10 min followed by rinsing (3 times) with

distilled water to remove any surface dirt or oxidation. Initially, the pH of the water was

adjusted for the subsequent addition of H2O2, following re-checking for possible pH

adjustments. Once the iron source ZVI was added to the reactor, the reaction time was



initiated (ZVI nails remained static during reactions). Control experiments using only ZVI

or only H2O2 were also performed. All experiments were carried out under agitation at

250 rpm in jar-test equipment with effective volume of 1 L at room temperature, and

aliquots filtered through 0.45 µm syringe filter (Millipore).

Since the objective of this study was to verify the removal of NOM as a

preliminary treatment step, the water samples were not subjected to physico-chemical

treatments before the processes ZVI/H2O2 and control experiments. Table A.4 presents

the identification and results of each experiment carried out in this study.

The experiments were carried out in replicates to attest the reproducibility of the

results and to estimate the experimental error. Tests with the combined ZVI/H2O2 were

carried out in triplicates, while tests with only ZVI and H2O2 were carried out in

duplicates due to water sample volume limitation.

3. Results and Discussion

3.1 Seasonal variation of DOC, UV254 and SUVA254 concentrations in natural
water

Water samples collected from Regent’s Park lake during the Summer and Autumn

seasons presented variation in their organic content. The values obtained in both seasons

were compared at the same collection point. Sample data, such as DOC, UV254, pH,

temperature and precipitation are shown in Table A.1. As observed in Figure 1, the

initial concentrations of DOC and UV254 ranged from 2.2 – 7.3 mg L-1 (mean = 4.948

and SD = 1.78) and 0.033 - 0.184 cm-1 (mean = 0.118 and SD = 0.053),

respectively. The values of DOC and UV254 plotted in Figure A.1 showed determination

coefficient R² = 0.9194 with variation of both parameters positively correlated with each



other (Pearson value, r = 0.9588). This confirms that the concentrations of DOC and

UV254 may vary in a similar way. The progressive increase of the DOC and UV254

values observed during the Autumn (Figure 1) may be related to the greater fall of

vegetation in this season [61].

Figure 1 – Variation of DOC and UV254 parameters in natural water samples collected in Regent's Park lake

during (a) the Summer - RWS and (b) the Autumn – RWA, seasons in 2018.

As a result of the higher amount of fallen vegetation during Autumn compared to

Summer, a higher concentration of humic substances due to the biodegradation in this

vegetation is expected [8,61]. This is confirmed by the SUVA254 values (relation between

UV254 and DOC parameters) shown in Figure 2. The NOM content with a higher SUVA254

value during Autumn (SUVA254 > 2.0 L mg-1 m-1) may be due to the presence of fractions

with higher amounts of aromatic rings [62] and the presence of polyphenols in the leaf

material [63,64]. Previous studies suggest that NOM with a high SUVA254 value (higher

aromatic rings amount) plays an important role in the formation of disinfection by-



products (DBPs), if it reacts with disinfectants such as chlorine [61,65–68]. Therefore, in

this study the NOM removal present in natural water was verified from samples collected

during the Autumn season.

Changes in both concentration and type of NOM can significantly influence the

design and operation of WTPs [8]. In this way, the characteristics of NOM (as SUVA254,

DOC and UV254 parameters) should be taken into account, since the prevention of THM

formation in a WTP depends on the removal of different NOM fractions before the

disinfection step [65].

Figure 2 – Variation of SUVA254 in natural water samples collected in Regent's Park lake during (a) the

Summer - RWS and (b) the Autumn – RWA, seasons in 2018.

3.2 Synergistic Effect of the ZVI and H2O2



Results of pre-oxidation experiments performed on water samples from Regent’s

Park lake collected during the Autumn season (with higher NOM content) were

denominated as RWA.

Preliminary experiments to confirm the oxidative effect of the ZVI/H2O2 process

were performed by applying: 1) only ZVI - samples RWA-10.1 and RWA-10.2; only

H2O2 - samples RWA-10.3 and RWA-10.4); and 3) both ZVI/H2O2 combined reagents -

samples RWA-9.1, RWA-9.2 and RWA-9.3 (see Table A.5). The experimental condition

was applied according to preliminary tests [60]: pH0 = 5.5, ZVI = 37.5 g L-1, and [H2O2]

= 1.5 times the considered stoichiometric amount. The enhanced removal of DOC

obtained by the presence of both regents (i.e. ZVI and H2O2) (Figure 3 (a)) confirmed the

synergistic effect, which can occur due to the production of oxidative radicals (such as

HO•) capable of reacting with the aromatic structure of the organic matter, in agreement

with previous works [18,69–71].

Figure 3 (a) shows that the removal of DOC by the ZVI/H2O2 process was

significantly higher than with only ZVI, with DOC reductions of 28% [45] and 5%,

respectively (during 30 min of treatment). However, the calculated data for the rate

constants of DOC removal [72,73] by ZVI/H2O2 process did not present a satisfactory

determination coefficient to affirm that the reaction followed a pseudo-first-order or

second order (Table A.6). The comparable reaction using only H2O2 (without ZVI) did

not show an effect on DOC removal (Figure 3 (a)), confirming previous work that showed

that the application of only H2O2 does not have significant effect on NOM degradation

[18,74]. Figure 3 (b) in the inset of Figure 3 (a) displays the variation of concentration of

dissolved Fe+2 applying only ZVI and ZVI/H2O2. The concentration of Fe2+ in solution

during the ZVI/H2O2 process was significantly lower probably due to the presence of

H2O2, which maintains the iron species oxidized and precipitated as Fe(OH)3



[16,41]. Results of the pH variation during the reactions using ZVI/H2O2, only ZVI and

only H2O2, are shown in Figure A.2. In Figure 4, it is observed that the concentration of

Fe+2 applying only ZVI increased to 2.0 mg L-1 in the first 10 min of reaction and

decreased continuously afterwards. The continuous decrease of [Fe2+] concomitant with

the DOC removal (after 15 min) observed in this experiment are caused in part by the

precipitation of iron species in the system [75–77] [41]. In addition to the precipitation

effect, the continuous aqueous dissolution of O2 from the air and its action on the surface

of the ZVI in the system can coexist [78], which contribute to the observed DOC removal

(Equations (6) and (7)).

Fe2+ + 2H2O →Fe(OH)2↓ + 2H+ (6)

4Fe2+ + O2 + 10H2O →4Fe(OH)3↓ + 8H+ (7)

Figure 3 – (a) Removal of DOC by the ZVI/H2O2 process ( ), by only ZVI nail ( ), and by only H2O2

( ). (b) Concentration of dissolved Fe2+ during the ZVI/H2O2 process ( ) and only ZVI ( ).

Experimental conditions: H2O2 = 1.5 times the stoichiometric amount, pH0 = 5.5, ZVI = 37.5 g L-1. ZVI/H2O2



treatment applied in samples RWA-9, n=3 (9.1; 9.2; 9.3). Only ZVI applied in samples RWA-10.1 and RWA-

10.2. Only H2O2 applied in samples RWA-10.3 and RWA-10.4.

Figure 4 – Formation of Fe2+ and removal of DOC during the treatment of the Regent’s Park lake water

using only ZVI-nail (Samples RWA-10.1 and RWA-10.2). Experimental conditions: pH0 = 5.5, ZVI nail = 37.5,

[H2O2] = 1.5 times the stoichiometric amount.

The synergistic effect of ZVI nail and H2O2 is also confirmed by comparing the

H2O2 consumption in both conditions (with and without ZVI) (Figure 5). The results,

indicating a substantial consumption of the H2O2 when the ZVI is present, are achieved

due to the pseudo-catalytic action of ferrous and ferric ions [69,71,79] during the

ZVI/H2O2 reaction. On the other hand, in the absence of ZVI, the control experiment

dosed only with H2O2 did not show consumption of the oxidant.
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Figure 5 - Decay of the H2O2 concentration in Regent’s Park samples submitted to the ZVI/H2O2 process

( ) in samples RWA-9.1, RWA-9.2 and RWA-9.3 and only H2O2 ( ) in samples RWA-10.3 and RWA-

10.4. Experimental conditions: pH0 = 5.5, ZVI nail = 37.5, [H2O2] = 1.5 times the stoichiometric amount.

3.5 Application of the ZVI/H2O2 process in different surface waters

In order to verify the improvement in the NOM removal through the ZVI/ H2O2

process, the initial pH of the process was adjusted to a more acidic range (initial pH =

3.5) [48,80,81].

The ZVI/H2O2 treatment (pH0 = 3.5; ZVI nail = 50 g L-1; [H2O2] = 2 times the

stoichiometric amount) applied to Regent's Park lake water samples (RWA-12, n=3) for

DOC removal showed that the ferrous ions leached to the aqueous solution by the reaction

of H2O2 and H+ ions with the ZVI nail surface provided. This superior catalytic effect on

the H2O2 consumption was expected [79]. Due to the instability of iron in the presence of

water, it will corrode in the presence of an oxidant such as aqueous O2. Also, the addition

of stronger oxidizing agents (such as H2O2) to the aqueous medium can increase the



electrochemical potential of the metal corrosion reaction [82], thus favouring the release

of Fen+ ions into the water, and their reactions with H2O2 in the Fenton mechanism

(Equations (1) and (2)). Figure 6 shows that the H2O2 consumption and DOC removal

occurred mainly in the first 30 min of reaction. After this time, the fairly low (bellow 5%)

remaining H2O2 concentration no longer allowed the reaction with ferrous ions to carry

on and supply a sufficient rate of HO• to continue powering the degradation of the DOC.

This decrease in DOC removal efficiency may also be related to the formation of oxides

on the surface of the ZVI-nail, which can reduce the surface density of reactive sites. The

formation of this oxide layer was verified by microscopy analysis and will be further

discussed in Section 3.6.

Figure 6 – Variation of H2O2 ( ) and Fe2+
(aq) ( ) during the ZVI/H2O2 process. NOM removal was evaluated

DOC ( ) parameter. ZVI/H2O2 treatment applied in samples RWA-12.1, RWA-12.2 and RWA-12.3).

Experimental conditions: pH0 = 3.5; ZVI nail = 50 g L-1; [H2O2] = 2 times the stoichiometric amount.

Water samples from the Thames river were evaluated in order to compare the

efficiency of the ZVI/H2O2 process applied to a surface water with different raw



characteristics compared to that of Regent’s Park lake water. Thames river is a water body

that potentially receives several chemical compounds from domestic, agricultural and

industrial discharges [83,84], with tributary watercourses [85], presenting higher

exposure to external and anthropogenic factors when compared to Regent's Park lake.

Table A.7 shows the different concentrations of inorganic ions present in both surface

water samples, indicating higher ion concentration in the Thames river water samples (for

example, chloride and nitrate). The UV-Vis spectrum shown in Figure A.3 also indicates

differences between Regent’s Park lake and Thames river waters. The interference in the

Thames river water spectra observed in Figure A.3 is probably due to the presence of

chemicals able to absorb light in the 200-400 nm range [86]. The higher values of the

parameters seen on the Thames river water may also be due to the location of the sampling

point - central London region. Munro et al. [87] identified relevant fluctuations in

pharmaceutical and illicit drug residues concentrations in the central London catchment

of the Thames river. The authors reported that the pH of the river remained relatively

constant over the six weeks (pH = 7.77 ± 0.09) and conductivity measurements indicated 

that the river was predominantly composed of freshwater (600–800 μS). Despite being a 

more central region, smaller changes in ammonium ion concentration and percentage DO

were observed across the six-week period. A water characterization study on the Thames

river in the Runnymede region (far from the central urban area) reported significantly

lower chloride and nitrate concentrations than the present study. However, the

concentrations of bromide and DOC were close to those obtained in this study [83]. Water

samples collected from Regent’s Park lake were used as a study matrix by L.Xu et al.

[88]. The characterization of their samples collected during the months of October and

November indicated concentrations of DOC and UV254 lower than the concentrations

obtained in the present study (i.e. UV254 < 0.095 and DOC < 4.24 mg L-1; UV254 > 0.122



and DOC > 5 mg L-1, respectively). These concentration differences may be due to the

sampling points. Although L.Xu et al. [88] collected water samples in the same Regent’s

Park lake, the sampling point was located in an area with lower amount of vegetation

(location of L.Xu et al.: latitude 51.525187, longitude -0.158017). Nitrate concentrations

and turbidity obtained in the present study were also higher than [88].

A previous investigation showed that 2 times the stoichiometric amount of H2O2

as optimum dosage when applied in Regent’s Park lake water samples [45] for the DOC

removal. Experimental results of dosages of H2O2 applied to Thames river water from 1

time and 2 times the stoichiometric amount (pH = 3.5 and ZVI nail = 50 g L-1) also showed

2 times the stoichiometric amount of H2O2 (110 mg L-1) as optimum dosage for DOC

removal (Figure A.4). These results agree well with studies that show that as the H2O2

dosage increases (to a certain concentration), the rate of generation of HO• in the reaction

medium also increase [71].

As shown in Figure 7, DOC and UV254 removals were similar for both water

matrices (Regent’s Park lake (samples RWA-12) and Thames river (samples TWA-1))

(experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times the stoichiometric amount, and

ZVI nail = 50 g L-1). At 60 min of reaction, the mineralization of DOC was 61.6% ± 3.0

for samples from the Thames river and 59.6% ± 4.7 for samples from Regent’s Park lake,

with similar H2O2 consumption (Equation A.1) in the first 15 min of reaction (k = 0.069

min-1 and 0.064 min-1 for Regent’s Park lake and Thames river waters, respectively). The

adjustment for the pseudo-first-order reaction model indicated R² = 0.972 and R² = 0.9389

for the water from the Regent’s Park lake and Thames river, respectively (as shown in

Figure A.5). The UV254 removal was 79.9% ± 0.63 for Thames river and 77.3 ± 6.2 for

Regent’s Park lake. These results indicate that the application of the ZVI-nail/H2O2

process on different raw surface waters (without physico-chemical pre- treatments) after



60 min, have a similar NOM removal efficiency, despite the presence of inorganic

compounds in different concentrations between both matrices, that can behave as radical

scavengers (for example, nitrate, chloride, etc. – see Table A.7) [46]. These results

support the possibility of application of the ZVI nail/H2O2 process with reasonably good

efficiency as a pre-oxidation stage in drinking water treatment.

Figure 7 - NOM removal evaluated by DOC and UV254 through the ZVI/H2O2 process in Thames river (DOC:

and UV254: ) and Regent’s Park lake (DOC: and UV254: ) waters. ZVI/H2O2 treatment

applied in Regent’s Park lake samples: RWA-12, RWA-12.2 and RWA-12.3. ZVI/H2O2 treatment applied in

Thames river samples: TWA-1.1, TWA-1.2 and TWA-1.3. Experimental conditions: pH0 = 3.5, [H2O2]0 = 2

times the stoichiometric amount, and ZVI nail = 50 g L-1.

In addition to the partial DOC mineralization, the significant UV254 reduction may

indicate that the unsaturated and/or aromatic carbon molecules of the fraction of HA in

the NOM were preferentially oxidized [70]. Considering that SUVA254 is widely used for

estimating the chemical characteristics of DOC (i.e. its aromatic content) [4,52,70], the

initial SUVA254 values in Regent's Park lake and Thames river waters (initial SUVA254 ~



2.5 L mg-1 m-1) indicated NOM structure has a mixture of molecular mass, with

intermediate of hydrophobic and hydrophilic [65]. Also, higher initial SUVA254 values

are expected to be more reactive towards the formation of DBPs [9,65,89]. Thus, as the

ZVI/H2O2 process favoured the reduction of SUVA254 values in both aquatic matrices

(SUVA254 after treatment = 1.4 ± 0.18 and 1.6 ± 0.5 L mg-1 m-1 for Thames river and

Regent's Park lake waters, respectively) a reduction of the aromatic intermediates can be

assumed [2,68].

The rates of removal of the inorganic species present in water samples from the

Thames river and Regent’s Park lake were also observed after 60 min of ZVI/H2O2

treatment (Table A.8). The highest removal was of phosphate, reaching 100% of removal

for both samples. The range of removals of chloride, nitrate, and bromide analyzed in this

study were < 20% in both treated samples. In addition to the formation of Fe-phosphate

precipitates, part of the removal of phosphate may be due to adsorption reactions on the

surface of the reacted ZVI since the oxide layer formed as a result of the oxidative process

can provide active sites for the adsorption of phosphate [90,91]. However, further studies

are needed to confirm this adsorption mechanism.

Previous studies using particulate ZVI (without addition of H2O2) have also

reported good phosphate removal rates (over 80%). However, these studies did not verify

the effect of other ions present in the aqueous solution [90,91]. Nagoya et al. [90]

evaluated the removal of phosphate in the same pH range as the present study (pH 3-3.5),

achieving similar removal efficiency (96% and 100% of phosphate removal for Nagoya

et al. and the present study, respectively). However, the authors reported treatment time

of 240 min and the process application in a synthetic matrix. It is worth noting that the

results of the present study are from different matrices of natural water, in 60 min of

treatment.



The ZVI/H2O2 process investigated here has the advantage of making use of low-

cost commercial nails for removal of NOM in drinking water treatment. Furthermore,

previous investigations for NOM and HA removal, such as Fenton, photo-Fenton, O3,

UV/H2O2, and Eletrocoagulation (applied in natural water and synthetic water) showed

lower or similar DOC removal as compared to our study [10,20–23].

3.6 Continued use and Reuse of ZVI nails

The reuse of the ZVI nails on the ZVI/H2O2 process using the Regent’s Park lake

water was evaluated without the application of chemical cleaning/pickling on the ZVI

between each run. ZVI was used repeatedly during four cycles of the ZVI/H2O2 process.

The experiments of the 1st cycle were carried out in triplicate and the others in duplicate,

under the conditions of pH0 = 3.5, [H2O2] = 2 times the stoichiometric amount, and ZVI

= 50 g L-1. Figure 8 shows a decrease in the removals of DOC and UV254 after the 1st

cycle (DOC removal: 59.6% ± 4.7 and UV254 removal: 77.3% ± 6.2 - samples RWA-12.1,

RWA-12.2 and RWA-12.3) and stability in their removal between the 3rd and 4th cycles

(DOC removal: 41.5% ± 4.9 in the 3rd cycle and 38% ± 5.7 in the 4th cycle. UV254 removal:

66.3% ± 2.4 in the 2nd cycle, 60% ± 3.5 in the 3rd cycle and, 60.6% ± 4.9 in the 4th cycle).

The results of removing DOC in the 2nd cycle are not presented due to a technical problem

in the equipment.



Figure 8 – Effect of reuse cycles of the ZVI nails application in the ZVI/H2O2 process for NOM removal

evaluated by DOC and UV254 from Regent’s Park lake water samples (RWA-12). Experimental conditions:

pH0 = 3.5, [H2O2]0 = 2 times the stoichiometric amount, and ZVI nail = 50 g L-1.

It is known that the presence of H2O2 in contact with the ZVI surface and the

presence of DO initiates a series of reactions to form oxides [92], and these oxides can

participate in different ways in the mechanism of the Fenton reaction. However, it is still

difficult to determine the extent of its influence on the process [93]. The decrease in H2O2

consumption during the ZVI used in each cycle (Figure 9) corroborates the lower DOC

and UV254 removals observed in this study. Based on these observations, it can be

proposed that as the ZVI nail was reused, thickening of the oxy-hydroxides layer occurred

[28,48,94], reducing the surface density of reactive sites and, consequently, the rate of

H2O2 consumption [44,95].
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Figure 9 - Decay of the H2O2 concentration on the ZVI/H2O2 process from the four cycles of ZVI reuse.

Experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times the stoichiometric amount), and ZVI nail = 50 g L-1.

The formation of this passive layer during the ZVI/H2O2 process was confirmed

through the results of SEM/EDS obtained in the cross-section of the ZVI nail, as shown

in Figure 10. Figure 10 (a - b) shows secondary electrons (SE)-SEM images and

corresponding XEDS maps of Fe and O obtained from the nail before and after the 1st

cycle, respectively. It is observed in Figure 10 (b) an oxide layer formed during the

ZVI/H2O2 process, which is confirmed by EDS results that indicate a predominant

presence of O in this layer (this observation was consistent in this investigation).

XPS analyses on ZVI nail surface before and after ZVI/H2O2 process shown in

Figure 11 (a - c) supported the idea of the existence of an oxide layer formed during the

process and confirm the results obtained from the SEM/EDS. Figure 11 (a) shows a lower

peak in the O 1s spectrum (peaked at 529.9 eV) attributed to Fe-O [96,97] before the ZVI



nail use on the 1st cycle. After the 1st and 2nd cycles (Figure 11 (b - c), a progressive

increase in peak (binding between O and Fe) is observed, indicating that during the

ZVI/H2O2 process occurred the formation of an oxide layer on the ZVI nail surface. Also,

the characterization of the valence state of Fe from XPS scan on the surface of the ZVI

nail before and after the 1st and 2nd cycles of application was obtained (Figure 12). The

bonding energy positions Fe 2p3/2 and Fe 2p1/2 were 711.4 and 724.8 eV, respectively,

corresponding to the Fe (III) species [28,91,98,99]. A progressive increase in the intensity

of the peaks was observed after the 1st cycle of ZVI nail application. However, the same

was not observed after the 2nd cycle, indicating the stability of the formation/deposition

of Fe (III) species on the surface of the reacted iron.

Figure 10 - Cross-sectional images by SEM of the ZVI nail (a) before and (b) after the 1st cycle of the

ZVI/H2O2 process and corresponding EDS maps of Fe and O. (a) EDS maps shows the predominance of

the Fe element. (b) oxide layer of iron oxides is observed on the surface of the reacted ZVI nail. Experimental

conditions: pH0 = 3.5, [H2O2]0 = 2 times the stoichiometric amount, and ZVI nail = 50 g L-1.



Figure 11 – XPS spectrum obtained from the ZVI nail samples (a) before ZVI/H2O2 reaction (b) after the 1st

cycle of the ZVI/H2O2 reaction and (c) after the 2nd cycle of the ZVI/H2O2 reaction. Experimental conditions:

pH0 = 3.5, ZVI = 50 g L-1, [H2O2] = 2 times the stoichiometric amount.



Figure 12 - XPS spectroscopy of the ZVI nail before and after the 1st and 2nd ZVI use cycle in the ZVI/H2O2

process. Experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times the stoichiometric amount, and ZVI = 50 g L-

1.

Based on these results, it can be considered that the exposed surface area of the

ZVI nail available for reaction with H2O2 (and H+ ions) has been progressively reduced

and replaced by oxi-hydroxide species. These oxides may constitute the formation of a

passive layer on the metal [44,75,100], hindering Fe dissolution, thus decreasing the

degradation rate of NOM as the ZVI nail is reused in a new cycle. However, a stability

effect of this oxide layer after the 2nd cycle of the ZVI nail reuse can also be speculated.

As shown in Figure 8, the removal rates of DOC and UV254 remained constant during the

3rd and 4th reuse cycles.

A previous work [44] reported that the use of ZVI cuts in ZVI/H2O2 for the

treatment of urban landfill leachate (after the biological treatment stage) showed decrease

of the efficiency of the process from 60% to 42% after the 4th cycle. The reuse of ZVI

particles in another study of ZVI/H2O2 for the removal of chemical oxygen demand

(COD) in citric acid effluent [28] showed an increase in the removal after the 1st cycle of

ZVI use (removal of 30% in the 1st cycle, and 45% in the 2nd cycle) followed by a

continuous decline (38% removal in the 4th cycle and 7% in the 7th cycle). In our study,

despite the observed decrease of about 20% in the efficiency of the process, tending to

stabilize at the end of the 4th cycle of reuse of the ZVI nails, the obtained results are

promising from the point of view of the applicability of the steel nails in ZVI /H2O2. The

rate of the overall pre-oxidation reaction may be tuned in accordance with how much

surface area of nails is continuously maintained (as surface-oxidized (passivated) iron

nails) in the pre-oxidation reactor.



3.7 Overall remarks about the application of ZVI Fenton pre-oxidation

Generally, the cost of chemicals is considered to be responsible for the largest

expenses in Fenton's process [101]. In this work, the cost of reagents were based on the

experimental conditions presented in Sections 3.5 and 3.6. The costs of the reagents to

adjust the pH were considered secondary [102]. At the end of 60 min, the pH of water

treated reached ⁓5.0 for Thames river and Regent's Park lake water samples (Figure A.6). 

Hence, the demand of the reagent to adjust the pH (i.e. NaOH) for the subsequent

coagulation/flocculation steps will be low. The average unitary price of H2O2 (100%

basis, according to the current average price: ⁓ 800 US$/ton) was used to calculate the 

cost of the reagent per one cubic meter of water, according to Rodriguez et al.’s equation

[102]. The average cost of H2O2 obtained was 0.21 US$/m³. The H2O2 cost in the AOP

can vary due to mainly two reasons: (a) the range of mineralization of the target-pollutant

[103,104] and (b) the aquatic study matrix - considering that the H2O2 demand for

abatement of the NOM of the water matrices of the present study could be lower than the

demand required for other organic compounds present in industrial wastewater, for

exemple. The cost of the iron nails has a greater price variation depending on the region.

Costs in Brazil (where carbon steel nails were purchased: 2.3 – 5.4 US$/kg) [105,106]

and China (0.35 – 0.70 US$/kg) [32] are significantly lower compared to UK  (⁓ 16.0 

US$/kg) [107] (price comparison based on similar size and composition of nails). Even

with this regional variation of the prices, it should be considered that the consumption of

iron nails in a continuous operation is limited to re-stocking the amount of Fe that is

dissolved from the nails during the reaction. Actual possible modes of contacting the

water with the iron nails in a full-scale operation could be defined by using open tanks

filled with nails in a static fixed bed through which water passes through during a preset

contact time. Also, the patents by Anderson (1883) [108] in which a revolving reactor



was used, and other patents that ensued, describe potential reactors. Insoluble Fe(OH)3

precipitates that are also expected to form during pre-oxidation may be removed during

flocculation and sedimentation steps. As with any proposed process, pilot-scale and full-

scale trials will be necessary in future investigations to better evaluate the total treatment

costs, with further tests done with larger number of replicates.

It may also be suggesteded that tests using a control ZVI-nail sample should be

mechanically or acidically cleansed between batches to compare with results showed in

this work. In addition, for a better understanding of the oxidative process, it is suggested

to investigate the possible influence of HA and/or FA in the NOM as electron shuttle

mediators during the process.

4. Conclusions

 The ZVI/H2O2 Fenton pre-oxidation process studied here showed significant

effectiveness and similar efficiencies for NOM removal in real water matrices

with different physico-chemical characteristics (Regent’s Park lake and Thames

river, London, UK). Significant NOM removals were reached, with DOC and

UV254 removals up to 61% and 80%, respectively, in 60min of batch treatment

time with 100% of excess over the considered stoichiometric amount of H2O2 and

initial pH adjusted to pH 3.5.

 The ZVI employed in the form of small carbon steel nails was able to perform as

a pseudo-catalyst, functioning as a source of Fen+ ions, confirming its reactivity

in the ZVI/H2O2 Fenton process.

 A passive oxide layer formed during the ZVI/H2O2 process was identified and

pointed as one of the responsible causes for reducing the concentration of reactive



Fe sites on the ZVI nail surface. As the ZVI nail was reused in a sequence of 4

batch runs of 1 h each, a reduction of NOM degradation of around 20% compared

with the degradation obtained by new nails was observed, but that was seen to

stabilize at the end of the 4 hours. As the Fenton-ZVI reaction rate depends on the

surface area of the pseudo-catalyst, in a continuous operation it will be possible

to control the speed of the overall reaction by adjusting the amount/surface of nails

maintained in the pre-oxidation reactor so the surface passivation that occurs does

not hinder the performance of the process.

 The low cost of the pseudo-catalyst material in the form of nails (up to 1,000

US$/ton), their wide commercial availability, and the lack of need for specialized

equipment make this AOP attractive as a pre-oxidation step in WTPs for remote

regions with limitations in infrastructure and/or finance.
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Appendix A. Supplementary data

Table A. 1 – Sample dataset collected for Regent's Park lake water during the Summer

(RWS) and Autumn (RWA) seasons.

Sample Day Month T (ºC)
Precipitation

(mm)
pH

DOC
(mg L-1)

UV254
SUVA254

(L mg-1 m-1)

RWS-1 25 7 25.5 0.0 8.4 7.3 ±0.2 0.164 2.246

RWS-2 21 8 25.5 0.05 8.5 2.65 ±0.03 0.033 ±0.001 1.245

RWS-3 28 8 22.0 0.0 8.4 2.8 ±0.28 0.065 ±0.001 2.321

RWS-4 5 9 25 0.0 8.4 3.7 ±0.25 0.063 ±0.007 1.703

RWS-5 10 9 24.5 0.0 8.2 2.24 ±0.02 0.050 ± 0.000 2.232

RWS-6 17 9 25 0.0 8.4 3.64 ±0.25 0.077 ±0.000 2.115

RWA-7 3 10 23 0.0 8.3 5 ±0.012 0.122 ±0.007 2.440

RWA-8 8 10 21 0.0 7.7 5 ±0.03 0.135 ± 0.0015 2.700

RWA-9 15 10 18.6 0.0 7.7 5.8 ±0.113 0.155 ±0.007 2.672

RWA-
10

18 10 21.6 0.0 7.8 5.76 ±0.03 0.153 ±0.007 2.684

RWA-
11

2 11 22 0.0 7.9 7.15 ±0.14 0.161 ±0.007 2.252

RWA-
12

12 11 19 1.14 7.9 6.75 ±0.184 0.176 ±0.007 2.607

RWA-
13

20 11 18 3.1 7.7 6.6 ±0.2 0.184 ±0.001 2.787

Table A.2 - Chemical composition of ZVI nail obtained by optical emission spectroscopy

(OES).

Elements C Si Mn P S Cr Ni Mo

Concentration

(mass %)

0.13 0.15 0.59 0.027 0.016 0.05 0.03 < 0.01





Table A.3 – Instruments used for the determination of general water quality parameters.

Analysis Instrument

ZVI-nail characterization

Optical Emission Spectroscopy Spectromax Instrument

Scanning electron microscopes
(FEGSEM) (JEOL JSM 7100F) - Oxford

Instruments Detector 80 windowless
silicon drift detector (SDD)

X-ray photoelectron spectroscopy
(XPS)

Spectrometer Thermo K-alpha (E = 1486.6
eV)

Organic matter characterization

Dissolved Organic Carbon TOC-L Shimadzu model, TOC analyzer

UV absorbance (254 nm) Shimadzu UV 1800, spectrophotometer

Ion characterization

nitrate, chloride, phosphate, bromide IC1100, Dionex

Total iron Varian - ICP-AES, 720-ES

Ferrous iron HACH 890 colorimeter

Hydrogen peroxide HACH 890 colorimeter

Dissolved oxygen Jenway 9200

Chlorine HACH DR300 colorimeter

pH and Temperature Mettler Toledo, S47K

Turbidity HACH 2100AN IS turbidmeter

Conductivity Mettler Toledo, S47K

Jar Tester-Lab, Phipps & Bird, 7790-950



Table A.4 – DOC and UV254 removals from the treatments: ZVI/H2O2, only ZVI, and only H2O2. The experiments were carried out with samples

collected during the Autumn season.

RWA = Regent’s Park water collected during Autumn season.

TWA = River Thames water collected during Autumn season.

Treatment Experimental Condition Sample Identification DOC - Removal (%) UV254-Removal (%) Observations

ZVI/H2O2 H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-9.1 31.16 72

ZVI/H2O2 H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-9.2 26.3 67.84

ZVI/H2O2 H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-9.3 33.77 63.22

ZVI H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-10.1 21.96 20.78

ZVI H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-10.2 18.49 -

H2O2 H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-10.3 0 -

H2O2 H2O2=1.5 times the stoichiometric amount; pH=5.5; ZVI=37.5 g L-1 RWA-10.4 0 -

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.1 64.7 84.1 1º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.2 58.27 76 1º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.3 55.5 72 1º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.4 - 64.56 2º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.5 - 68 2º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.6 44.98 57.7 3º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.7 38 62.5 3º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.8 42 57 4º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 RWA-12.9 34 64.2 4º cycle of nail-ZVI use

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 TWA-1.1 57.4 79.8

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 TWA-1.2 64.2 80.6

ZVI/H2O2 H2O2=2 times the stoichiometric amount; pH=3.5; ZVI=50 g L-1 TWA-1.3 63.2 79.4
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2

Figure A.1 – Relationship between UV254 and DOC values in natural water samples3

collected from Regent’s Park lake during the Summer and Autumn seasons (R² =4

determination coefficient and r = Pearson value).5
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Table A.5 – DOC removals by the ZVI/H2O2 process, only ZVI nail, and only H2O2 in8

Regent’s Park lake water (during the Autumn – RWA). Experimental conditions: H2O2 =9

1.5 times the stoichiometric amount, pH0 = 5.5, ZVI = 37.5 g L-1. ZVI/H2O2 treatment10

applied in samples RWA-9, n=3 (9.1; 9.2; 9.3). Only ZVI applied in samples RWA-10.111

and RWA-10.2). Only H2O2 applied in samples RWA-10.3 and RWA-10.4.12

Time (min)

DOC removal (%)
ZVI/H2O2

DOC removal (%)
Only ZVI

DOC removal (%)
Only H2O2

RWA-
9.1

RWA-
9.2

RWA-
9.3

RWA-
10.1

RWA-
10.2

RWA-
10.3

RWA-
10.4

0 0 0 0 0 0 0 0

15 23.14 24.82 22.74 0 0 0 0.224

30 28.7 23.2 32.24 5.95 3.73 0 0

60 29.73 26.6 29.54 8.046 8.34 0 0

120 33.77 26.3 31.16 18.49 21.96 0 0

13

14

15

16

17
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18

Figure A.2 - Behaviour of pH in Regent’s Park lake during the processes: (a) ZVI/H2O2,19

(b) only ZVI, and (c) only H2O2. Experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times20

the stoichiometric amount, and ZVI = 50 g L-1. Experimental conditions: H2O2 = 1.5 times21

the stoichiometric amount, pH0 = 5.5, ZVI = 37.5 g L-1. ZVI/H2O2 treatment applied in22

samples RWA-9.1, RWA-9.2 and RWA-9.3. Only ZVI applied in samples RWA-10.123

and RWA-10.2. Only H2O2 applied in samples RWA-10.3 and RWA-10.4.24

25
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Table A.6 - Pseudo-first order kinetics and second order kinetic coefficient for DOC32

removal in the processes with ZVI/H2O2 and only ZVI.33

Process
Pseudo- first order Pseudo- second order

K1 (min-1) R² K2 (L mg-1 min-1) R²

ZVI/H2O2 0.0021 0.4631 0.0005 0.4919

Only ZVI 0.002 0.9347 0.0004 0.9404

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

Table A.7 - Average and standard deviation of the composition characteristics of natural50

water obtained from Regent’s Park lake and the Thames river.51

Parameters Unit
Regent’s Park

lake

Thames river

(n = 3)



5

(n = 5)

Mean ± SD

Mean ± SD

UV254 cm-1 0.175 ± 0.01 0.138 ± 0.03

* SUVA L mg−1 m−1 2.3 ± 0.70 2.01 ± 0.87

pH 7.76 ± 0.1 7.4 ± 0.14

**DOC mg L-1 8.12 ± 2.5 7.17 ± 1.59

Dissolved Oxygen mg L-1 3.43 (19 ºC) ±0.43 5.15 (17.4ºC)

Turbidity NTU 1.22 ± 0.25 13.1 ± 0.01

Conductivity μS cm-1 1008 ± 38.42 n.a.

Chlorine (free) mg L-1 0.03 ± 0.01 0.09

Iron (total) mg L-1 0.024 ± 0.004 n.a.

Chloride mg L-1 76.95 ± 1.29 539.8 ± 0.01

Nitrate mg L-1 1.31 ± 0.97 45.5 ± 0.02

Bromide mg L-1 0.21 ± 0.04 1.34 ± 0.01

*SUVA: specific ultraviolet absorbance (SUVAλ=UVλ/COD*100, where λ is the specific wavelength). 52

**DOC: Dissolved Organic Carbon. Results of natural water obtained from collections in autumn.53

n.a. = not analyzed54

Samples from Regent’s Park lake: minimum and maximum values (mg L-1), respectively: UV254 0.161 –55

0.184 (median: 0.168); DOC 6.6 – 11 (median: 7.14); pH 7.56 – 7.95 (median: 7.75); Dissolved Oxygen56

3.13 – 3.74 (median: 3.4); Turbidity 0.98 – 1.47 (median: 1.22); Conductivity 976 – 1050 (median: 982);57

Chlorine 0.02 – 0.041 (median: 0.02); Chloride 75.3 – 79.8 (median: 75.8) ; Nitrate 0.3 - 2.6 (median: 1.4);58

Bromide 0.17 – 0.24 (median: 0.21).59

60
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Figure A.3 - UV-Vis spectra for Regent’s Park lake and the Thames river water samples62

before ZVI/H2O2 process. The spectrum results refer to samples collected at the same63

day.64
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71

Figure A.4 - Removal of NOM by parameters DOC and UV254 through the ZVI/H2O272

process applied in the Thames river water samples after varying the initial dosages of73

H2O2. Experimental conditions: pH0 = 3.5, ZVI nail = 50 g L-1, and [H2O2] =74

stoichiometric amount) and 2 times the stoichiometric amount).75

76

77

78



8

Equation A.179

ln ([H2O2]t / [H2O2]0) = -kH2O2 . t (A.1)80

Calculations of the pseudo-first order constants of the H2O2 concentration decay.81

where: kH2O2 is the velocity constant for the H2O2 decay reaction during the ZVI/H2O282

process at a given time (t).83

84

85

86

87

88

89

90

91

92

93

94
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95

Figure A.5 - H2O2 consumption in the ZVI/H2O2 reaction applied to water samples from96

Regent’s Park lake and the Thames river. The adjustment for the pseudo-first-order97

reaction model indicated R² = 0.972 and R² = 0.9389 for water from Regent’s Park and98

Thames river, respectively. Experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times the99

stoichiometric amount), and ZVI nail = 50 g L-1.100

101

102

103
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Table A.8 - Concentrations of chloride, nitrate, bromide and phosphate in the Thames104

river and Regent’s Park lake water samples before and after ZVI/H2O2 process.105

Experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times the stoichiometric amount, and106

ZVI nail = 50 g L-1.107

108

Concentration
(mg L-1)

Thames river Regent’s Park lake

time = 0 min time = 60 min time = 0 min time = 60 min

Chloride 540 ± 4.9 506.7 ± 5.8 73.9 ± 2.73 62.2 ± 1.7

Nitrate 45 ± 0.42 38.9 ± 0.15 2.35 ± 0.28 1.95 ± 0.07

Bromide 1.35 ± 0.04 1.14 ± 0.06 0.24 ± 0.01 0.21 ± 0.01

Phosphate 1.85 ± 0.05 0 1.15 ± 0.21 0
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124

125

Figure A.6 - Behaviour of pH in Regent’s Park lake and Thames river water samples’126

during the ZVI/H2O2 process. Experimental conditions: pH0 = 3.5, [H2O2]0 = 2 times the127

stoichiometric amount, and ZVI = 50 g L-1.128
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