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The paper is focused on the possibility of using ozonation process combined with 
iron nanoparticles (nZVI – nano zero-valent iron) to remove selected specific synthetic 
substances, such as hexachlorobutadiene, pentachlorobenzene, hexachlorobenzene, lin-
dane and heptachlor. Experimental measurements were performed in order to evaluate 
the effectiveness of the removal of substances and their removal rates. Removal of pes-
ticides was also monitored through calculated DOC (dissolved organic carbon) as cumu-
lative wastewater quality indicator. We investigated the effectiveness of 5 mL L–1 nZVI 
suspension (equal to 1 g Fe0) for the optimization of micropollutants removal from mod-
el water. Applications of 5 mL L–1 nZVI suspension and combined O3/nZVI processes 
have been shown as the most effective. Increasing concentrations of nZVI had almost no 
impact on the efficiency of the degradation process. Higher degradation efficiencies of 
γ-HCH were measured in O3/nZVI compared to the ozonation process. Degradation of 
pesticides HCLB, HCLBD and PCLB in all tested processes achieved efficiencies above 
88 %.
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Introduction

Safe drinking water is essential to humans and 
other lifeforms. However, growing industrialization 
and extensive use of chemicals have increased the 
amount of unwanted pollutants in sources of drink-
ing water in countries all over the world. Pesticides 
are used worldwide to control pests in agricultural 
production and in many non-agricultural settings 
(e.g., public spaces, homes, parks, gardens, and in-
dustrial areas). The important increase in their utili-
zation and their potentially adverse human health 
effects make their environmental fate a hot topic 
and a recurring study. The use of pesticides is be-
coming increasingly controversial and represents a 
subject to strict regulation1.

The aim of the present work was to study the 
degradation of five organochlorine pesticides with 
combined processes of ozone and nZVI. All these 
monitored priority substances are also known as or-
ganochlorinated pesticides (OCP) which are poten-
tially carcinogenic, persistent, and toxic. They can 
be absorbed by plants, animals, as well as peo-
ple. Humans and animals are exposed to them most-
ly through their diet, occupationally or prenatally. 
Over 90 % of exposure comes from animal prod-

ucts due to bioaccumulation in fat tissues and 
through the food chain2.

Ozone (O3) is a selective oxidant that is reac-
tive towards double bonds, aromatic systems, 
non-protonated secondary, tertiary amines, and re-
duced sulfur species3. Ozonation is a well-estab-
lished technology for water treatment, especially 
drinking water, and it has been the focus of atten-
tion in literature in the last few years as an option 
for advanced wastewater treatment4. Ozone can re-
act with organic compounds by direct reaction as 
molecular ozone or by indirect reaction through the 
formation of secondary oxidants like free radical 
species. In addition, hydroxyl radicals that are 
formed by the decomposition of ozone also add to 
the oxidizing potential of the ozonation process5. It 
has already been shown that ozonation is effective 
in removing several micropollutants to more than 
95 % that are not typically removed during conven-
tional activated sludge treatment, therefore making 
it a promising option to remove these compounds6.

Due to the reductive reaction mechanism, na-
noscale zero-valent iron (nZVI) is recently one of 
the most extensively used nanomaterials for the re-
mediation of contaminated soil and groundwater 
that mainly targets chlorinated organic contami-
nants including organochlorinated pesticides, poly-
chlorinated biphenyls (PCBs), heavy metals, and 
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inorganic anions7. The interaction between nZVI 
and contaminants is nonspecific. In addition to the 
contaminant of interest, the electrons from iron ox-
idation are also consumed from the reduction of 
water (H2O) or protons (H+) to hydrogen (H2). In 
order to prevent aggregation of iron nanoparticles, 
attachment of a stabilizing coating has commonly 
been applied. Many organic and inorganic stabiliz-
ers, such as anionic and nonionic surfactants, sodi-
um carboxymethyl cellulose, starch, oils, polyacryl-
ic acid (PAA)8, have been used to provide strong 
interparticle electrostatic repulsions, which over-
come the attractive forces of nZVI particles towards 
one another.

Materials and methods

The particle size is one of the main and most 
important factors of nZVI. NANOFER 25 nanopar-
ticles used in this work had the average grain size 
of 50 nm. Suspension of NANOFER 25 nZVI par-
ticles produced by NANOIRON s.r.o., Czech Re-
public, contains 14–18 wt. % Fe, 2–6 % Fe3O4, 0–1 % 
carbon, and 80 % water. Specific surface area of 
these nanoparticles is larger than 25 m2 g–1 and spe-
cific density is in the range 1.15–1.25 g cm–3 (20 
°C) (www.nanoiron.cz). Experiments were per-
formed with model wastewater containing organo-
chlorinated pesticides, i.e. hexachlorobenzene 
(HCLB), hexachlorobutadiene (HCLBD), penta-
chlorobenzene (PCLB), (1r,2R,3S,4r,5R,6S)-1,2,3,4, 
5,6-hexachlorocyclohexane (common name lindane, 
abbreviation γ-HCH) and 1,4,5,6,7,8,8-hepta- 
chloro-3a,4,7,7a-tetrahydro-4,7-methano-1H-indene 
(common name heptachlor, abbreviation HCH); the 
first three of these compounds are specified as pri-
ority hazardous substances, while all pesticides, ex-
cept HCLBD, are listed in the Stockholm Conven-
tion of Persistent Organic Pollutants9.

Experiments were carried out in reactor with 
effective volume 2 dm3 under laboratory conditions. 
A Life Tech ozone generator with the maximum 
ozone production of 5 g h–1 was used. Flow rate of 
oxy gen was QO2 = 60 L h–1 (T = 21 °C, p = 107 650 Pa) 
and ozone generator operated at 50 % of the maxi-
mum power. Ozone was prepared from pure oxy-
gen. The mixture of ozone and oxygen was trans-
ported to the reactor via a frit for fine bubble 
transfer between gas and liquid phase. The effec-
tiveness of 5 mL L–1 NANOFER 25 nZVI suspen-
sion (equal to 1 g Fe0) including combined O3/nZVI 
processes in model water was also investigated. In 
the process of using nZVI without ozonation was 
the reaction mixture of model water and nZVI ho-
mogenized by inert gas – nitrogen N2. Suspension 
used in the experiments was added into the reactor 
at the beginning of the process.

F i g .  1  – Schematic of ozonation reactor, 1 – oxygen inlet, 2 
– ozone generator, 3 – mixture of O2 and O3, 4 – ozonation re-
actor with frit, 5 – destruction of residual ozone, 6 – detector of 
ozone content

Analytical methods

Quantification of organochlorinated pesticides 
in model water was achieved by a gas chromato-
graphic method after liquid-liquid extraction. As the 
organic solvent for HPLC, 10 mL of n-hexane 96 % 
p.a. (Analytika, s.r.o.) for each 50 mL model waste-
water sample was used. The extract was analyzed 
by gas chromatography employing a micro-electron 
capture detector and column HP-5. This column is 
nonpolar, bonded, cross-linked and solvent – rins-
able with ID of 0.32 mm, length 60 m and a 0.25 
mm film (Agilent Technologies 7890A GC Sys-
tems). All parent organochlorinated compounds 
used for the preparation of synthetic wastewater and 
standard stock solutions were purchased from Su-
pelco Co. (Member of Sigma-Aldrich Group, USA) 
in high quality.

Results and discussion

The aim of this work was degradation of toxic, 
persistent, and potentially carcinogenic organochlo-
rinated pesticides. For simpler comparison of re-
moval rates of chlorinated hydrocarbons and re-
garding the different initial concentrations in each 
process, the concentration values were recalculated 
to DOC (dissolved organic carbon) as cumulative 
wastewater quality indicator. Determination of the 
concentration of individual pesticides in the process 
using nZVI was performed after 5, 15, and 30 min. 
The chosen initial concentration of pollutants was 
107 ng L–1 for HCLBD, 887 ng L–1 for PCLB, 738 
ng L–1 for HCLB, 1592 ng L–1 for γ-HCH and 253 
ng L–1 for HCH. Organochlorine pesticides removal 
efficiencies are shown in Fig. 2. The highest remov-
al rates of all pollutants were observed during the 
first 5 min of the process (Fig. 3). Treatment effi-
ciencies of all pesticides, except γ-HCH, were in 
this time of the process more than 96 %. Pesticide 
γ-HCH reached this efficiency in 15 min of the pro-
cess.

 

Fig. 1 Schematic of ozonation reactor, 1 – oxygen inlet, 2 – ozone generator, 3 – mixture of O2 

and O3, 4 – ozonation reactor with frit, 5 – destruction of residual ozone, 6 – detector of ozone 

content 
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Removal of the studied pesticides by O3 pro-
cess is presented in Fig. 4. Determination of pesti-
cides concertation in this process was performed 
after 3, 6, 10, 15, and 20 min. Lower removal effi-
ciency (about 32 %) was observed for γ-HCH after 
20 min of the process. At the same time, removal 
efficiency of HCH reached about 54 %. The highest 
reactivity of ozone was evident for PCLB when re-
moval efficiency reached the highest value (97 %) 
after 10 min of the O3 process. Removal rates for 
the studied organochlorine compounds obtained by 
ozonation are presented in Fig. 5.

The removal efficiency of O3/nZVI process is 
presented in Fig. 6. Due to high degradation effi-
ciency of nZVI particles, the selected sampling 
times were 4, 6, 8 and 10 min. The highest removal 
rates for all pollutants were observed after 4 min of 
the treatment. The highest degradation efficiencies 
were observed for HCH, HCLBD and HCLB, al-
ready within 4 min. Lower efficiency of this pro-
cess is evident for γ-HCH (41 %). It is obvious that 
the removal rates for organics using O3/nZVI pro-
cess are significantly higher compared with the re-

moval rates achieved with ozone alone. Lindane is 
the most problematic compound to be removed by 
ozone-based processes. Higher treatment potential 
of individual nZVI process for removal of LIN is 
also evident in comparison with ozonation process 
– Figs. 2 and 4.

Time dependence of DOC values measured 
during the process are shown in Fig. 8. Part of the 
DOC values of O3/nZVI and O3 process were calcu-
lated so these processes could be compared to nZVI 
process (dashed line). Already after 5 min, the nZVI 
process reached degradation efficiency of DOC 90 
%. Degradation efficiency in other processes failed 
to achieve such values as in nZVI process. In indi-
vidual ozonation without nZVI, the degradation ef-
ficiencies were much lower.

Conclusions

These results indicate that nano zero-valent 
iron type NANOFER 25 is capable of removing or-
ganochlorine pesticides from wastewater to varying 

F i g .  2  – Removal efficiency of organochlorinated compounds 
with nZVI

F i g .  3  – Removal rates of organochlorine compounds with 
nZVI

F i g .  4  – Removal efficiency of organochlorinated compounds 
with O3

F i g .  5  – Removal rates of organochlorinated compounds 
with O3
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extents. NZVI shows very promising results regard-
ing removal efficiency of the majority of substanc-
es. High removal efficiencies were observed for all 
pesticides during the first 5 min of the process nZVI 
(more than 97 %) except for γ-HCH, where the 
same efficiency of degradation was reached in 15 
min. In the O3 process, the efficiency of γ-HCH 

degradation was only 32 % after 20 min. Lower re-
moval efficiency (54 %) during this reaction time 
was also obtained for HCH. The highest removal 
efficiency (97 %) was achieved for HCLB, PCLB 
in 10 min. The removal efficiency of HCLBD in-
creased with the increasing reaction time. The re-
sults show that the highest removal rates were ob-
served during the first 3–6 min of ozonation for all 
investigated pollutants. By combination of both 
processes – O3/nZVI removal efficiency of organo-
chlorinated compounds reached higher values in 
comparison to single O3 process. On the other hand, 
the process efficiency was lower than in case of sin-
gle nZVI. Lindane was better removed in the ab-
sence of ozone. It can be concluded that the use of 
nZVI for the removal of synthetic organic substanc-
es is a promising option due to its easy application, 
high reactivity and efficiency.
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