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To solve the problem of shortened backwashing intervals in groundwater plants, several
disinfectants including ozone (O3), hydrogen peroxide (H2O2) and chlorine dioxide (ClO2)
were examined to peel off the film from the quartz sand surface in four pilot-scale columns.
An optimized oxidant dosage and oxidation time were determined by batch tests.
Subsequently, the optimized conditions were tested in the four pilot-scale columns. The
results demonstrated that the backwashing intervals increased from 35.17 to 54.33 (H2O2)
and to 53.67 hr (ClO2) after the oxidation treatments, and the increase of backwashing
interval after treatment by O3 was much less than for the other two treatments.
Interestingly, the treatment efficiency of filters was not affected by O3 or H2O2 oxidation;
but after oxidation by ClO2, the treatment efficiency was deteriorated, especially the
ammonia removal (from 96.96% to 24.95%). The filter sands before and after the oxidation
were characterized by scanning electronmicroscopy and X-ray photoelectron spectroscopy.
Compared with the oxidation by O3 and H2O2, the structures on the surface of filter sands
were seriously damaged after oxidation by ClO2. The chemical states of manganese on the
surfaces of those treated sands were only changed by ClO2. The damage of the structures
and the change of the chemical states of manganese might have a negative effect on the
ammonia removal. In summary, H2O2 is a suitable agent for film peeling.
© 2015 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

As some water plants apply quartz sands as filter materials
(Al-Gabr et al., 2014), a layer of black film tends to gradually be
formed on the surface of thematerials, and its components are
manganese, silicon, magnesium, aluminum, iron and other
elements (Guo et al., 2003). The particle size of the quartz sands
increases and the surface of the film becomes smooth. The
film tends to be overgrown after one to two years' continuous
operation, and the resistance of the filter bed gradually
increases under the same hydraulic loading, which shortens
@xauat.edu.cn (Tinglin H
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the backwashing interval and decreases the water production
period.

Ozone (O3), hydrogen peroxide (H2O2), chlorine dioxide
(ClO2) and chlorine are some of the types of disinfectants
commonly used in water treatment (Li et al., 2013; Chhetri
et al., 2014; Tachikawa and Yamanaka, 2014; Zhang et al.,
2014). Thehydroxyl radical generated byO3 oxidationhas strong
oxidation capability, and it can deal with many water pollution
problems and will not pollute the environment (El-Araby et al.,
2009). H2O2 is used as an efficient oxidant, especially in the
removal of organic materials (Pottage et al., 2010), and at high
uang).
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concentration it can generate excessive hydroxyl radicals,
which can directly oxidize the organic pollutants in water. ClO2

has been reported to be effective in pathogenic organisms'
inactivation, including the inactivation of Cryptosporidium
parvum. The oxidation capacity of ClO2 is mainly determined
by reaction time and pH of the water (Zhu et al., 1998), and it
shows almost no reactivity with humic substances to form
trihalomethanes (Korn et al., 2002). All the disinfectants have
strong oxidation capability, so that it was reasonable to use
them to oxidize and peel off the overgrown filter film from filter
sand surfaces.

The aim of the present work was to select a suitable
disinfectant for oxidation treatment of the overgrown filter
film on the surface of the filter sands, which could not only
increase the bed voidage and recover the backwashing
interval of the filter, but also ensure that the water quality of
effluent should be within the permitted limits. A series of
batch tests were operated to determine the optimized dosage
of oxidants and the oxidation time. Four pilot-scale columns
were used to test the recovery of backwashing interval and
the influence of the three kinds of disinfectants on the water
quality of effluent.
1. Materials and methods

1.1. Pollution loading and pilot-scale columns

The raw water was pumped from the depth of 40 m by
submersible pump in the northwest area of Xi'an City, China.
As summarized in Table 1, the main pollutants in raw water
were ammonia, iron and manganese.

The pilot-scale column was constructed of Plexiglas tubes
with internal diameter of 0.1 m and height of 3.8 m, and the
filter bed in the tube was filled to a height of 1.1 m. At the
bottom of each tube was a support layer of 0.3 m depth. The
filtration velocity of all pilot-scale columns was 7 m/hr. All
pipes for water transport were made of random polypropyl-
ene, an important class of plastic resins. All pilot-scale
columns were backwashed when the water reached a preset
Table 1 –Water quality of raw water used in pilot-scale
filter system.

Parameters Value Quality standard
for groundwater of
China (GB/T 14848-9)

pH 7.2 ± 0.3 6.5–8.5
Temperature (°C) 15.0 ± 0.5 NG
Dissolved oxygen (mg/L) 1.45 ± 0.56 NG
Ammonium (mg/L) 1.30 ± 0.25 0.50
Ferrous Fe (mg/L) 0.85 ± 0.05 NG
Total Fe (mg/L) 1.25 ± 0.25 0.30
Manganese (mg/L) 1.15 ± 0.25 0.10
Total phosphorus (mg/L) 0.06 ± 0.01 NG
Total nitrogen (mg/L) 3.95 ± 0.85 NG
Turbidity (NTU) 1.45 ± 0.55 3.00

NG—not given.
overflow location, about 1.6 m above the bed layer. When the
water quality of the effluent was deteriorated, the filter was
backwashed as well. Backwashing was conducted via the
following steps: air flow intensity = 50.8–72 m3/(m2·hr), water
flow intensity = 15.1–36 m3/(m2·hr): (1) air scouring for 3 min
at the bottom of column, (2) simultaneous air and water
scouring for 4 min, and finally (3) water scouring for 3 min.

Adaily analysis ofwater samples taken fromcertainpositions
of the pilot-scale columns was carried out to determine the
concentrations of each pollutant in the filter. A schematic of the
pilot-scale filter system is presented in Fig. 1.

1.2. Batch tests and the voidage

Todetermine the optimized oxidant dosage and oxidation time,
a series of batch tests were performed as follows: The weighed
filter sand (650 g, diameter of about 1–1.5 mm, and the mass of
film was about 650 g × 6.3% = 40.95 g) was introduced into a
basket made of stainless steel wire mesh with the pore size of
1 mm (Fig. 2), then the baskets were settled in polyethylene
bottles (1 L). The oxidant solution (0.4 L) was added into the
bottles. After a certain reaction time, the liquid sample was
separated from solid sample in the bottom of the bottles, and
the oxidized filter was washed by clean water until the wash
water was clear. All the wash water was filtered through a
0.45 μm membrane, and the solid sample was collected in a
sand core funnel and the amount of peeled film was weighed;
the solids were dried (120°C, 60 min) before being weighed. The
batch experiments were performed for different reaction times
of 5, 10, 20, 40, 80 min.

The oxidants of O3, H2O2 and ClO2 were used in batch tests.
O3 was generated from an ozone generator (CF-G-3-10G,
Qingdao Guo Lin Industry Co., Ltd., China), and its production
was in the range of 1.17–5.27 g/hr. H2O2 was made from 30%
analytical grade solution (Tianjin Tian Li Chemical Reagent Co.,
China), and ClO2 was made from chlorine dioxide effervescent
tablets (Beijing Xinli World Environment Technology Co., Ltd.,
China). The initial concentration of O3 was controlled by
adjusting the current intensity of an ozonizer (I = 0.2, 0.3, 0.6,
0.9) and the initial concentrations of the other two oxidants
(H2O2 and ClO2) in the solution were 0.1, 0.2, 0.4, 0.6, 1.2 g/L,
respectively.

The procedure of determining the voidagewas as follows: as
the backwashing finished, all the water of the column was
emptied. Cleanwaterwas introduced into the filter column, and
the water level was controlled to submerge the media exactly.
After that, the clean water introduced into the column was
drained and collected, the volume of collected water was
measured and defined as V1. The packing volume of the filter
bed was calculated from the diameter and the height of the
filter bed and was defined as V. So the voidage was V1/V.

1.3. Analytical methods

Concentrations of ammonia, iron and manganese were deter-
mined by conventional spectrophotometric methods (China E.
P. B. O., 2002) (HACH, DR5000, USA). Dissolved oxygen and pH
were determined by a portable instrument (HACH,HQ30d, USA).
The concentration of O3 was determined by indigo spectropho-
tometry (Bader and Hoigné, 1981). The concentration of H2O2
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Fig. 1 – Schematic of pilot-scale filter system.
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was determined by the potassium permanganate titration
method. The reagents were of analytical grade in the experi-
ment, and solutions were prepared using deionized water.

1.4. Characterization methods

The quartz sand filters were frozen and vacuum-dried
(FD-1D-50, Beijing Medical Kang Bo Experimental Instru-
ment Co., China), and then kept in sealed vacuum tubes
(Zhao et al., 2003). The morphologies of each kind of filter
sand were characterized by scanning electron microscopy
(SEM, JEOL-JSM6360LV, Japan). The binding energies of
selected elements on the sand surface before and after the
Fig. 2 – Schematic of batch apparatus.
oxidation treatment were characterized by X-ray photoelec-
tron spectroscopy (XPS, Thermo Fisher Scientific-Noran
System Six, USA), and the XPS spectra of the elements
Fe and Mn were analyzed and peak fitted by bundled
software (Avantage).
2. Results and discussion

2.1. Change of backwashing interval with operation time

As shown in Fig. 3, the backwashing interval decreased
from 65 hr to less than 35 hr after two years, which might
be attributed to the overgrown filter film. Backwashing is a
commonly used method to reduce the resistance of the
filter bed (Rittmann et al., 2002). However, increasing the
backwashing intensity in the present study had negligible
effect on the recovery of backwashing interval, since it
could not destroy the structure of the filter film. Thus
strong oxidants such as O3, H2O2 and ClO2 were used to peel
off the overgrown filter film from the sand surface so
that the backwashing interval of the filter bed could be
recovered.

2.2. Film peeling efficiency of batch tests

The amount of peeled film in different oxidation conditions
was studied by batch tests, and the results are shown in Fig. 4.
In each oxidation condition, the film peeling amount of the
filter materials increased sharply at first and then became
stable in about 40 min, while the optimized dosage of different
oxidants was distinct. Taking account of both cost and
treatment efficiency, the optimized dosage and oxidation
time for O3 were found to be 85.8 mg/(g film·hr) and 40 min,
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Fig. 4 – (a) Curves of film peeling amount with time at
different electric current intensities for O3 oxidation of the
quartz sands. (b) Curves of film peeling amount with time at
different concentrations of H2O2 for oxidation of the quartz
sands. (c) Curves of film peeling amount with time at
different concentrations of ClO2 for oxidation of the quartz
sands.
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and for both H2O2 and ClO2 they were 11.7 mg/g film and
40 min.

2.3. Recovery of backwashing interval in the
pilot-scale columns

Experiments for treatment by different oxidants in each
one's optimized condition as well as a control experiment
without oxidation were conducted, and the bed voidages and
backwashing intervals of the pilot-scale columns are shown
in Fig. 5.

The voidage of the clean sand before the tests was about
38.4%, and after the oxidation treatment by H2O2 and ClO2,
the bed voidages increased obviously from 28.1% to 36.7%
and 39.8%, respectively. Correspondingly, the backwashing
intervals increased from 35.17 to 54.33 and 53.67 hr,
respectively. Thus the backwashing interval could be well
recovered after oxidation treatment by H2O2 and ClO2. After
the oxidation by O3, the bed voidage and backwashing
interval increased much less than that for the other two
treatments.

2.4. Change of water quality

An experiment without oxidant and for treatment by
different oxidants in each one's optimized condition was
conducted (Fig. 6). After oxidation by O3 (Fig. 6b) and H2O2

(Fig. 6c), the removal efficiencies of ammonia, iron and
manganese were hardly changed. However, after oxidation
by ClO2 (Fig. 6d), the removal efficiencies of ammonia, iron
and manganese were rapidly reduced from the initial 96.96%
to 24.95%, 87.36% to 71.87%, and 94.56% to 72.97%, respec-
tively. As the operation went on, the removal of iron and
manganese was recovered after 24 hour operation, and the
removal efficiency of ammonia was recovered to 95.81% after
288 hour operation.

The removal of ammonia in a filter bed was investigated
in a former study, and it was indicated that the filter film had
a catalytic effect on ammonia oxidation (Huang et al., 2014).
The oxygen surface groups have a greater contribution to
the removal of ammonia than the chlorine surface groups
(Molina-Sabio et al., 2011). The active absorption sites on the
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surface of the film were limited, if more active absorption
sites were occupied by chloride ion instead of oxygen, which
would certainly lead to the removal efficiency of ammonia
being decreased. There are two possible reasons for the
change in effluent water quality. First, as the oxidation
occurred, the ClO2 was decomposed to chloride ion, which
might be competitive with the adsorption of dissolved
oxygen or the ammonia on the surface of the film, so that
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Fig. 6 – Effects of oxidation treatments on water quality of influe
(a) Nonoxidized, (b) oxidized by O3, (c) H2O2 and (d) ClO2.
the catalytic oxidation process of ammonia was affected,
leading to the reduction of ammonia removal. Second, the
surface structures of the filter film were damaged by the
oxidation process with ClO2, reducing the number of catalytic
active sites for ammonia oxidation and thus decreasing the
removal efficiency of ammonia (Fig. 6d).

2.5. Microscopic characterization of the composite oxides of
quartz sands before and after the film peeling

The morphology of the composite oxides of quartz sands
before and after oxidation was characterized by SEM (Fig. 7).
Before the oxidation treatment, the surface of the filter film
was relatively uniform and integrated. After the oxidation
treatment by O3 and H2O2, the morphologies of the filter-
film-coated sands were barely changed, which was consistent
with the results of experiments in pilot-scale columns.
Compared with the oxidation by O3 and H2O2, the structure
of the filter film was obviously damaged by ClO2, the surface
of the film became smooth, and the structures of the oxide
particles were obviously damaged. So the removal efficiency
of ammonia was reduced seriously, and it took a long time to
recover.

2.6. X-ray photoelectron spectroscopy

After the oxidation treatment by different oxidants, the
changes of the filter film were characterized by XPS, and the
spectra of Fe(3/2p) and Mn(3/2p) are shown in Fig. 8.
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Fig. 7 – Scanning electron microscopy (SEM) images of the quartz sand surface amplified by (30–50) times. (a) Non-oxidized (30
times), (b) oxidized by O3 (40 times), (c) oxidized by H2O2 (30 times), (d) oxidized by ClO2 (50 times), (e) non-oxidized (5 K times),
(f) oxidized by O3 (5 K times), (g) oxidized by H2O2 (5 K times), (h) oxidized by ClO2 (5 K times).
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Compared with the binding energies of Fe(3/2p) of untreated
sands, the chemical states of O3-, H2O2- and ClO2-treated
sands changed obviously. The binding energy of Fe(3/2p) on
non-oxidized sand was 709.53 eV (FeO) (Mills and Sullivan,
1983) and 711.01 eV (Fe2O3) (Konno and Nagayama, 1980),
respectively. After oxidation, the Fe atoms present as Fe(II)
(709.53 eV) were oxidized to ferric states (710.69 eV, 710.75 eV
and 710.74 eV) (Mathieu and Landolt, 1986), In addition, after
the oxidation treatment, in the XPS spectra of Fe(3/2p) the
presence of calcium iron silicate (712.49 eV, 712.53 eV and
712.54 eV) was indicated (Seyama and Soma, 1987); this might
be attributable to exposure of inner layer materials caused by
the peeling effects of oxidation.

Also, as shown in Fig. 8b, there were three kinds of
manganese atoms in the filter film. Their binding energies
were 642.41 eV (MnO2) (Di-Castro and Polzonetti, 1989),
641.17 eV (Mn3O4) (Oku and Hirokawa, 1976) and 640.02 eV
(MnO) (Ivanov-Emin et al., 1982), respectively. After oxidation
by O3 and H2O2, the binding energies of the fitted peaks of
Mn(3/2p) were all increased, but the chemical states of
manganese on the surfaces of the treated sands were not
changed by the oxidation processes. This might explain the
capabilities of removal of ammonia by O3- and H2O2-treated
sands. After oxidation byClO2, the binding energy ofmanganese
atoms increased to 643.32 eV (MnO2) (Dzhurinskii et al., 1975),
642.04 eV (Mn2O3) (Tan et al., 1991) and 640.76 eV (MnO)
(Di-Castro and Polzonetti, 1989), respectively, and the Mn
atoms present as Mn3O4 (641.17 eV) were changed to Mn2O3

(642.04 eV). The differences of binding energies of manga-
nese between O3- and H2O2-treated and ClO2-treated sand
were obvious. These differences in chemical states of
manganese might be caused by the differences in oxidation
capabilities of each oxidant, and further studies on this
problem are needed.

The chemical states of manganese on the surfaces of
the treated sands were only changed by ClO2, such that the
electro-negativity of the chemical environment of manganese
atoms was increased. The chemical states were changed by
ClO2 oxidation treatment, so that the active sites for catalytic
oxidationof ammonia changed, thus theammonia removalwas
obviously decreased. So it could be remarked that the ammonia
removal efficiency was primarily affected by destruction of the
surface structure and the change of catalytic oxidation active
sites. Thus, ClO2 treatment could not be proposed as a suitable
method for film peeling.
3. Conclusions

Oxidation by O3 only had a slight effect on the recovery of
backwashing interval. Compared with the treatments by O3

and H2O2, the structures of the filter film were obviously
damaged by ClO2 treatment. The chemical states of Mn on the
surface of ClO2-treated sands were also changed, possibly
leading to the sharp increase of the backwashing interval of
filter column and rapid reduction of the removal efficiencies
for the contaminants. The damaged structure of the filter film
and the changed chemical states ofmanganese induced a long
recovery time for the removal efficiency of ammonia. After the
treatment by H2O2, the backwashing interval of the filter
column increased from 35.17 to 54.33 hr and the removal
efficiencies of contaminants were not obviously reduced.
Thus, H2O2 is a suitable choice of oxidant for peeling off the
filter film.
Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Nos. 51278409, 51308438) the Natural
Science Foundation of Shaanxi Province (No. 2014JZ015), and
the Research Program of China State Construction Engineer-
ing Corporation Ltd. (No. CSCEC-2014-Z-32).



716 714 712 710 708716 714 712 710 708

712.49 eV 710.69 eV (Fe2O3) 

Oxidized by O3

Oxidized by H2O2 Oxidized by ClO2

Non-oxidized

709.53 eV (FeO)711.01 eV (Fe2O3) 

710.74 eV (Fe2O3)712.54 eV 

Binding energy (eV)

712.53 eV 
710.75 eV (Fe2O3) 

)stinu
yrartibra(

stnuo
C

Binding energy (eV)

Binding energy (eV)Binding energy (eV)

a

645 644 643 642 641 640 639646 645 644 643 642 641 640 639

640.02 eV (MnO)  

)stinu
yrartibra(

stnuo
C

Non-oxidized

642.41 eV (MnO2)  

640.76 eV (MnO)  

643.32 eV (MnO2) 

642.04 eV (Mn3O4) 

Oxidized by ClO2

641.69 eV (Mn3O4) 

640.42 eV (MnO)  

641.17 eV (Mn3O4)  

Oxidized by O3

642.71 eV (MnO2)  

640.48 eV (MnO) 

642.79 eV (MnO2) 

641.69 eV (Mn3O4)

Oxidized by H2O2

b

Fig. 8 – (a) Fe(3/2P) X-ray photoelectron spectroscopy (XPS) of the filter film non-oxidized and oxidized by O3, H2O2 and ClO2. (b)
Mn(3/2P) XPS of the filter film non-oxidized and oxidized by O3, H2O2 and ClO2.

26 J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 3 4 ( 2 0 1 5 ) 2 0 – 2 7
R E F E R E N C E S

Al-Gabr, H.M., Zheng, T., Yu, X., 2014. Efficacy of two chemical
coagulants and three different filtration media on removal of
Aspergillus flavus from surface water. J. Environ. Sci. 26 (2),
274–280.

Bader, H., Hoigné, J., 1981. Determination of ozone in water by the
indigo method. Water Res. 15 (4), 449–456.
Chhetri, R.K., Thornberg, D., Berner, J., Gramstad, R., Öjstedt, U.,
Sharma, A.K., et al., 2014. Chemical disinfection of combined
sewer overflow waters using performic acid or peracetic acids.
Sci. Total Environ. 490, 1065–1072.

China E. P. B. O., 2002. Analytical Methods of Water and
Wastewater Monitoring. 4th ed. China Environmental Science
Press, Beijing.

Di-Castro, V., Polzonetti, G., 1989. XPS study of MnO oxidation.
J. Electron Spectrosc. Relat. Phenom. 48 (1), 117–223.



27J O U R N A L O F E N V I R O N M E N T A L S C I E N C E S 3 4 ( 2 0 1 5 ) 2 0 – 2 7
Dzhurinskii, B., Gati, D., Sergushin, N., Nefedov, V., Salyn, Y.V.,
1975. Simple and coordination compounds. An X-ray
photoelectron spectroscopic study of certain oxides. J. Inorg.
Chem. 20, 2307–2314.

El-Araby, R., Hawash, S., El-Diwani, G., 2009. Treatment of iron
and manganese in simulated groundwater via ozone
technology. Desalination 249 (3), 1345–1349.

Guo, X.S., Shi, Z., Qiu, Z.H., Luo, Y.P., Tang, G.M., 2003. Blackened
sand reclaimed sand filtration and cleaning effectiveness
research. Water Wastewater Eng. 29 (10), 76–80 (In Chinese).

Huang, T.L., Cao, X., Zhang, Q., Su, Z.M., Zheng, N., 2014. Catalytic
oxidation of high-concentration ammonia in groundwater by a
naturally formed co-oxide filter film. Desalin. Water Treat. 52
(7-9), 1615–1623.

Ivanov-Emin, B.N., Nevskaya, N.A., Zaitsev, B.E., Ivanova, T., 1982.
Synthesis and properties of calcium and strontium
hydroxomanganates(III). Zh. Neorg. Khim. 27 (12), 3101–3104.

Konno, H., Nagayama, M., 1980. X-ray photoelectron spectra of
hexavalent iron. J. Electron Spectrosc. Relat. Phenom. 18 (3),
341–343.

Korn, C., Andrews, R.C., Escobar, M.D., 2002. Development of
chlorine dioxide-related by-product models for drinking water
treatment. Water Res. 36 (1), 330–342.

Li, D., Zeng, S., Gu, A.Z., He, M., Shi, H., 2013. Inactivation,
reactivation and regrowth of indigenous bacteria in reclaimed
water after chlorine disinfection of a municipal wastewater
treatment plant. J. Environ. Sci. 25 (7), 1319–1325.

Mathieu, H.J., Landolt, D., 1986. An investigation of thin oxide
films thermally grown in situ on Fe 24Cr and Fe 24Cr 11Mo by
auger electron spectroscopy and X-ray photoelectron
spectroscopy. Corros. Sci. 26 (7), 547–559.

Mills, P., Sullivan, J.L., 1983. A study of the core level electrons in
iron and its three oxides by means of X-ray photoelectron
spectroscopy. J. Phys. D. Appl. Phys. 16 (5), 723.
Molina-Sabio, M., Gonçalves, M., Rodríguez-Reinoso, F., 2011.
Oxidation of activated carbon with aqueous solution of sodium
dichloroisocyanurate: effect on ammonia adsorption.
Microporous Mesoporous Mater. 142 (2-3), 577–584.

Oku, M., Hirokawa, K., 1976. X-ray photoelectron spectroscopy of
Co3O4, Fe3O4, Mn3O4, and related compounds. J. Electron
Spectrosc. Relat. Phenom. 8 (5), 475–481.

Pottage, T., Richardson, C., Parks, S., Walker, J.T., Bennett, A.M.,
2010. Evaluation of hydrogen peroxide gaseous disinfection
systems to decontaminate viruses. J. Hosp. Infect. 74 (1), 55–61.

Rittmann, B.E., Stilwell, D., Garside, J.C., Amy, G.L., Spangenberg,
C., Kalinsky, A., et al., 2002. Treatment of a colored
groundwater by ozone-biofiltration: pilot studies and
modeling interpretation. Water Res. 36 (13), 3387–3397.

Seyama, H., Soma, M., 1987. Fe 2p spectra of silicate minerals.
J. Electron Spectrosc. Relat. Phenom. 42 (1), 97–101.

Tachikawa, M., Yamanaka, K., 2014. Synergistic disinfection and
removal of biofilms by a sequential two-step treatment with
ozone followed by hydrogen peroxide. Water Res. 64, 94–101.

Tan, B.J., Klabunde, K.J., Sherwood, P.M.A., 1991. XPS studies of
solvated metal atom dispersed (SMAD) catalysts. Evidence for
layered cobalt-manganese particles on alumina and silica.
J. Am. Chem. Soc. 113 (3), 855–861.

Zhang, J., Tejada-Martínez, A.E., Zhang, Q., 2014. Developments in
computational fluid dynamics-basedmodeling for disinfection
technologies over the last two decades: a review. Environ.
Model Softw. 58, 71–85.

Zhao, L.Y., Wang, X.K., Guo, Y.G., Wu, N.Z., Xie, Y.C., 2003.
Adsorption of methylene blue on the muscovite. Acta Phys.
-Chim. Sin. 19 (10), 896–901.

Zhu, K., Chen, H., Li, G.H., Liu, Z.C., 1998. In situ remediation of
petroleum compounds in groundwater aquifer with chlorine
dioxide. Water Res. 32 (5), 1471–1480.


