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Study on arsenic removal in the drinking water treatment
plant of Cremona (Italy)
S. Sorlini and F. Gialdini

ABSTRACT
This study investigates the simultaneous removal of arsenic, iron and manganese in a full scale
drinking water treatment plant (DWTP) located in the city of Cremona (North of Italy), treating a
groundwater contaminated by As and other pollutants (H2S, NH3, Fe and Mn). Different experimental
tests were carried out at laboratory scale in order to optimize the operating conditions of the
treatment process applied in the DWTP. The combination of pre-oxidation with KMnO4 and FeCl3
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showed the best results for arsenic removal (yield of 76%). The monitoring of the full scale DWTP
operating in the same conditions tested at laboratory scale showed that the plant efﬁciently removed
arsenic (yield ¼ 80%), ammonia (yield ¼ 98%) and manganese (yield ¼ 95%).
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INTRODUCTION
The presence of arsenic in the environment is related to both

ion exchange, good arsenic removal yields are provided

human activities and natural factors (Mandal & Suzuki

only if arsenic is oxidized from As(III) to As(V). Since

; Bissen & Frimmel a). The most widespread

As(III) is dominant in deep groundwater, its removal

forms in natural waters are arsenite (As(III)) and arsenate

with chemical precipitation in drinking water treatment

(As(V)) depending on pH and redox conditions. The inor-

plants (DWTPs) needs a pre-oxidation (Bissen & Frimmel

ganic arsenic forms are predominant in groundwater and

b; Ghurye & Clifford ) that can be performed by

As(III) is prevalent in deep reducing waters (Bissen & Frim-

means of chemical (chlorine, chlorine dioxide, potassium

mel a; Choong et al. ).

permanganate) or biological processes (Katsoyiannis &

Millions of people in the world are exposed to chronic

Zouboulis ). Chemical oxidation with KMnO4 is very

arsenicosis through drinking water consumption with conse-

effective since a complete arsenic oxidation can be

quent toxic, carcinogenic and non-carcinogenic effects

obtained after 1 minute with the stoichiometric dosage of

(Pontius et al. ; Smedley & Kinniburgh ; Bissen &

potassium permanganate (Sorlini & Gialdini ). More-

Frimmel a; Ng et al. ; Tchounwou et al. ;

over, pH conditioning greatly improves the arsenic

ATSDR ; WHO ). The WHO guideline value of

removal using KMnO4 and FeCl3 (Bordoloi et al. a, b).

10 µg/L for the arsenic concentration in drinking water was

This study analyses the case of the full scale DWTP of

applied by the European Directive 98/83/EC and was

Cremona (North of Italy) treating groundwater contami-

implemented in Italy by Legislative Decree / in 2003.

nated by As, H2S, NH3, Fe and Mn by means of

Arsenic can be effectively removed from water through

conventional treatment processes (pre-oxidation, chemical

chemical precipitation with iron or aluminium hydroxide

precipitation, sand ﬁltration and disinfection). A series of

salts, ion exchange, reverse osmosis and adsorption on

experimental tests was carried out at laboratory scale in

granular ferric hydroxide or activated alumina. In some

order to optimize the operating conditions of treatment pro-

of these processes, especially chemical precipitation and

cesses applied in the full scale plant.
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The oxidant dose for each reagent was determined at
laboratory scale by mixing a 500 mL volume of water,

DWTP of Cremona (Italy)

sampled from the outlet of the biological ﬁlter, with a
ﬁxed amount of each oxidant (2.5 mg/L) for a contact

The DWTP operates with a maximum ﬂow rate of 1,600 m3/h

time of 4 minutes (contact time applied in the ﬂash mixing

(76,000 inhabitants). The DWTP is composed of the follow-

of the full scale DWTP). The oxidant dose (oxidant

ing treatment processes: wells, one aeration tank, four

demand) was the amount of reagent consumed after 4 min-

biological ﬁlters, four sand ﬁlters, ﬁnal disinfection. Cascade

utes and it was calculated as the difference between the

aeration is applied for CH4, H2S stripping and Fe oxidation;

initial dose (2.5 mg/L) and the residual concentration.

aerated biological ﬁltration (bio-ﬁltration) for Mn, Fe and As

Thus the determined doses were: 0.73 mg/L for KMnO4,

oxidation and NH3 nitriﬁcation; ﬂash mixing is used for the

1.12 mg/L for ClO2 and 0.24 mg/L for NaClO. During the

dissolution of KMnO4 and FeCl3; sand ﬁltration is necessary

experimental tests on chemical precipitation, the optimum

for the separation of Fe/Mn and of the insoluble arsenic

coagulant dosages were determined according to the

containing compounds and ﬁnal disinfection with chlorine

ASTM jar-test procedure (ASTM D-) and they resulted

dioxide is the last treatment before water distribution.

in 9.45 mg/L for FeCl3 and 7.80 mg/L for Al2(SO4)3. A

Groundwater quality

after the coagulant addition.

The average concentrations of the main chemical parameters

determined: As(III), total arsenic, total iron and total

in natural groundwater are pH ¼ 8.1, total organic carbon

manganese.

1 mm-membrane ﬁlter was employed for water ﬁltration
At the end of each test the following parameters were

(TOC) ¼ 4.10 mg/L, Fe ¼ 0.13 mg/L, Mn ¼ 128 μg/L, Astot ¼
15.0 μg/L, As(III) ¼ 14.5 μg/L and NHþ¼
4 0.90 mg/L. These

Analytical methods

values are critical for iron, manganese, arsenic and ammonia since they are always higher than the legislation limit

The As(III) and the total arsenic were determined by means

for water for human consumption (Italian Legislative

of stripping chronopotentiometry, with deposition of

Decree /).

elementary arsenic onto an electrode followed by stripping

Laboratory scale experimental tests
The experimental tests were carried out at laboratory scale
in order to evaluate the effects of the following treatments
on the removal of contaminants: pre-oxidation with
KMnO4, ClO2 or NaClO; chemical precipitation with

with constant current ( Jurica et al. ; Eca Flow of
Bophuthatswana). Manganese and iron (ferrous and total)
were determined by the PAN-[1-(2-pyridylazo)-2-naphtol]
method (Goto et al. ) and the o-phenanthroline (Standard

Methods

for

the

Examination

of

Water

and

Wastewater ) method respectively. Ammonia was analysed according to APAT IRSA ().

FeCl3 or Al2(SO4)3; sand ﬁltration and ﬁnal disinfection
with ClO2.

RESULTS AND DISCUSSION

The water samples were collected from the outlet of the
bio-ﬁltration.
The experimental tests were carried out as follows:

•
•

The data of arsenic concentration regarding the monitoring
of the full scale DWTP showed that a good arsenic removal

chemical pre-oxidation (KMnO4, ClO2 or NaClO) fol-

(about 70%) was achieved in the water sampled at the outlet

lowed by disinfection (ClO2);

of the sand ﬁltration after the treatments of aeration, bio-

chemical pre-oxidation (KMnO4, ClO2 or NaClO),

ﬁltration, chemical oxidation with KMnO4, chemical pre-

chemical precipitation (FeCl3 or Al2(SO4)3), ﬁltration

cipitation with FeCl3 and sand ﬁltration. The results of the

and disinfection (ClO2).

laboratory scale experimental tests show a low arsenic
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removal (yield 15%) in the case of chemical pre-oxidation

pre-oxidation with potassium permanganate, chemical pre-

followed by ﬁnal disinfection of course, since during these

cipitation

processes arsenic is oxidized but not removed (Figure 1).

disinfection with chlorine dioxide. Therefore, the optimum

The best arsenic removal (about 75%) during the laboratory

operating conditions determined at laboratory scale were

scale tests was obtained with pre-oxidation with KMnO4 fol-

implemented in the full scale DWTP (potassium permanga-

lowed by chemical precipitation with FeCl3 (C1), ﬁltration

nate dosage of 0.73 mg/L and ferric chloride dosage of

with

ferric

chloride,

ﬁltration

and

ﬁnal

and ﬁnal disinfection with ClO2. This result is fully in agree-

9.45 mg/L) and the following ﬁnal concentrations in treated

ment with the arsenic concentration observed in the treated

water were obtained: ammonia lower than 0.05 mg/L (initial

water in the full scale DWTP. Otherwise, the use of alu-

concentration 1.50 mg/L), 10 µg/L iron (initial concen-

minium sulphate (C2) was better than FeCl3 (C1) only in

tration 55 µg/L), 2 µg/L manganese (initial concentration

the case of pre-oxidation with ClO2 or NaClO.

41 µg/L)

and

3.0 µg/L

arsenic

(initial

concentration

As concerns iron (Figure 2), a removal yield higher than

15.0 µg/L). Moreover, the biological ﬁltration efﬁciently

90% was already observed in the full scale DWTP after aera-

removed ammonia (yield ¼ 98%), manganese (yield ¼ 95%)

tion and bio-ﬁltration. The results of the experimental tests

and a removal yield of 27% was obtained for iron.

show that the addition of a chemical precipitation/ﬁltration
step increased iron concentration in treated water if FeCl3
was used as coagulant.

CONCLUSIONS

As concerns manganese (Figure 3), a removal yield higher
than 90% was observed in the full scale DWTP after aeration

The results of the laboratory scale tests showed that, after

and bio-ﬁltration, as observed for iron. When the complete

pre-oxidation followed by ﬁnal disinfection, As(III) was

treatment train was tested, the best removal of manganese

solely oxidized into As(V) and no removal was observed.

was obtained in the case of pre-oxidation with KMnO4 or

The pre-oxidation, followed by chemical precipitation,

ClO2 followed by chemical precipitation with Fe or Al salts.

sand ﬁltration and ﬁnal disinfection represents the best

The results of the laboratory scale tests showed that the

option for arsenic removal from water; in this experimental

best removal of metals from raw water was obtained by

train, the use of KMnO4 and FeCl3 resulted to be the

Figure 1

|

Arsenic removal in the full scale DWTP and in the laboratory scale experimental tests (BF ¼ biological ﬁltration, SF ¼ sand ﬁltration, C1: chemical precipitation with FeCl3, C2:
chemical precipitation with Al2(SO4)3, F: ﬁltration, D: disinfection with ClO2).
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Iron removal in the full scale DWTP and in the laboratory scale experimental tests (BF ¼ biological ﬁltration, SF ¼ sand ﬁltration, C1: chemical precipitation with FeCl3, C2:
chemical precipitation with Al2(SO4)3, F: ﬁltration, D: disinfection with ClO2).

Figure 3

|

Manganese removal in the full scale DWTP and in the laboratory scale experimental tests (BF ¼ biological ﬁltration, SF ¼ sand ﬁltration, C1: chemical precipitation with FeCl3, C2:
chemical precipitation with Al2(SO4)3, F: ﬁltration, D: disinfection with ClO2).

optimum solution for improving arsenic and manganese

ammonia (yield ¼ 98%) and manganese (yield ¼ 95%).

removal. The monitoring of the full scale DWTP operating

Iron, although with a lower efﬁciency of removal

in the same conditions tested at laboratory scale showed

(yield ¼ 27%), has never exceeded the limit in the treated

that the plant efﬁciently removed arsenic (yield ¼ 80%),

water.
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