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Abstract - This paper investigates the simultaneous removal of arsenic [As(V) or As(III)] and manganese
[Mn(II)] from natural waters of low and high turbidity by clarification (with polyaluminum chloride and
aluminum sulfate as primary coagulants) associated or not with chlorine pre-oxidation. The results showed
that the clarification process exhibited low Mn(II) removal, that varied from 6% to 18% and from 19% to
27% for natural waters of low and high turbidity, respectively. The use of chlorine as pre-oxidant increased
Mn(II) removal up to 77% and was associated with the formation of birnessite. Regarding As(V) removal by
clarification, particularly for high turbidity water, a concentration lower than that established by the National
Drinking Water Quality Standards (10 pg.L-1) was achieved in almost all tests. Oxidation preceding the
clarification led to AsIII removal efficiencies from 80% to 90% for both coagulants and types of water.
Keywords: Arsenic; Manganese; Clarification; Oxidation; Water treatment.

INTRODUCTION AND RELEVANCE

Among the chemical characteristics of natural wa-
ter, manganese and arsenic concentrations play an
outstanding role in the raw water quality due to the
importance of both parameters in the national and
international drinking water standards and the sig-
nificant frequency at which they appear in water
sources.

Manganese is one of the most abundant metals in
the earth’s crust and, like other transition metals, it
presents several forms and oxidation states (0 to +7).
It is present in several types of rocks and in the envi-
ronment, not as a pure metal, but as oxides (MnO2),
hydroxides (Mn(OH)2), bicarbonates (Mn(HCO3)2)
and sulfates (MnSO4), being less soluble and result-
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ing in concentrations in surface waters rarely higher
than 1.0 mg.L"', except in the same circumstances as
iron in groundwater of deep wells with low concen-
trations of dissolved oxygen.

The prevalence of each species of manganese de-
pends on the pH, Eh and temperature, and, in the
usual range of Eh values of surface waters (0.5 to 1.0
V), manganese is divalent and largely soluble to pH
close to 8.0. Keeping the Eh conditions and increas-
ing the pH, manganese appears in the form of low-
solubility oxides and hydroxides. Thus, an increased
pH or Eh would be more favorable for the removal
of manganese.

As it is more stable in the reduced form than iron,
manganese oxidation is more difficult, and simple
aeration is generally insufficient for its removal.
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Additionally, it may be chelated by organic matter.
Although this does not affect substantially the
removal mechanisms, it can result in the formation
of by-products when pre-disinfection is performed
with chlorine compounds.

At the concentrations usually found in natural wa-
ter, manganese does not present a health hazard and
the inconveniences are of an aesthetic nature; at con-
centrations higher than 0.01 mg.L™", it has an adstrin-
gent flavor. Concentrations higher than 0.05 mg.L™" —
the limit of the American and Canadian Drinking
Water Quality Standards — it can cause the appear-
ance of stains on garments and sanitary facilities.
The World Health Organization (WHO, 2011) estab-
lishes a significantly higher value (0.4 mg.L™"), em-
phasizing the possibility of complaints from users
about appearance, taste and odor. However, higher
concentrations may result in damages of a neurologi-
cal and psychological nature (WHO, 2011).

The relevance of Mn is evidenced by the succes-
sive monitoring of water quality performed in Minas
Gerais state (Brazil), which shows this metal to be
the second most frequent parameter of violation for
the streams of classes 1 and 2, for which the maxi-
mum allowable concentration of 0.10 mg.L" coin-
cides with the provisions of the Brazilian Water
Quality Standards established by Regulation 2914
(Health Brazil, 2011). This Regulation allows the
concentration of Mn to be higher than the maximum
contaminant level, provided that this element is che-
lated with chemical products of proven low risk to
health and the total concentration of Mn does not
exceed the value of 0.4 mg.L™".

Arsenic is part of the earth’s crust, prevailing in
the form of arsenopyrite (FeAsS), orpiment (As,S;)
and realgar (AsS). In the four states of oxidation (-3,
0, +3 and +5), it usually appears in natural water as
arsenite (+3) and arsenate (+5). The prevalence of
either form is governed by the Eh and pH, and within
the range from pH 6.5 to 8.5, usual for most of the
surface and groundwater, the arsenite form (H;AsO3)
prevails, while the arsenate form (HAsO,™) is pre-
sent in the pH range from 7.0 to 11.5 (Montgomery,
2005). This metalloid appears mostly in the dis-
solved, more toxic form (+3) — this form is estimated
to be 25 to 60 times more toxic than arsenate — pre-
vailing mostly in groundwater with low concentra-
tion of dissolved oxygen.

Besides the natural sources, arsenic may be con-
veyed to the natural water from anthropogenic activi-
ties related to mining, agriculture — from fungicide,
insecticide and herbicide use -, the wood industry

and several industrial activities (especially glass and
electronic products), besides the burning of fossil
fuels and subsequent leaching by rain.

Studies of the possible damages to human health
due to the extended consumption of water containing
arsenic made in the past decades report the develop-
ment of tumors in the kidney, liver and bladder, be-
sides damages to skin and the circulatory system. In
countries like Mongolia, China, India, Argentina,
USA, Chile, Hungary, Mexico and others, part of
their population is supplied by groundwater with
significant concentrations of As.

The cumulative character of arsenic has resulted
in a progressive reduction of the maximum concen-
trations established by the several drinking water qual-
ity standards. Particularly in Brazil, the limit estab-
lished by the mentioned Regulation 2914 (0.01 mg.L™",
the same as that established by the American stan-
dard and by WHO) is ten times lower than that rec-
ommended by the standard that prevailed in January,
1993.

The techniques for arsenic and manganese re-
moval include clarification, adsorption, oxidation,
ion exchange and reverse osmosis. In water treat-
ment plants, the techniques usually applied for re-
moval of arsenite [As(III)] involve pre-oxidation
followed by adsorption or coprecipitation of the arse-
nate [As(V)] formed, whereas for manganese its
oxidation from Mn(II) to Mn(IV) leads to the forma-
tion of a black precipitate. In either case, oxidation
can be performed with ozone, hydrogen peroxide and
chlorine compounds.

Arsenic removal in developed countries usually
employs adsorption by granular activated carbon,
particularly for groundwater in which a low concen-
tration of particles hinders coagulation. However,
due to their high implementation cost, granular acti-
vated carbon filters are not used in Brazil. In water
treatment plants for public supply in almost all
developing countries, the application of this process
is restricted to the rare use of powdered activated
carbon.

In view of this, the general purpose of this paper
was to evaluate, on a bench scale, arsenic and man-
ganese removal in surface waters by clarification,
associated or not with pre-oxidation. The intent was
to evaluate the influence of the characteristics of raw
water, of the initial concentration of As and Mn and
of the type of coagulant, aluminum sulfate (AS) and
polyaluminum chloride (PAC), on the removal of these
elements, as well as to obtain a better understanding
of the mechanisms for removal of As and Mn.
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METHODOLOGY

Experimental Apparatus, Characteristics of the
Raw Waters and the Chemical Products

The clarification and oxidation tests were per-
formed simultaneously in two Jar Test apparatuses,
fitted with six 2 L jars with rotating blades and rota-
tion control, which are a compulsory tool for a more
accurate operation of water treatment plants.

These apparatuses are suitable to apply velocity
gradients ranging from 10 to 2000 s™ — required for
rapid mixing and flocculation — and simultaneous
dispersion of the chemical products and collection of
the settled water 7 cm from the liquid surface.

The tests were performed with two surface natural
waters, with low and high turbidity, aiming at simu-
lating the operational conditions prevailing in most
of the treatment plants in the country in the rainy and
dry seasons. Manganese chloride (MnCl,.6H,0),
sodium arseniate [Na,HAsO,.7H,0, for As(V)] and
sodium arsenite [NaAsO2 for As(III)] were used to
increase the concentrations of the elements of inter-
est. For both elements, the removals at concentra-
tions close to the limits of the national drinking wa-
ter standard and 10 to 15 times higher than those
limits were evaluated, as concentrations of this mag-
nitude are frequent in the natural waters in the region
of Minas Gerais state. After the collection, the water
was stored in polyethylene reservoirs and submitted
to stirring prior to the withdrawal of samples for
execution of the tests, aiming at avoiding sedimen-
tation of the suspended particles. The characteristics

of the waters used in the clarification and oxidation
tests are presented in Table 1. Two aliquots of Type 1
water were contaminated with sodium arsenite
(NaAsO,, Vetec, 99% purity) aiming at providing
concentrations of As(IIl) of 328+16 pgL’' and
173+12 pg.L™, especially prepared for the pre-oxida-
tion tests.

The characteristics of the waters listed in Table 1
were determined with equipment traditionally used
in water treatment — turbidimeter, potentiometer,
colorimeter, among others -duly calibrated as recom-
mended by the manufacturers.

Aluminum sulfate (Aly(SO4);.18H,0) and polya-
luminum chloride 10/12 (Al,(OH),Cl;), primary
coagulants extensively used in water treatment
plants, were applied in the clarification tests. Addi-
tionally, calcium hydroxide (Ca(OH)2, 20%m.v) — to
increase the coagulation pH -, sodium hypochlorite
(NaOCl, 12%m.v) — for the pre-oxidation tests -,
sodium thiosulfate (Na2S203, 99%) for dechlorina-
tion, and nitric acid PA (HNO3, 99.8%), for preser-
vation of samples, were used.

Hydraulic Parameters for the Clarification Tests

For definition of the optimum coagulation condi-
tions — coagulant dose and respective coagulation pH
to be employed in the subsequent arsenic and manga-
nese removal tests -, the hydraulic parameters (Table
2) used in the Jar Test equipment were established in
conformity with recommendations of the literature
and the Brazilian Technical Standards Association
(ABNT 1992).

Table 1: Average and standard deviation of the characteristics of the waters used in the tests.

Characteristic Water

Type IA Type IB Type ITA Type IIB
Turbidity (ntu) 13.4+0.5 12.24+0.6 2084+ 1.5 201.6+2.6
pH 7.2+0.1 7.240.0 7.1£0.1 7.1£0.1
Electric conductivity (uS.cm™) 156.2+3.5 158.8+2.6 1523 +2.1 149.2+£2.8
Temperature (°C) 21.2+£0.2 21.6+0.3 20.5+0.3 20.9+0.1
Dissolved oxygen (mg.L™) 6.5+0.2 6.4+0.4 6.4+0.3 6.3+0.3
Redox potential (mV) 42746 436+ 4 43942 43548
Total alkalinity (mg.L" CaCO5) 17.0+0.3 16.6+0.6 16.2+0.2 16.0+0.4
Apparent color (Hu) 28.1+0.6 26.3£0.2 231.3£1.0 242.1£1.2
Concentration of manganese (pg.L™") 990+12 150+8 1120+14 12046
Concentration of arsenic (ug.L™") 157£10 32+5 149+9 366

Table 2: Hydraulic parameters used in the tests for definition of the optimum coagulation conditions.

Coagulation Flocculation Sedimentation
Rapid mix detention Rapid mix velocity Flocculation Flocculation velocity Settling velocity
time (s) gradient (s time (min) gradient (s (cm.min™)
15 600 + 20 20 35+5 2.0
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Regarding the parameters adopted, the ABNT
recommends velocity gradients (G) ranging from 700
to 1100 s for rapid mixing, with a detention time
(T) shorter than 5s, resulting in a GT product higher
than 3500. For all the tests performed, the parameters
shown in Table 2 provided a GT product higher than
9000 and ensured a homogeneous dispersion of the
coagulants, for any coagulation conditions.

Later on, for the optimum coagulation conditions
for both primary coagulants and in the same rapid
mixing conditions, sedimentation and flocculation
optimization tests were performed — keeping the
flocculation velocity gradient value (35 + 5 s™") fixed.
These tests were essentially based on the turbidity
removal for both waters.

Definition of the Optimum Coagulation, Floccula-
tion and Sedimentation Conditions

As previously mentioned, the first experimental
tests aimed, based on the remaining turbidity after
sedimentation, at the definition of the optimum co-
agulation conditions for both coagulants and both
waters. For this purpose, the coagulant doses and the
coagulation pH with and without application of alka-
lizing agent were varied in this step, without addition
of salts to increase the concentrations of arsenic and
manganese.

Under the optimum coagulation conditions, the
flocculation time ranged from 5 to 30 min, keeping
the flocculation gradient (35 + 5 s™') constant. After
definition of the four flocculation times — for two
waters and two primary coagulants -, the sedimenta-
tion times ranged from 1 to 7 min.

Once again, the variation of the flocculation and
sedimentation times was based on the design pa-
rameters of water treatment plants referred to in
ABNT (1992). Both the flocculation time and the
settling velocity govern the dimensions and, cer-
tainly, the construction cost of these units. In this
context, ABNT (1992) refers to 30-40 min floccula-
tion times for mechanical flocculators and to 20-30
min for hydraulic units. The evaluated sedimentation
times led to settling velocities ranging from 1.0 to
7.0 cm.min’, also based on the recommendations of
ABNT (1992) that associates these velocities - from
1.74 to 2.80 cm.min” — with the influent flow rate to
the water treatment plant.

Pre-Oxidation Tests

Prior to the clarification, pre-oxidation tests were
performed with sodium hypochlorite, with initial

chlorine doses of 2.5, 3.0 and 3.5 mg.L'l, associated
with 5, 30, 60 and 120-min contact times. After addi-
tion of the oxidant, during the mentioned contact
times, the volume of the jar was submitted to stirring
at a velocity gradient of 35 = 5 s™' to prevent sedi-
mentation of particles. After the contact time had
elapsed, samples were collected for analysis of re-
sidual chlorine, arsenic and manganese, and the clari-
fication was started under the previously optimized
conditions. At the end of the clarification, the col-
lected sample was submitted to dechlorination with
sodium thiosulfate for subsequent determination of
the concentrations of As and Mn.

Sludge Characterization

The sludges obtained during the clarification of
waters of high turbidity (without the spike with As or
Mn) with both coagulants were harvested and charac-
terized by X-ray diffraction (XRD) and used to
determine their point of zero charge (PZC) and the
isotherms for As adsorption.

The adsorption isotherms were determined ac-
cording to the ASTM D3860 Standard (2000) and
performed at the temperatures of 20, 30 and 40 °C. For
this, seven 200 mL erlenmeyers containing 131 pg. L™
of As(V) received masses of 0.4, 1.0, 2.0, 3.0, 4.0,
10.0 and 20.0 mg of dry sludge (adsorbent). 200 mL
of the adsorbate solution was poured into another
erlenmeyer, without adsorbent, for the blank. The
erlenmeyers were then placed, under 180 rpm stirring,
in a shaker incubator for two hours. After that time,
aliquots of each sample were filtered and the residual
concentration of arsenic determined in the filtered
sample. Each condition was performed in triplicate.

XRD analyses were performed using a Shimadzu
XRD-6000 diffractometer, with graphite monochro-
mator, nickel filter, FeKa radiation (A = 1.9360 A),
40 kV and 20 mA. A scan of 2-90° 20 was used at a
rate of 2° 20/minute and the results were converted
to CuKa (A= 1.5406 A) for data processing, as de-
tailed by Teixeira et al. (2013).

The PZC was determined according to the proce-
dures described in Aquino et al. (2010). For this, six
erlenmeyers containing different masses of sludge
had their pH initially adjusted to 3.0 with 0.1 mol/L
HNO; and/or 0.1 mol/LL. NaOH and then kept under
constant mixing (130 rpm) at ambient temperature
for 24 hours to attain equilibrium. After such period
the pH was measured and a graph relating the mass
percentage of sludge with final pH was plotted. The
procedure was repeated changing the initial pH to
7.0 and then to 11.0.
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Statistical Analyses

The data analysis tool of the software Excel was
used in order to verify whether the statistical differ-
ences among the removal efficiencies of the elements
studied in the different conditions were significant.
Data comparisons were performed by evaluating the
p-value attained. For p-values lower than 0.05, the
hypothesis of equality among the results compared
was rejected with a confidence interval of 95%.

RESULTS AND DISCUSSION

Evaluation of the Arsenic and Manganese Removal
Exclusively by Clarification

The results (20 tests) for optimization of the floc-
culation and sedimentation are presented on Table 3.
Although it is not the main purpose of this work, the
higher efficiency of polyaluminium chloride in the
removal of the suspended particles should be empha-
sized, both in the time required for formation of the
flocs and in the magnitude of the remaining turbidity
itself.

The results of the clarification tests without pre-
oxidation, shown in Table 4, refer to 12 analyses of
each element (out of a total of 192 analyses) with the
concurrent use of two Jar Test apparatuses.

Regarding the manganese removal, the results
show that the concentrations of this element were
slightly reduced in the tests performed. At the Eh
value of the waters (amounting to 0.4V) and the co-

agulation pH value (amounting to 7.2), most of the
manganese is present in the divalent form and, there-
fore, dissolved. So, manganese removal is due to the
adsorption of this element on the particulate material
present in the sample or on the aluminum hydroxide
flocs. Although of low magnitude, greater removals
of both coagulants with the higher turbidity water
tend to confirm this assertion.

Also according to the stability diagram (Eh % pH)
for Mn (Figure 1), keeping the same Eh conditions for
the waters, the increase of the coagulation pH above
8.0 would favor the formation of manganese oxide-
hydroxide (MnO-OH) and subsequent precipitation.

The arsenic removal occurred more significantly
for the higher turbidity waters at both concentrations,
probably favored by its adsorption on the aluminum
hydroxide precipitate formed. The greater formation
of precipitate (sludge) for both coagulants, resulting
from the higher concentration of suspended particles
and higher dose applied, increased the surface area
required for the adsorption of the arsenate ion
(HAsO,*), which predominates under the conditions
of coagulation (Figure 2). Additionally, the higher
coagulant dose applied in these conditions also leads
to the formation of other species that, in turn, are
able to develop positive charges on the surface of the
precipitate, as shown in Figure 3, which would possi-
bly aid the removal of the dissolved arsenate anion
by adsorption. This fact is explained by Smedley and
Kinniburg (2002), who established that the adsorp-
tion/desorption of arsenic from particulate material
are primarily responsible for the changes in the con-
centrations of this anion in natural waters.

Table 3: Optimized coagulation, flocculation and sedimentation conditions for Type I and Type I1 Water.

Study Water Coagulant Dose* Coagulation pH |Flocculation time| Settling velocity Remaining
(mg.L™") (min) (cm.min™) turbidity (ntu)

Tvve | AS 15 (0.60) 74+03 15 20 248 +0.45

yp PAC 4(0.24) 71402 10 : 117+ 0.39

AS 38(1.52) 71+0.2 20 1.40 + 0.61

Typell PAC 35(2.10) 73403 5 2.0 111 +0.50

*The figures in parentheses refer to the calculated concentrations of A",

Table 4: Results of the clarification tests in terms of arsenic and manganese removal.

Water Type Coagulant Manganese Arsenic
C (ugL?) ER (%) C (ng L) ER (%)
IA AS 839+14 15 72.6+2.8 54
PAC 807+13 18 82.5£3.0 48
B AS 141+4 6 7.8£1.0 76
PAC 13747 8 9.6+1,4 70
A AS 835+21 25 10.3+0.6 93
PAC 820+£19 27 8.2+0.9 94
B AS 98+10 19 2.8+0.4 92
PAC 89+9 26 2.0+£04 94
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chloride and aluminum sulfate.

In this context, the reorganization of the electric
charges on the coating surface of the hydroxide and
of the species formed from coagulation that involve
the flocs has been considered to be the main mecha-
nism in the arsenate adsorption process, forming
complexes. This process is controlled by changes in
the chelated surface that, in turn, depend on the pH
of the medium. Under conditions of pH values lower
than the PZC value of each coagulant (Figure 3),
there are excess positive charges on the solid surface
of the sludge, which may cause adsorption of the
arsenate ions. This hypothesis is supported by the
higher PZC values of the sludge generated with alu-
minum sulfate (PZC = 7.75) and polyaluminum chlo-
ride (PZC = 7.90) when compared to the coagulation
pH values (pH < 7.5).

As arsenic, under the conditions of study, is found
prevailingly in the form of HAsO,> , the possibilities
of electrostatic interactions between the arsenic ions
and the generated sludge are evidenced. The iso-
therms of AsV adsorption to the sludge tend to con-
firm the interaction of the arsenate anions and the

solid phase by the electrostatic attraction mechanism,
as shown in Figures 4 and 5.

The coefficient of determination values (R?) sug-
gested that, for both coagulants, the Langmuir model
best fitted the experimental data. Since the adsorbent
is in excess and associated with the single-layer,
homogeneous adsorption and, according to the pa-
rameters obtained, it has a maximum adsorption
capacity (qma) of 5.3 mg.g” and 7.0 mg.g" for the
sludges generated with aluminum sulfate and polya-
luminum chloride, respectively. The values of .y in
this work are in conformity with those found for the
granular iron hydroxide (5.0 mg.g") and higher than
that reported for Portland cement slurry (4.0 mg.g™),
but significantly lower than that obtained for cesium
(IV) oxide containing iron (70.4 mg.g™") (Yokoi et al.,
2004).

By performing XRD tests on the sludge formed
during clarification of high turbidity waters, even with
high concentrations of arsenic, it was not possible to
visualize how this element was present in the pre-
cipitate formed.
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sulphate.

This fact might due to the low sensitivity of the
equipment and the small amount of As with relation
to the total mass of sludge, or that the As precipitate
had low crystallinity. For Mn, the XRD data (not
shown) indicate that the partial removal of this metal
(see Table 4) was accomplished by the formation of
birnessite, a manganese oxide mineral liable to be
associated with calcium, potassium and sodium. This
mineral (Nag3Cag Ko )(Mn*", Mn*"),041.5 H,0)
has a dark brown or black color, and it can be found
in lakes and groundwaters as a consequence of the
oxidation of the soluble manganese. Therefore, these
data indicate that part of the Mn(Il) was oxidized to
Mn(IV) during the jar test experiments, probably due
to oxygen solubilization, mainly during rapid mix.

Evaluation of the Influence of the Pre-Oxidation
Associated with Clarification

The subsequent pre-oxidation tests were intended
for evaluating the relevance of the use of chlorina-
tion for removal of these metals. As expected, the
pre-oxidation with chlorine increased the manganese
removal in the 12 conditions evaluated for each wa-
ter (low and high turbidity). The average removals
ranged from 37% (Type 1A water) to 86% (Type 1IB

water), and the chlorine consumption, governed by
the initial concentration of manganese, ranged from
0.3 to 1.0 mg.L"". There were no significant differ-
ences between the CT (product of chlorine concen-
tration and time) values tested, and the minor su-
premacy of the polyaluminum chloride appeared
again in all the 48 comparisons. For each water, the
practically equal results for the different contact
times favor the application of chlorine at the entrance
of the water treatment plant, instead of such applica-
tion being made in the water intake unit, while the
pre-oxidation occurs along the raw water pipe line.
The comparisons of the three different chlorine doses
to the ratio between the final concentration and ini-
tial concentration of manganese are listed in Figures
6 and 7.

When sodium hypochlorite is added to water, a
hydrolysis reaction takes place producing hydroxyl
ions, resulting in a slightly increased pH, which may
contribute to the manganese removal. However, the
pH increase was not enough to justify the removal of
Mn via Mn(OH), precipitation (see Figure 1).
Therefore, it is likely that the main Mn removal
would result from the formation of MnO-OH and
MnO,, following the oxidation of Mn(Il) to Mn(III)
and Mn(IV), respectively.
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Figure 6:Temporal decay of Mn concentration in view of the concentration of chlorine applied in the pre-
oxidation, followed by clarification with aluminum sulfate for IA (A), IB (B), IIA (C) and IIB (D) type
waters.
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Figure 7: Temporal decay of Mn concentration in view of the concentration of chlorine applied in the
pre-oxidation, followed by clarification with PAC for IA (A), IB (B), IIA (C) e IIB (D) type waters.
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By performing X-ray diffraction tests (Figure &)
on the sludge formed during this treatment process
using high-turbidity waters, it has been possible to
verify that, as estimated by the stability diagram
(Figure 1), the main form of manganese removal was
by the formation of birnessite, which contains both
Mn(III) and Mn(IV).

Regarding the initial concentration of chlorine, it
was noted that, at the pH value at which the experi-
ment was performed, it was considerably higher than
that required by the stoichiometric amounts of oxi-
dant. Nevertheless, the percentage of manganese
removal for high initial metal concentration are still
insufficient to comply with the maximum limit es-
tablished by the Regulation 2914. It is worth men-
tioning that additional removal can also be achieved
in the filtration unit.

On the other hand, the pre-oxidation kept the ar-
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senic removal within the same levels of efficiency
listed in Table 4, for all the conditions evaluated and
waters. The increase of pH value close to 7.8, due to
the hydrolysis of the hypochlorite, contributes to
minimize the arsenic removal, as the pH gets closer
to the PZC value of the generated sludge (Figure 3),
weakening the capacity to adsorb the arsenic anions.

The pre-oxidation presented a higher significance
for As(III), as 80 to 90% removals were achieved for
both coagulants at low and high concentrations of
this element at several CT values, as shown in Figure
9. However, it was observed — even with significant
removals — that the final concentration of As(IIl)
increased as its initial concentration also increased.
This way, the use of this process is feasible for wa-
ters with lower concentrations of arsenic, since the
drinking water guidelines for this metalloid are
pretty low (0.01 mg.L™").
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Figure 8: Results of the X-ray diffraction tests with

coagulants PAC (A) and SA (B).
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Figure 9: Temporal decay of the concentration of As(IIl) in view of the concentration of chlorine applied
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Statistical Analyses

The first statistical analysis was based on the com-
parison between the coagulants tested in terms of
manganese removal by clarification after pre-oxida-
tion for high-turbidity water (Type II). For that pur-
pose, the 144 results for each coagulant achieved,
with polyaluminum chloride, a 70.7% average removal
and a 1.0% variance, and, with aluminum sulfate,
68.4% and 1.0%, respectively. The application of the
hypothesis test led to the rejection, at a 95% signifi-
cance level, of the null hypothesis, thus confirming
the supremacy of polyaluminum chloride.

Following that, the intent was to prepare a multi-
ple linear regression model that would involve the
initial and final concentrations of manganese, the
chlorine dose, and the contact time in the oxidation
preceding the clarification with polyaluminum chlo-
ride as primary coagulant. This way, Equation 1 was
established with a 0.99 adjusted determination coef-
ficient, in which the residual and initial concentra-
tions of manganese refer to pg.L™" and the chlorine
doses refer to mg.L"', with the subsequent clarifica-
tion — under optimum conditions — being performed
with polyaluminum chloride.

Residual conc. of Mn = 0.42*(Initial conc. of Mn)
— 10.54*Chlorine dose (1)

Taking into consideration the recommendation of
Regulation 2914 regarding the maximum chlorine
concentration of 2 mg.L™" in the drinking water, and
taking into consideration the 10% average reduction
in the concentration of free chlorine after dosage and
oxidation, it can be stated that the maximum applica-
ble chlorine dose is 2.2 mg.L"'. This way, it is possi-
ble to state that, for the manganese removal by the
pre-oxidation + clarification process to be sufficient
to adjust the drinking water to the allowable maxi-
mum limit, the initial concentration of manganese in
the raw water should be lower than 293 pg.L™". It can
also be concluded that this equation is more suitable
for lower values of Mn.

A similar procedure was performed for Type II
water, although intended for evaluating the contin-
gent relevance of the pre-oxidation in As(V) removal.
For that purpose, 96 test results were used, with
polyaluminum chloride as primary coagulantand
clarification either preceded or not by the oxidation.
Only the clarification with polyaluminum chloride,
for IIA and IIB Type waters, led to an average AsV
removal of 94.7% which was reduced to 86.8% when
preceded by oxidation. The application of the hy-
pothesis test at the 95% significance level confirmed

that the AsV removal just by clarification is more
efficient when associated with pre-oxidation. As
previously mentioned, the slightly increase in pH
observed after the pre-oxidation and the closeness to
the sludge PZC value seemed to reduce the capacity
of the solid to adsorb the arsenic anions.

The influence of both coagulants on [As(II)] re-
moval by clarification associated with pre-oxidation
was evaluated for a total of 192 results. The use of
polyaluminum chloride led to a 70.2% average re-
moval, which was reduced to 63.5% when the coagu-
lant was the aluminum sulfate. However, the applica-
tion of the hypothesis test at a 95% significance level
confirmed that both coagulants had statistically simi-
lar efficiencies for As(IIl) removal.

The multiple linear regression model (with 0.89
adjusted determination coefficient), represented by
Equation (2), allows one to estimate the remaining
concentration of As(Ill) after clarification with polya-
luminum chloride associated with pre-oxidation under
optimum conditions.

Residual conc. of As(IIT) = 0.18*(Initial conc. of
As(IIT)) — 5.96* Chlorine dose 2)

This way, for a maximum chlorine dose (2.2 mg.L™)
liable to being applied in pre-oxidation, it is possible
to estimate that natural waters with characteristics
similar to the waters tested here and with concentra-
tion of As(IIT) lower than 128 pg.L" can be adapted
to the prevailing drinking water standard by associat-
ing these processes.

CONCLUSIONS

From the review of the literature and the test re-
sults, it is possible to conclude that:

i) In terms of manganese removal, even under the
optimized conditions for both coagulants, the clarifi-
cation — either associated or not with the pre-oxida-
tion — was insufficient to comply with Regulation
2914 (100 pg.L-1), particularly for the higher con-
centrations of the metal. For both waters, the greatest
obstacle to manganese removal is probably the co-
agulation pH close to neutrality, favoring the preva-
lence of the dissolved form of the metal;

ii) Regarding the As(V) removal by clarification
only, the results were more promising, particularly
for waters of more significant turbidity, for which a
concentration lower than that established by Regula-
tion 2914 (10 pg.L-1) was achieved in almost all the
tests with both coagulants. The As(V) removal fo-
cused essentially on the adsorption of the anions
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HAsO42- to the positively charged particles of the
generated sludge, and this was of greater magnitude
when polyaluminum chloride was used as primary
coagulant;

iii) For waters of lower turbidity and high con-
centration of As(V), the production of settled water
in conformity with the Drinking Water Quality Stan-
dards failed, even when pre-oxidation was associated
with the clarification, suggesting that other technolo-
gies (e.g., adsorption) should be employed to pro-
duce potable water regarding this metalloid;

iv) Oxidation preceding the clarification is valid
when, in low-turbidity waters, the arsenic prevails as
As(IIT) (in concentrations up to 18 times higher than
the limit established by Regulation 2914). In this
context, the contact time did not play a relevant role
in arsenic removal.
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