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Abstract

Coexistence of organic substances and iron in groundwater causes that a particular part of iron occurs in a form of iron-organic
compounds as colloids or dissolved complexes, whereas water has an increased colour intensity and turbidity. Successful treatment of
such water generates technological problems and is practically impossible by means of traditional groundwater treatment processes.
Application of the coagulation process is one of the ways recommended for intensifying the removal of iron that occurs in a form of stable
iron-organic compounds. The subject of research was groundwater from Quaternary formations with high concentration of total iron
amounting to 7.0 mgFe/dm? increased colour up to 41.0 mgPt/dm? and turbidity up to 30 NTU, and also an increased amount of organic
substances (TOC from 4.00 to 7.20 mgC/dm?) and manganese up to 1.80 mgMn/dm?. The water samples examined differed in terms of
the value of the ratio of the TOC concentration and the concentration of total iron (D) and its turbidity and intensity of colour indicated
the presence of colloidal and dissolved combinations of iron with organic compounds. The article discusses the effect of the type and dose
of aluminium coagulan (D., mgAl/dm?) and the alkalinity, as well as the alkalinity ratio value (r=OH7/AI") of the tested aluminium
coagulants on the efficiency of removing pollutants from groundwater containing iron—organic complexes. In order to oxidize
Fe(II) to Fe(Ill) the groundwater samples were aerated with compressed air for 15 minutes. The efficiencies of four aluminium coagulants
were compared: that of aluminium sulphate (VI) and those of three poly-aluminium chlorides (PAX XL-60, PAX-18, PAX-16) differing
in alkalinity (70%, 41% and 8.2%) and the alkalinity ratio value (r = 2.10, 1.23 and 0.25). Coagulant doses expressed in mgAl/dm® and
changed within the range of 1 to 6 mgAl/dm?3. Volume coagulation was performed in 1 dm?® groundwater samples using 1 minute rapid
mix (250 rpm) and 25 minute slow mix (30 rpm) followed by 1 hour sedimentation. In the interpretation of the research results for the
evaluation of the level of organic pollution in the water samples and its influence on the process and effectiveness of coagulation the
coefficient of co-existence of organic substances and total iron D was used, calculated as D = TOC/Few: (mgC/mgFe). Efficiency of
disposal of wastes in the process of coagulation and sedimentation of post-coagulation solids depended on a type and dose of coagulant,
alkalinity and alkalinity ratio of coagulant, coefficient of coexistence of organic substances and total iron in raw water, as well as on the
temperature of the treated water. Among the coagulants types under analysis the best effects of removing iron compounds, organic
substances and compounds causing coloring and turbidity were found for the pre-hydrolyzed coagulant PAX XL-60 possessing the
highest alkalinity and the highest value of the alkalinity ratio.
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1. Introduction

Groundwater very frequently provides the only source of water designed for household supplies and then, its quality issues
are important. A technological system of groundwater treatment depends on its chemical-physical composition, and, to a
great extent, on concentration of water organic pollutants. In case of water with an increased content of organic substances,
iron compounds and increased turbidity and colour intensity, application of the conventional groundwater treatment system
does not ensure the required treatment efficiency [1]. This is a result of the presence of coloured, colloidal organoferric
complexes with various degrees of water solubility, the removal of which requires coagulation process [2—11]. It was
proved that aluminium coagulants were more efficient in treatment of such water than iron salts, due to the fact that
products of aluminium hydrolysis, unlike iron, do not make coloured complexes with organic substances [12—15]. The total
efficiency of coagulation process depends on: destabilization of colloidal pollutants and neutralization of anion charges by
cation products of coagulant hydrolysis, ion exchange, surface complexing, adsorption on hydroxide particles of metals of
coagulants applied and coprecipitation [16—18]. The role of the mechanisms referred to above depends on pH reaction of the
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treated water, a quantity and charge of the products of coagulant hydrolysis as well as the initial concentration and form of
organic substances [19]. Within the range of pH = 4-6 neutralization of the negative charge of pollutants being removed
prevails, including of organic anions, whereas adsorption of pollutants on hydroxides of metals of coagulants employed is
less significant. According to Jekel [20], adsorption on Al (OH); is crucial within the range of pH >7, whereas according to
Dempsey et al. [21], [22] it is within pH > 6,25. It was found out that the importance of pH value is bigger in case of
removing pollutants that determine colour and the level of organic pollution than in case of pollutants responsible for
turbidity [1]. In case of non-prehydrolyzed coagulants, such as aluminium sulphate (VI), for obtaining the desired amount of
positive hydrolysis products it is required to lower the value of pH, usually below 6, which, unfortunately, leads to water
corrosivity intensification [23]. This undesirable effect can be eliminated by applying prehydrolyzed aluminium coagulants
of a higher alkalinity, the so called poly-aluminium chlorides. The solutions of the above mentioned coagulants feature,
apart from aluminium monomers, polymerized products if the aluminium pre-hydrolysis of a big positive charge varying
from 3 to 12 as well as a polymer [Al;304(OH).4]7" called the “Al;3” polymer. According to Edzwald et al. [24] the polymer
“Aly3” is the most efficient of aluminium polymers in destabilizing negative colloids. Poly-cation products of aluminum pre-
hydrolysis, after being added to the treated water, get hydrolyzed to Al (OH); more slowly than the aluminium present in
aluminium sulphate (VI), furthermore, they remain in the “original” form of a wider pH range than in the situation when
applying aluminium sulphate (V1) is applied [23-25]. This creates conditions for charge neutralization of organic anions by
products of pre-hydrolysis before formation of Al (OH)s, playing mainly a role of an adsorbent of pollutants being removed.
The pre-hydrolyzed coagulants cause smaller consumption of the natural water alkalinity and lower its pH reaction to a
smaller extent than coagulants that are not pre-hydrolyzed. The alkalinity of poly-aluminium chloride is determined by the
quotient of the number of moles OH" to AI**in a coagulant, referred to as the alkalinity ratio (r), which is approached as a
coagulant polymerization degree measure. Al'3* polymer is the most stable and efficient in colloid destabilization of all
aluminium polymers and its amount increases along with the alkalinity ratio (r) increase to 2 [1]. The polymeric structure of
the hydrolysis products causes that poly-aluminium chlorides show agglomerating properties, thus improving flocculation
conditions. The above mentioned properties of aluminium chlorides should ensure their greater usability for treatment of
groundwater containing iron and organic substances as compared to non-prehydrolyzed aluminum coagulants. The article
discusses the effect of the type and dose of aluminium coagulant and the alkalinity, as well as the alkalinity ratio value of
the tested aluminium coagulants on the efficiency of removing pollutants from groundwater with an increased content of
organic substances.

2. Materials and methods

The laboratory test material was groundwater from quaternary formations supplied to the water treatment plant “Zawada”
near Zielona Goéra (Poland). Conventional treatment of water (aeration, sedimentation and filtration) does not ensure
sufficient removal of iron or colour and does not make water turbidity less. Value ranges of the selected coefficients of raw
water physical and chemical composition are shown in table 1. The water subject to testing contained significant
concentrations of iron, organic compounds and manganese, and its turbidity as well as colour intensity marked out the
presence of colloidal and dissolved complexes of iron with organic compounds. For the purpose of oxidation of Fe (II) to Fe
(I1T) the samples of raw water were subject to a 15 minutes’ aeration with 90% of efficiency of oxidation of Fe(Il) to Fe
(III). Aeration, sedimentation and filtration with the speed of Sm/h through a sand bed covered with iron and manganese
oxides did not guarantee that the treated water designed for human consumption could have the desired colour, turbidity and
the concentrations of total iron and manganese, which were as follows: 25 mgPt/dm?, 24 NTU, 4 mg Fe/dm? and 0.80 mg
Mn/dm?.

Therefore, it was decided to support water treatment with coagulation process. The objective of the tests was to
determine the effects of alkalinity and the value of the alkalinity ratio of aluminum coagulants and doses of these coagulants
on the efficiency of removing pollutants from groundwater after aeration in the volume coagulation process. It was assumed
that poly-aluminium chlorides, due to the fact that their solutions contained aluminium polymers with a large positive
charge, should be stronger than aluminium sulphate (VI) in removing pollutants from groundwater with an increased
content of organic substances and total iron. In order to prove the assumptions accepted on a laboratory scale, several
experiments on volume coagulation with poly-aluminium chlorides and aluminium sulphate (VI) treated as a control
coagulant were carried out. Volume coagulation was performed in 1 dm?® groundwater samples using 1 minute rapid mix
(250 rpm) and 25 minute slow mix (30 rpm). The following were used as coagulants: aluminium sulphate (VI) (SAL) as
well as pre-hydrolyzed poly-aluminium chlorides with the trade names PAX-16, PAX-18 and PAX XL-60 that had different
alkalinity ratio, alkalinity and aluminum content (table 2). The doses of coagulants were expressed in mgAl/dm? and varied
from 1 to 6 mgAl/dm3. After coagulation the samples were subject to sedimentation process for 1 hour and filtration through
a soft filter. Table 2 shows characteristics of the aluminium coagulants tested.
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Table 1. Groundwater quality indicators

Indicator Unit Value
Minimum Average Maximum
Temperature °C 8.0 12.5 13.0
pH - 7.00 - 7,28
Dissolved Oxygen mg O,/dm’? 04 2.0 2.7
Colour mg Pt/dm’ 16 25 41
Turbidity NTU 3 17 30
Iron total mg Fe/dm? 2.80 420 7.0
Iron (II) mg Fe/dm? 1.20 1.50 2.0
Tron(III) mg Fe/dm? 1.50 3.00 4.60
Manganese mg Mn/dm’? 0.40 0.80 1.80
Aluminum mg Al/dm? 0.09 0.13 0.17
Alkalinity mval/dm® 3.00 3.50 4.10
TOC mg C/dm? 4.00 4.73 7.20
D =[TOC]/[Iron total] - 0.62 1.18 1.75
Table 2. Groundwater some properties of the aluminium coagulants tested [26-27]
Indicator Type of coagulant
PAX XL-60 PAX-18 PAX-16 SAL

Alkalinity ratio,

R = (OHL/AL™) 2.10 123 0.25 -

Alkalinity, % 70+10 413 8.2+0.2 0

AP, % 7.5+0.3 9.0+0.3 8.2+0.2 42+0.2

When interpreting the test results in order to assess the organic pollution level of water samples and its effect on the
process and efficiency of coagulation, the organic substance and total iron coexistence ratio D was applied which was
calculated as: D= [TOC]/[Fewt] (mgC/mgFe). For the purpose of simplifying the records, the article does not list the D
coefficient unit. The physical-chemical composition of both the raw as well as treated water was determined according to
the International Standard methods. The temperature, pH, dissolved oxygen of the raw water and the purified water was
determined with an WTW Multi Line P4. The turbidity was determined by means of 2100P HACH turbidimeter. The colour
(according to Pt scale), total iron, iron (II), iron (III), manganese, aluminum concentrations were determined with the Dr
3900 (HACH Lange) spectrophotometer. The alkalinity was determined with a titrimetric method against methyl orange.
The organic carbon content was measured with a Shimadzu TOC apparatus. Prior to TOC measurement, the samples were
acidified and bubbled with air, which did not contain any CO,, in order to remove the inorganic carbon. Raw and treated
water samples were analyzed in the laboratory of drinking water University of Zielona Gora, Institute of Environmental
Engineering (Poland).

3. Results and discussion
3.1. The effect of the type and dose of a coagulant on the efficiency of removing pollutants

Irrespectively of the physical-chemical composition of the treated groundwater the efficiency of removing pollutants
(excluding manganese compounds) increased along with increasing the doses of the aluminium coagulants tested (Figs 1, 2).

The test results presented in Figures 1 and 2 also proved that the efficiency of the tested coagulants in removing iron
compounds, the organic substance referred as TOC and in decreasing the water colour and turbidity increased along with an
increase of the alkalinity and the alkalinity ratio (r) of the aluminium coagulants tested, treated as a measure of the
coagulant polymerization degree. The non-prehydrolyzed aluminium sulphate (VI) proved to be the least efficient
aluminium coagulant. The efficiency of the tested coagulants in treating groundwater with similar values of the co-existence
coefficient of organic substances and total iron (D) decreased according to the following row:

PAX XL-60 (r =2.10) > PAX-18 (r=1.23) > PAX-16 (r=0.25)> SAL (r=0)
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Irrespectively of the aluminum coagulant applied, an increase in its dose caused lowering of the tested water pH, which
led to a decrease in the Fe(Il) removal efficiency. The reverse effect of an increase of the coagulant dose and the
concentration of H" ions was found in case of testing the efficiency of removing iron (III) and organic pollutants which is
presented in Figures 3a and 3b with samples of aluminium sulphate (VI) and coagulant PAX XL-60.
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Fig. 1. The effect of the type and dose of a coagulant on the efficiency of removing total iron (a) and decreasing the colour (b)
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Fig. 2. The effect of the type and dose of a coagulant on the efficiency of removing TOC (a) and decreasing the turbidity (b)

Independently of the coagulant type used for the test, a degree of total iron, mainly Fe(IlI), concentration decrease
correlated with the efficiency of removing organic substances (Table 3). This regularity was not found for Fe(II).

Table 3. Parameters of linear correlation between the amount of TOC removed and the amount of Fe(Il) removed in the coagulation

process
Type of coagulant Linear correlation equation Coefficient of the Pearson correlation (R)
SAL nFe(Il)==0.2851MOWO+89.497 0.9896
PAX-16 nFe(ll1)=1.0853nOWO+56.159 0.9886
PAX-18 nFe(Il1)=0.7124nOWO+74.654 0.9696

PAX-XL60 nFe(ll)=1.01 InOWO+58.607 0.9650
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Fig. 3. The effect of the type and dose of a coagulant on the efficiency of removing Fe(Ill) and Fe (II) (a) and in lowering TOC (b)

The comparison of the doses of aluminium sulphate (VI) and poly-aluminium chlorides used for treating the same raw
water ensuring a comparable, yet insufficient efficiency of removing total iron (60%), TOC (22%), turbidity (86%) and
colour (87%) presented in table 4, indisputably indicates the greatest efficiency of the pre-hydrolyzed coagulant PAX XL-
60 possessing the highest alkalinity and the highest value of the alkalinity ratio.

Table 4. The required doses of coagulants (D) ensuring a comparable efficiency of removing total iron, organic substances and
pollutants causing colouring and turbidity

Type of coagulant D, mgAl/dm’

Iron total Colour Turbidity TOC
SAL 5 5 5 4
PAX-16 4 4 3 3
PAX-18 3 3 3 3
PAX XL-60 2 2 2 2

As a result of the coagulation process with all types of the tested coagulants, water alkalinity was used up and the
concentration of hydrogen ions increased. Poly-aluminium chlorides caused much lower water acidification and lowering of
alkalinity than aluminium sulphate (V1) for all the range of the doses of the tested coagulants (D, = 1+6 mgAl/dm?®), which
is important in terms of water chemical stability. Differences in lowering water total alkalinity and water pH in relation to
the type and dose of the coagulant used are shown in Figures 4a and 4b.

The dependencies presented in Figure 4 show that an increase in the alkalinity ratio of the pre-hydrolyzed coagulants
decreased water acidification and consumption of its total alkalinity. The tests carried out also proved that both the
coagulation as well as filtration through a soft filter were insufficient in removing manganese compounds, the concentration
of which in the treated water increased with the coagulant dose. The highest concentration of manganese (1.7—
1.0 mgMn/dm?) was found in water treated with aluminium sulphate (VI) which caused the highest water acidification. The
tests also measured concentration of aluminium residual in water after coagulation, sedimentation and additional filtration.
It was found that in this case poly-aluminium chlorides were more useful. The concentration of aluminium residual in water
after coagulation exceeded the value of 0.2 mg/Al/dm?, yet it was twice smaller in samples of water treated with poly-
aluminium chlorides than with aluminium sulphate (VI). A decrease in the concentration of aluminium ions to the allowable
value of < 0.2 mgAl/dm’® [28] was ensured by additional filtration of water samples treated with all the doses of poly-
aluminium chlorides tested. In case of aluminium sulphate (VI), a sufficient decrease of the concentration of the aluminium
residual < 0.2 mgAl/dm? for drinking water [28] was guaranteed by filtration of water samples treated with coagulant doses
of from 3 to 6 mgAl/dm?3. A soft filter filtration caused further removal of after-coagulation suspensions and a decrease of
the concentration of total iron, manganese and turbidity. The importance of the filtration process in terms of the total
efficiency of water treatment was the smallest after applying a coagulant with the highest alkalinity ratio and alkalinity
values that is PAX XL-60. On the other hand, the biggest contribution of filtration in total efficiency of water treatment was
found after applying the least efficient coagulant, namely aluminium sulphate (VI) which is illustrated in Table 5.
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Fig.4. The effect of the type and dose of a coagulant on lowering total alkalinity (a) and pH (b) of the treated water

Table 5. The effect of the type of the aluminium coagulant (D= 4 mgAl/dm?) on the contribution of filtration in the total efficiency of removing total iron,
turbidity, manganese and the residual aluminium

Efficiency of filtration, %
Type of coagulant

Iron total Manganese Turbidity Aluminum
PAX XL-60 5 2 5 15
PAX-18 8 3 10 20
PAX-16 10 4 13 22
SAL 15 10 20 35

The results obtained also showed that the efficiency of the tested coagulants in removing pollutants from groundwater
lowered along with an increase in the value of the coexistence coefficient of organic substances and total iron in raw water
D (Table 6). The regularity found proves book references [21-22], [24] stating that an increase of the amount of organic
ligands in raw water strengthens durability / life of organoferric combinations as well as the contribution of dissolved
coloured, organoferric complexes, difficult to remove in the coagulation process.

Table 6. The effect of the type of the coagulant (D= 1-6 mgAl/dm?®) and the value of the coefficient of coexistence of organic substances and total iron (D)
in raw water on the efficiency (n, %) of removing pollutants from groundwater after aeration

Efficiency of removing pollutants, %

Type of coagulant D=TOC/Fe
Iron total Colour Turbidity TOC Manganese

SAL D =0.62 79+80 46=72 10+30 6075 15+38

D=1.75 50+70 15+35 7+17 20+40 14+38

D=0.62 83+88 49+74 29+40 7085 2040
PAX-16

D=1.75 60+70 20+40 25+30 39+48 20+40

D=0.62 85+90 5075 55+80 66+80 38+52
PAX-18

D=1.75 74+79 25+50 48+68 40+60 40+50

D=0.62 93+98 60+78 6090 7792 42+58
PAXXL-60

D=175 79+84 35+60 50+80 50+70 44+59

The effect of the coefficient of coexistence of organic substances and total iron in raw water (D) on the difference in the
efficiency of the tested aluminium coagulants while treating groundwater after aeration was the biggest when aluminium
sulphate (VI) was applied (Table 6).

3.2. The effect of temperature of the treated water on efficiency of the coagulation process

Temperature is an important technological parameter in the coagulation process. According to various book references [1],
[10], [23] it is presumed, that a decrease in the coagulation efficiency under low temperatures may be a result of lowering
the speed of hydrolysis reaction and precipitation of cation hydroxides of the used coagulants as well as of the increased
water viscosity. An increase of water viscosity lowers the sedimentation speed of after-coagulation fluffs formed and may
also result in an increasing stability of removing colloids. In order to verify the contribution of temperature to the efficiency
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of the coagulation process with aluminium sulphate (VI) and poly-aluminium chlorides (PAX-16, PAX-18, PAX XL-60) a
series of tests was performed for water with the same value of the coefficient of coexistence of organic substances and total
iron D = 1.22 under two temperatures: 15 °C and 25 °C. The test results presented in table 7 show that, independently of the
type of a coagulant tested, a better efficiency of removing iron compounds, organic substances and of lowering the colour
and turbidity was achieved when water was treated under the temperature of 25 °C.

Table 7. The effect of temperature (15 and 25 ‘C) and type of a coagulant (D.= 3 mgAl/dm?) on efficiency of removing pollutants (v, %)

Temperature of water; °C

Type of coagulant 15 15 ' 15 ' 25 25 25 25
Efficiency of removing pollutants, (%)
Iron total Colour Turbidity TOC Iron total Colour Turbidity TOC
PAX XL-60 90 80 90 20 97 90 97 25
PAX-18 78 60 75 16 90 88 90 21
PAX-16 60 50 60 12 75 80 85 17
SAL 50 45 52 10 70 79 83 15

As in case of earlier series of tests discussed, which determined the effect of a coagulant dose and type on the efficiency
of removing pollutants from groundwater, the coagulant PAX XL-60 proved to be the most efficient in removing pollutants.
The effect of temperature of the treated water on the varying efficiency of the coagulants used was the biggest in case of
applying the non-prehydrolyzed aluminum sulphate (VI). It is confirmed by book references stating that pre-hydrolyzed
coagulants are less susceptible to the negative effect of a low temperature of the treated water [1], [23]. The regularity found
shows that in the period of low temperature of the treated water, that is under conditions of a smaller efficiency of
aluminium hydrolysis, it is advisable to substitute the non-prehydrolyzed coagulant with poly-aluminium chlorides,
especially hydrolyzed to a great extent, such as PAX XL-60.

4. Conclusions

The test results analysis leads to the following conclusions:

1. The efficiency of aluminium coagulants in removing pollutants from groundwater increased along with increasing
their doses and alkalinity and the coagulant alkalinity ratio as well as along with an increase of the temperature of the
treated water.

2. The effect of the coefficient of coexistence of organic substances and total iron in raw water (D) on varying efficiency
of the tested coagulants in removing pollutants from groundwater was the biggest when the non-prehydrolyzed aluminum
sulphate (VI) was used and its value lowered with an increase of alkalinity and the alkalinity ratio of the tested poly-
aluminium chlorides.

3. The best effects of removing iron compounds, organic substances and compounds cousing coloring and turbidity were
found for the pre-hydrolyzed coagulant PAX XL-60 possessing the highest alkalinity and the highest value of the alkalinity
ratio. The pre-hydrolyzed aluminium coagulant PAX XL-60 was the most efficient in removing pollutants from
groundwater probably because of the highest amount of aluminium polymeric complexes with a large positive charge which
effectively destabilize colloidal pollutants.

4. The poly-aluminium chlorides tested caused a smaller acidification of treated water as well as a lower consumption of
water alkalinity than aluminium sulphate (VI), which is important in case of removing manganese as well as for the
chemical stability of water.

5. Alkalinity of aluminium coagulants was decisive not only in terms of their efficiency in removing pollutants from
groundwater, but also with respect to minimization of side-effects of the coagulation process, the so called aluminium
residualt. The highest concentration of the aluminium residual was found in samples subject to coagulation with aluminium
sulphate (VI).

6. Substituting aluminium sulphate (VI) with poly-aluminium chlorides (especially with highly alkaline ones) improved
efficiency of removing pollutants from groundwater, as well as it decreased the required coagulant dose.

7. Owing to the efficiency of removing pollutants from groundwater, the required coagulant dose as well as undesirable
effects of coagulation, the usability of the tested aluminium coagulants decreased as follows:

PAX XL-60 (r = 2.10) > PAX-18 (r = 1.23) >PAX-16 (r = 0.25)> SAL (» = 0),

thus along with an increasing alkalinity and the value of the alkalinity ratio of the tested coagulants.
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