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Abstract

This study discusses the results of laboratory analyses investigating the chemical coagulation of a model

of humic acid solution with the use of monomeric iron(Ill) salts — chloride and sulfate — in a standard coagu-

lation test environment. The objective of the study was to determine changes in iron compound concentrations

in the tested solution as a result of coagulation. The following parameters were analyzed in solution samples:

changes in COD, colour, turbidity, suspended solids, pH, and streaming potential in relation to the applied

coagulant dose. The content of total iron (Fe,,) and iron(Il) was determined in solution samples after coagu-

lation. The lowest Fe,, concentrations were observed following the use of optimal coagulant doses, and high-

er doses led to a repeated increase in total iron levels. In purified solution samples, iron(Ill) was partially

reduced to iron(IT) with an 8-42% share of Fe,,, depending on salt type and the applied dose.
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Introduction

Humic and fulvic acids, heterogeneous mixtures of
anionic organic polyelectrolytes, have a high share of
organic matter in soil and the natural environment [1].
Humic substances react with iron compounds as part of, for
example, complex formation and redox reactions, and they
are responsible for the various forms of iron found in the
natural environment [2]. Iron may occur in the form of
organic complexes of iron(II) and iron(Ill), simple ionic
forms, and colloidal forms, as well as in the form of amor-
phous and crystalline oxides and hydroxides [3, 4]. Iron
compounds found in water are in a state of chemical bal-
ance that is determined by the pH of the reactive environ-
ment, the type of organic compounds, level of oxidation
and light penetration [2, 4]. Soil leaching is the natural
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source of water-borne iron. In consequence of this process,
the iron content of underground water at the point of intake
may reach from several to several dozen mg-dm* [5].
Secondary contamination of water with iron(Ill) com-
pounds may be due to the water treatment process and the
corrosion of metal components of systems for the purifica-
tion, storage and distribution of water.

Chemical coagulation is one of the stages of the water
treatment process. The coagulation method is used to
remove organic compounds that intensify water colour and
turbidity, as well as the precursors of toxic disinfection by-
products (DBP), including humic acids [6]. During chemi-
cal coagulation, colloidal organic molecules bind as a result
of electrostatic interactions, complexing, aggregation, and
sorption processes with the involvement of hydrolysis
products of Al and Fe(III) salts [7]. Monomeric and poly-
meric iron(Ill) salts are popularly used coagulants. Water
and wastewater treatment by chemical coagulation should
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Table 1. Characteristics of a model solution of humic acids.

pH 11.96+0.02

Conductivity [mS-cm™] 132545

Colour PtCo [mg-dm~] dilution 1:25 795+12

Turbidity FTU [mg-dm?] dilution 1:25 9145
Suspended solids — SS [mg-dm™] 289+24

COD [mg-dm™] 795+10

DOC* [mg-dm™] 246.5

*Counted on the basis of the following assumptions: 53% C,,

content of humic acids molecules (Fluka) [11], residue after
ignition at 7% HA dry matter.

ensure the effective removal of organic impurities and the
minimal level of metal compounds in the purified solution.
Laboratory tests of chemical coagulation involving the
standard coagulation method (jar test) are a highly useful
tool for determining optimal process conditions in industri-
al applications [8, 9].

The objective of this study was to determine the effect
of iron(I1I) salt dose on total iron, iron(I) and iron(I1I) con-
centrations in the analyzed solution following humic acid
coagulation in a standard coagulation test environment.

Materials and Methods

The model humic acids (HA) solution was prepared
directly before the test in accordance with the methodology
described in the author's previous study [10]. The solution
contained 500 mg HA (Fluka) in 1 dm’. The parameters of
the HA solution are presented in Table 1.

Coagulant solutions with concentrations of 0.2 mol-dm™
were prepared using analytically pure FeCl;-6H,0 salts and
analytically pure Fe,(SO,),"7H,0 salts dissolved in double-
distilled water.

Coagulation effectiveness was determined with the use
of the coagulation test performed in glass beakers filled
with solution samples of 200 cm’. The applied procedure
involved 1 minute rapid mixing at 300 rpm, followed by 10
minutes slow mixing at 30 rpm and 1 h of sedimentation.
The following parameters were determined after coagula-
tion: pH, Chemical Oxygen Demand (COD) Cr-method
[mg O,-dm”], PtCo colour [mg-dm”], turbidity-Formazin
Turbidity Unit (FTU) [mg-dm™] and suspended solids (SS)
[mg-dm?] [12].

The total iron (Fe,,) content was determined in the
tested solutions. For the purpose of mineralization, the sam-
ples were acidified to pH<2, concentrated HNO; and HCL
(1:1) was added, and the samples were heated. After miner-
alization, pH of the solutions was adjusted to pH 3.5+0.2
with the use of 5.0 M NaOH, and then the solutions were
diluted to 100 ml with double-distilled water. Fe,,, concen-
trations were determined by colorimetry (510 nm) using
1,10 phenanthroline (HACH — method No. 8008) [12-14].

The content of iron(Il) was analyzed in sample solutions
after coagulation using the optimal dose and higher doses of
the coagulant. A colorimetric analysis was carried out
directly after pH, adjusting to pH 3.5+0.2 without prelimi-
nary mineralization of samples (HACH — method No.
8146). The content of Fe(IIl) = Fe,,-Fe(Il).

The pH of the investigated solutions was determined
with an HI-9025C (Hanna Instruments) pH-meter. Colour,
turbidity, COD, suspended solids, Fe(Il), and Fe,, concen-
trations were determined using a Dr 2000 (HACH) spec-
trophotometer. The streaming potential (SP) of the analyzed
solutions was determined with an SPD-03 meter (Miitek
Analytic).

Results and Discussion

A preliminary analysis of humic acid coagulation was
carried out to determine the optimal coagulant dose. The
optimal dose was set at a level, which supported the elimi-
nation of a minimum of 90% of impurities measured in
terms of COD, colour (PtCo), turbidity (FTU), and sus-
pended solids (SS). The results of the iron(I1l) chloride test
are presented in Figs. la and 1b.

The addition of 3.2 mmol Fe*-dm? (FeCl,) resulted in a

significant decrease in color and turbidity values to around
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Fig. 1. Changes in values of parameters: colour and COD (a),
turbidity and suspended solids (b), for a model solution of
humic acids with respect to FeCl; dosage.
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1% initial value, and COD to around 3.6%. The 3.2
mmol-dm” dose was set as the optimal dose. Three ranges
of the applied salt doses led to characteristic changes in the
analyzed parameters, i.e.: threshold doses of 2.0-2.8, optimal
dose of 3.2, and higher doses of 3.6-4.8 mmol Fe**-dm®.
Similar changes in the investigated values were determined
following the use of the Fe,(SO,); coagulant. The relevant
results are presented in the authors’ previous work [10].

The curves illustrating changes in pH of the samples
after coagulant dosing are presented in Fig. 2, and changes
of the streaming potential (SP) in samples subjected to
coagulation tests with coagulant doses of 2.0 to 4.8 mmol
Fe*dm™ are presented in Fig. 3.

An increase in the tested salt doses led to a gradual drop
in pH of the analyzed solutions, and the course of the noted
changes was similar for both studied salts. The solutions
had an alkaline pH at salt doses in the range of 0.4-2.4
mmol Fe’"-dm” (Fig. 2). Characteristic changes in SP values
were noted following the application of FeCl; at 3.2 mmol
Fe*-dm” and higher doses (Fig. 3). A clear change in SP

04 08 12 16 2 24 28 32 36 4 44 48
dose Fe* [mmol dm?]

Fig. 2. Changes in values of pH of a humic acids model solu-
tion with respect to Fe(III) salts dosage.
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Fig. 3. Changes in the streaming potential for jar-tested samples
of a humic acids solution where Fe* ion content is within the
range of 2.0-4.8 mmol-dm™.

parameters from -840 to 122 mV was observed in the dose
range of 3.2-3.6 mmol Fe*', and it was accompanied by a
change in the pH of the solution from around 4.0 to 3.0 as
noted in Fig. 2. Positive SP values were noted beginning
with the dose of 3.6 mmol Fe*'-dm™. As regards Fe,(SO,),,
a significant increase in SP from -1,140 to -190 mV was
reported in the dose range of 2.8-3.2 mmol Fe*-dm?, with
a pH change from 6.0 to around 4.0. SP values increased
insignificantly and remained negative at successive coagu-
lant doses.

The solution’s pH is one of the key determinants of
Fe(III) salt hydrolysis, which produces charged ferrate mol-
ecules at pH>10, Fe(OH); in a neutral environment and
positively charged oxyhydroxides at pH<4 [15]. It is
believed that interactions between dissociated humic acids
molecules and cationic products of Fe(Ill) salt hydrolysis
have the form of ionic reactions neutralizing the electrical
charge [16-18].

Table 2 presents changes in total iron and iron(I) con-
centrations, and the percentage content of iron(Il) in total
iron in the HA solution, with respect to the applied coagu-
lant dose.

As regards both analyzed coagulants, an increase in
Fe, . levels was proportional to the applied doses in the
range of 0.4 to 2.8 Fe***dm™. The optimal dose of 3.2 mmol
Fe***dm® produced minimal concentrations of Fe(III) ions
in the solution at 2.5 and 4.07 mg Fe-dm™ for Fe,(SO,), and
FeCl,, respectively. A further dose increase from 3.6 to 4.8
mmol Fe*-dm”® did not enhance solution quality, and total
iron concentrations rose to around 70 mg Fe-dm™® at the
dose of 4.8 mmol Fe*-dm™.

The Fe(IT) content was determined in HA solution sam-
ples after coagulation with Fe(IIT) doses of 3.2 to 4.8 mmol
Fe’-dm®. The above eliminated the effect of organic
residues in the solution on the results of spectrophotometric
measurements. The salt dose of 3.2 mmol Fe*-dm” pro-
duced the lowest Fe(I) content of 0.3 mg Fe*"-dm” for FeCl,
and 1.3 mg Fe*dm” for Fe,(SO,);. At higher doses, Fe*
concentrations increased to 5.2 mg and 6.7 mg Fe*"-dm” for
Fe,(SO,), and FeCl,, respectively. The percentage share of
Fe™ in total iron content varied subject to the applied salt
dose. A clear decrease from 42% to 9% was observed fol-
lowing the application of FeCl;, and a drop from 28% to
7.6% was noted after the use of Fe,(SO,); within the dose
range of 3.6-4.8 mmol Fe*"-dm”.

The use of coagulants did not fully eliminate COD and
colour (Fig. 1a), turbidity and suspended solids (Fig. 1b).
The above suggests the presence of dissolved organic sub-
stances in the form of organic ferric complexes that
increase solution colouring [19]. The application of coagu-
lant doses higher than the optimal dose led to a decrease in
the solution's pH<3.8 (Fig. 2). According to Weber et al.
[20], the share of organic ferric complexes in the total con-
tent of dissolved iron decreases at pH<3.5.

The presence of iron(II) in the samples results from oxi-
dation and reduction processes that accompany the reaction
between dissolved organic matter and iron(Ill) ions [21].
Humic Fe(III) complexes participate in the transfer of elec-
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Table 2. The concentration of Fe,,;, Fe(I), and the percentage of Fe(Il) in Fe,, in analyzed coagulation test samples.

Felotal Fe* Fe*/F Ciotal
Dose of coagulant [mg Fe-dm”] [mg Fe*dm®] [%]
[mmol Fe**-dm?]
FeCl, Fe,(SO,); FeCl, Fe,(SO,); FeCl, Fe,(SO,);
0.4 22.83 24 - - - -
0.8 4433 45.5 - - - -
1.2 67.15 66.67 - - - -
1.6 89.17 88.33 - - - -
2.0 108.6 108.17 - - - -
24 132.88 130.33 - - - -
2.8 148.67 149.17 - - - -
32 2.5 4.07 0.31 1.33 12 31.7
3.6 8.13 10.42 3.38 2.9 42 279
4.0 24.87 26.47 4.98 4.1 20.1 15.5
4.4 47.33 45.87 6.02 4.72 12.7 10.2
4.8 73.33 68 6.72 5.25 9.1 7.6
trons during abiotic Fe(Ill) reduction [22], and the quantity solution pointed to the neutralization of the negative
of reduced Fe(Ill) increases dramatically with a pH electrical charge of colloidal organic molecules.
decrease in the range of 4.0-3.0 [23]. 2. The lowest Fe,, concentrations of 2.5 and 4.07 mg
The results presented in Table 2 indicate that Fe(II) con- Fe-dm?® were noted after the use of optimal Fe,(SO,);
centrations and the share of Fe(II) in the total iron content and FeCl, doses, respectively. Higher doses resulted in
were higher for iron chloride. Various iron(IIl) salt anions a repeated increase in the total iron content of the stud-
may affect redox reactions of dissolved organic substances ied solution.
in the presence of light [4]. According to Chen et al. [24], 3. Fe* concentrations increased in successive samples
anions inhibit the photooxidation of organic substances in after coagulation as a result of redox reactions running
the following Series. NQ3 <Cl <CQ§ <SO;<PO;. . in lowered pH conditions. The percentage share of Fe**
Redox reactions taking place in a standard coagulation in total iron content carried out from about 8 to 42%,
test environment may be affected by the following factors: depending on salt type and applied dose.
organic substance type and organic concentrations in the
solution, access to light and oxygen, and solution mixing
conditions [23, 25]. However, a full explanation of the References
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