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ABSTRACT

The objective of this study is to examine the effectiveness of the removal of polymeric
humic matter during coagulation-flocculation and to highlight stoichiometric
relationships between the coagulant dosage and the organic substance content. It is
therefore a question of assessing the influence of reaction parameters such as the dose of
aluminum sulfate, the concentration of humic acid, the pH and the saline composition of
the water during the coagulation-flocculation treatment.

To establish correlations between the initial organic compound content and the coagulant
dosage, humic acid was dissolved at levels of 1 to 20 mg/l in distilled water and
mineralized groundwater from the Biskra area at different pH values. Then, solutions
were coagulated by increasing doses of aluminum sulfate. The organic compound final
concentrations are deduced from the calibration curves, which were previously
established for the tested compound in the various dilution media.

The results obtained indicate that the process efficiency as well as the coagulant dosage
depend on the pH, the organic compound initial concentration and the characteristics of
the dilution medium. The findings also showed that increasing water salinity had a
promoting effect on humic acid removal. The predominant mechanisms of the tested
organic acid removal process were complexation phenomena or ligand exchange with
soluble or insoluble aluminum species. Demonstration of the stoichiometry of the
reactions showed that the relationships linking the dosage of the coagulant to the initial
concentration of humic acid essentially depended on the pH and the salinity of the
different waters tested.
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INTRODUCTION

Natural waters, in particular surface waters, contain a multitude of organic compounds of
various chemical structures. Diverse mixtures of aromatic and aliphatic carbon-rich
compounds are found in these waters. The most important category corresponds to humic
substances, whose contents can reach up to 90% of the total organic carbon (TOC) of
natural water (Health Canada, 2019; Ma et al., 2001; Thurman, 1985). In Algeria, humic
material may represent a significant part of the organic load of surface waters,
approximately 60 to 90% of the TOC in several dams (Achour et al., 2009). Humic
substances are extremely complex chemically, and their composition varies according to
the origin and nature of the water in which they are found. Thus, those found in river and
lake waters consist of mixtures of polyelectrolytic macromolecules such as humic and
fulvic acids. Humic acid (HA) is a typical component of natural organic matter in water,
accounting for approximately 50% to 90% of the total freshwater organic matter (Mahler
and al., 2021).

Humic substances in a water supply are undesirable for several reasons. These substances
must be eliminated because they generate both organoleptic problems (color, taste) and
public health problems by retention or formation of toxic products (pesticides, metals,
halogenated compounds) (Boggs et al., 1985 ; Garbin et al., 2007; Laglera et al., 2011;
Rekhow et al., 1990). Humic substances found in natural waters have been shown to be
particularly reactive with a variety of oxidants and disinfectants used for drinking water
purification, particularly chlorine and ozone (Singer, 1999). Oxidation processes can
change the chemical structure of humic substances that serve as precursors of low- and
high-molecular-weight organic compounds that are formed during chlorination and
ozonation processes. These disinfection byproducts, such as trihalomethane, haloacetic
acids and aldehydes, are believed to be harmful to human health (Richardson et al, 2007;
Yamamori et al., 1993; Wu et al, 2019).

Efficient removal of organics from water can be achieved through processes such as
activated carbon adsorption, membrane filtration and advanced oxidation. However, these
methods are often expensive and not always adopted in conventional treatment facilities.
The coagulation-flocculation technique is one of the most effective and economically
feasible processes used in water treatment (Zhu et al, 2021). It is now recognized that
coagulation-flocculation optimization during clarification of surface water can
significantly contribute to the removal of organic matter in both colloidal (turbidity) and
dissolved forms. Because humic substances stabilize dispersed and colloidal particles, the
removal of humic substances has been a focus of the coagulation process (Suffet et al.,
1988).
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Many studies are still devoted to finding the optimal conditions for the removal of organic
matter from water by coagulation-flocculation. Overall, the appropriate choice of
coagulant and optimization of parameters such as coagulant dose and pH of the organic
compound dilution water can improve coagulation efficiency. Thus, interest has most
often focused on the influence of pH, coagulant dosage and origin of humic substances
(Lefebvre and Legube, 1990; Qin et al., 2006; Achour and Guesbhaya, 2005). Moreover,
several studies (Stumm and O’Melia, 1968; Edzwald and Van Benschoten, 1990; Jiang
et Wang, 2009; Bacha and Achour, 2015) conclude that coagulation-flocculation is a
stoichiometric reaction and that the stoichiometric coefficient (coagulant/organic matter)
depends on these parameters.

To date, few studies have been devoted to the influence of inorganic salts on the
coagulation-flocculation of humic substances (Jekel, 1986; Wang et al., 2010; Jeong et
al., 2014; Afoufou et al., 2007). It should also be noted that Algerian waters are
characterized by significant salinity. This is particularly the case for the waters in the
south of the country, which often have excessive hardness and levels of chlorides and
sulfates (Achour et al., 2008). Therefore, it would be wise to investigate the effect of
water salinity on the removal of humic matter and the dosage of coagulant.

The primary objectives of this study are to assess the performance and coagulation
mechanisms of HA by aluminum sulfate and the effects of water salinity on both the HA
removal efficiency and the relationship (coagulant dosage/humic acid concentration).

Throughout this study, we tested humic acid, which is a polyaromatic organic compound
characterized by the presence of hydroxyl and carboxyl groups on the benzene ring
(Suffet and Mac Carthy, 1988; Rajaei et al., 2021). The jar test experiments focused on
solutions of this acid dissolved in distilled water and then in three mineralized borehole
waters from the Biskra region. Several reaction parameters (initial humic acid
concentration, coagulant dose, pH and salinity) are varied.

MATERIAL AND METHODS

Preparation of solutions
Solutions of humic acid

Solutions of ALDRICH humic acid (HA) with a carbon content of 51.5% were used in
the coagulation-flocculation experiments. The molecular weight of HA was in the range
from 2000 to 50,000 Da. The contents of the carboxylic and phenolic groups of HA
are 3.8 meg/mg HA and 0.8 meg/mg HA, respectively (Achour, 2001). Table 1 specifies
some characteristics of this humic acid.

201



Bacha N. & Achour S. / Larhyss Journal, 53 (2023), 199-217

The waters used as humic acid dilution media are, on the one hand, distilled water (pH =
6.07 to 6.79, conductivity = 2 to 5 ps/cm) and, on the other hand, groundwater (Drouh,
Wadi Biskra, Ben Nacer Garden) taken from the Biskra region (South East of Algeria).
The main water quality parameters are determined in the LARHYSS laboratory (Biskra)
using standard methods of analysis (APHA, 2005; Rodier et al., 2016). They are shown
in Table 2.

A stock solution of 100 mg HA/I was prepared by dissolving humic acid in distilled water,
and the pH was adjusted to 4, 7 and 9 with HCl and NaOH 0.1 N. For further tests, Biskra
groundwaters were spiked with HA at levels of 1 to 20 mg/l.

Table 1: Chemical characteristics of the studied HAs (Achour, 2001)
C H N (0] Na

Elemental analysis (%) 515 4.6 0.7 293 07
Carboxy! function (meq.g* humic substance) 3.4
Hydroxyl function (megq.g™* humic substance) 0.8

Table 2: Physicochemical characteristics of humic acid dilution water (borehole
waters from the Biskra region)

Groundwater samples

Characteristics Drouh Wadi Biskra Ben Nacer Garden
Temperature (°C) 16 19.5 18
pH 7.63 7.77 7.59
TH (°F) 70 85 95
TAC (°F) 10.7 20 30
Ca?* (mg/l) 124 196 216
Mg?*(mg/l) 93 86 96
CI- (mg/l) 444.68 678 720
S04%(mg/l) 335 720 610
NOz(mg/l) 3.54 19.5 22.15
Na* (mg/l) 60.46 673.39 483.81
K* (mg/l) 2.33 8.7 8.7
PO4*(mg/l) 2.75 0.078 0.13
Conductivity (ms/cm) 1.26 2.81 3.58
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Coagulant solution

A stock solution of 10 g/l was prepared periodically by dissolving aluminum sulfate
FLUKA reagent (Al (SO.)3,18H,0) in distilled water.

Humic acid analysis

The residual concentrations of the organic compound tested (HA) were determined by
measuring the UV absorption with a JENWAY 6305 UV/Vis spectrophotometer at 254
nm. A linear correlation is established between the UV reading and the humic acid
concentration for each type of water. Table 3 shows the results of calibration curves for
humic acid dissolved in different waters. It summarizes the equations of absorbance
(Absyy) as a function of humic acid concentration (Co) for each dilution water.

Table 3: Results of calibration curves of absorbance in UV (Absuv) versus initial
concentrations (Co) of humic acid solutions (A = 254nm)

1 Absuy = f(Co) Determination coefficient R?
Distilled water Absuv =0.025 Co 1
Drouh Absuv = 0.014 Co + 0.005 0.994
Wadi Biskra Absuv =0.010 Co + 0.001 0.999
Ben Nacer Garden Absuv = 0.018Co + 0.002 0.999

Description of the Jar test

All the coagulation-flocculation tests were carried out according to the "Jar-Test" protocol
on a flocculator with six stirrers (Ficher 1198), which makes it possible to simultaneously
stir the solutions of humic acid and coagulant. Each sample was stirred rapidly at 200 rpm
for 2 minutes after the coagulant was added. Subsequently, the speed was reduced to 60
rpm for 30 minutes. Finally, the flocs were allowed to settle for 30 minutes before
filtration through a 0.45 um cellulose membrane (Bacha and Achour, 2015). The
supernatant was sampled for analysis of the residual humic acid by spectrophotometry.

The humic acid removal efficiency is evaluated by the following relationship:

Co—-Cs
R (%) =100— 1
Co

where Cp and Cr in mg/l represent the initial and final concentrations of humic acid,
respectively.
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RESULTS AND DISCUSSION

Effect of aluminum sulphate dosage and pH on removal of various humic acid
concentrations in distilled water.

Our preliminary tests focused on the coagulation-flocculation of HA in distilled water.
For increasing doses of coagulant, we observed the efficiency of the removal of HA (E%)
during the variation of the initial concentration of HA (Co) and that of the pH of the
solutions (Fig. 1).
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Figure 1: Aluminum sulphate dosage and pH effect on various humic acid
concentrations Co removal in distilled water.

Based on the results of Fig. 1, we observe that the optimal coagulant doses increase with
the initial concentration of HA, and the optimum efficiencies are variable according to
not only the initial concentrations but also the pH of the solution.

The HA removal percentages are globally significant and sometimes exceed 80 to 90%.
Beyond the optimal dose, elimination percentages stabilize. Nevertheless, the doses of
coagulant required to obtain the best removal of HA are greater when going from pH= 4
to pH=9. HA removal efficiencies decrease from pH 4 to pH 9.
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Coagulation mechanisms of humic acid at different pH values in distilled water

In the past, the interpretation of the action of aluminum salts was performed in a relatively
simplistic way in terms of charge neutralization and precipitation of aluminum hydroxide
(Tardat-Henry, 1989). It is now well established that the hydrolyzed aluminum species of
coagulants play an essential role in the coagulation process.

When aluminum salts are introduced into water, various reactions can take place, several
of which are simultaneous and/or reversible.

In solution, alum releases hydrated AI®* ions, which play a negligible role in coagulation
because they are present only below a pH of 4.5. Above this pH, the hydrolysis reaction
is immediate, and hydrated AI** reacts to form monomeric, polymeric species and a solid
precipitate. In general, it should be noted that the higher the pH is, the greater the degree
of hydrolysis becomes (Fig. 2). This results in a series of hydroxy-aluminum complexes
AI(OH)?*, AI(OH).*, AI(OH); AI(OH)4,...) Benschoten & Edzwald, 1990; Dentel,
1991). The hydrolysis reaction can be generalized using the following equation (Berrak,
1997):

XAPR* + yH,0 > Al(OH),*Y +y H*

Aluminum can therefore be quickly transformed into a series of hydrolyzed species with
different structures, charges and polymerization characteristics. The diversification of
polymerized species is a function of pH and dosage and possibly of inorganic and organic
coagulant-ligand interactions (Tardat-Henry, 1989; Kong et al., 2021).

s o
E
= 001
r
0.001
0.0001
0.00001
3 4 5 6 7 8 9
pH

Figure 2: Solubility of hydrolyzed aluminum species as a function of pH (Driscoll
and Schecher, 1990)
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The results in Fig. 1 confirm those of numerous studies that have previously concluded
that pH has a significant impact on the optimal removal of organic compounds during
coagulation-flocculation. The study of this parameter is important because it conditions,
on the one hand, the dissociation of functional groups existing in the structure of organic
compounds according to their pKa and, on the other hand, the speciation of the coagulant
(soluble or insoluble hydrolysis products, charged or neutral).

As early as 1961, the work of Black and Willems and then that of Semmens (1979) on
very colored American waters, and therefore loaded with humic material, showed that the
optimal pH for coagulation is generally acidic, slightly more acidic for iron (pH = 4 to
4.6) than for aluminum (pH = 5.2 to 5.7). It should also be noted that the optimum
conditions for the elimination of organic matter do not always coincide with those for the
best reduction of turbidity. Furthermore, in some highly buffered waters, adjusting the
pH to an optimal value is not easily achievable. In this case, the coagulation pH is very
close to neutrality, and there is a predominant formation of the hydroxide precipitate,
which is supposed to produce a "sweep flocculation" due to the adsorption of pollutants
on the voluminous hydroxide precipitate of aluminum or iron (Lefebvre and Legube,
1990; Wang et al., 2010; Harrat and Achour, 2016).

We can also mention the results of Achour and Gueshaya (2005) concerning the
comparison of the coagulation of two simple aromatic compounds (phenol and resorcinol)
with that of a sodium humate (SH) whose structure was close to acid fulvic. For a pH
range between 4 and 10, the results obtained concerning the optimum removal efficiency
of each of the organic compounds in distilled water correspond to acidic pH values
between 5 and 7 for the pH phenolic compounds and 5 and 6 for the SH.

It is interesting to note that, for these pH values, phenol and resorcinol are present in a
neutral, nondissociated form, given their respective pKa values (9.89 and 9.81). The
removal efficiency of these compounds decreases for pH=10, so it is obvious that their
dissociated form would be much less reduced by flocculation with aluminum sulfate.

According to Achour and Guesbaya (2005), simple compounds with phenalic groups are
less affected by coagulation-flocculation. However, the nature and position of the
substituents (OH and COOH) on the aromatic ring of organic compounds can lead to
differences in removal efficiencies by the coagulant (Lefebvre and Legube, 1993; Rezeg
and Achour, 2009). Among the organic acids tested, the compounds exhibiting the
behavior closest to that of humic substances are especially pyromellitic and gallic acids
(Bacha and Achour, 2017; Rezeg and Achour, 2009) as well as pyrogallol (Hecini and
Achour, 2014), which result in high removal efficiencies at acidic pH, close to 5 to 6.

For the sodium humate (SH) studied by Achour and Guesbaya (2005), its elimination was
significantly greater than that of phenol and resorcinol, especially at acidic pH.

Humic substances can be considered anionic polyelectrolytes of indeterminate structure
but overall of high molecular weights, of which a small part is in colloidal form. The
higher SH removal efficiencies may be attributable to the high size and molar weights of
the different SH fractions. The chemical structure of humic material and, in particular,
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the presence of numerous reactive chemical groups, such as hydroxyl or carboxyl groups,
could also condition the efficiency of the flocculation process of these substances.

Similarly, in the case of the humic acid that we tested (Fig. 1), the mechanisms involved
during the coagulation of humic acid could be more complex because, at the optimum pH
for elimination (pH = 4), it is possible that the COOH groups are dissociated. Note that
the pKa of the COOH and OH functions carried by humic material are on the order of 4.2
and 8.7, respectively.

Given the simultaneous presence of several hydrolyzed species of aluminum (soluble or
insoluble) and the partially dissociated form of this HA at these pH values, the reactions
involved are probably numerous.

At pH = 4, the predominant hydrolyzed species of aluminum are soluble cationic
complexes such as AI(OH)?* and AI(OH)*;, which could condition the coagulation-
flocculation mechanisms. A complexation mechanism would lead to the formation of
insoluble complexes between humic acid and soluble hydroxo-aluminum compounds.

At neutral or basic pH, the elimination of HA in distilled water is much less efficient than
at pH =4 and could be explained by a competitive complexation of the OH" in the medium
with aluminum. This reduces the affinity of aluminum for organic ligands (Chow, 1992).

Hydrolysis reactions of aluminum to the AI(OH)s form could thus be favored at the
expense of complexation reactions between soluble hydroxo-metallic compounds and
organic matter; this leads to a reduction in the efficiency of elimination of HA. Note that
Edzwald Van Benschoten and. (1990) reported that at pH = 7, good humic matter removal
yields can be obtained provided that much higher coagulant dosages are used. According
to Dentel (1991) and Zhu et al. (2021), at pH = 7, coagulation of humic substances by
aluminum is a competition between surface complexation by humic substances and
polymerization reactions of aluminum hydroxide. At this pH, the hydrolyzed species of
aluminum would be flocs comprising a mixture of amorphous AI(OH)s and soluble
cationic positively charged species such as AI(OH)?* and AI(OH),*, which could
condition the mechanisms of coagulation-flocculation.

Moreover, under our experimental conditions (pH = 7), the residual concentrations of
aluminum that we measured are very low or even zero. Therefore, this is in favor of the
predominant formation of insoluble organoaluminum products by surface reactions with
amorphous aluminum hydroxide precipitates.

We also observed that at basic pH values above 7, the removal efficiencies of organic
compounds decrease. This is verified both for natural organic matter and for simpler
aromatic structures with acid functions (Jekel, 1986; Bacha and Achour, 2015; Rezeg and
Achour, 2009). At pH = 9, the predominant hydrolyzed species of aluminum would be
soluble anionic complexes such as Al(OH)4 and AI(OH)%s (Fig. 2) with minimal
formation of aluminum hydroxide. The molecules of humic acid will be largely
dissociated and therefore negatively charged, and repulsion between the two species
would occur.
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Stoichiometric relationship between aluminum sulfate and HA at different pH values
in distilled water.

In the coagulation of humic substances, a stoichiometric relationship has frequently been
proposed between the concentration of these compounds to be removed and the required
dose of hydrolyzed metal salts or polyelectrolytes. Narkis and Rebhun (1997) even
suggested that this stoichiometry constituted one of the basic characteristics of HS
coagulation. According to Edzwald and Tobiason (1999), the presence of organic matter
in the water induces a coagulant demand for the different hydrolyzed species of
aluminum, resulting in a stoichiometric relationship between the aluminum sulphate
dosage and the DOC content that is pH dependent. In wastewater, Liang et al. (2010)
showed the existence of a stoichiometric relationship between the concentration of
melanoidin-dominated organics and the dosage of hydrolyzing metal salts (ferric chloride
and aluminum sulfate). Van Breemen et al. (1979) also found a stoichiometric
relationship between fulvic acid concentration, coagulant dose and carboxylic function
content. This aspect was again confirmed by the work of Lefebvre and Legube (1990),
who focused on several humic substances extracted from French waters and coagulated
by ferric iron. By coagulating a sodium humate with properties close to the soluble fulvic
acid fraction, Afoufou et al. (2007) as well as Achour and Gueshaya (2005) obtained, for
an unadjusted pH, a mass ratio of 2 mg of sulfate of aluminum per mg of sodium humate.

It is therefore necessary to establish this relationship between aluminum sulfate and
humic acid HA tested in distilled water at several pH values. The adjustment of the pairs
of values of the two parameters (optimal dose of aluminum sulfate and initial
concentration of HA) by the method of linear least squares leads to a linear stoichiometric
relationship. The relationship is obtained with excellent correlation coefficients but
differs depending on the pH of the medium for diluting HA (Fig. 4).

Fig. 3 relates to the stoichiometric relationship (coagulant dosage/initial concentration of
HA) established for pH=4, 7, and 9. Thus, for the removal of 1 mg of HA, these results
highlight the stoichiometries of 1, 2 and 3 mg of aluminum sulfate for pH = 4, 7 and 9,
respectively.

It should be emphasized that at acidic pH, the cationic species of aluminum are
preponderant, and one of the possible reactions is the formation of insoluble complexes
between the SH and the soluble hydroxo-aluminum compounds. Therefore, at pH =4, it
seems that the mechanism of interaction between humic acid and dissolved aluminum
polycations is indeed a stoichiometric reaction. The stoichiometric coefficient is then
equal to 1 (Fig. 3a).

Fig. 3b relates to the stoichiometric relationship obtained at pH=7. It highlights a linear
law as well, but with a mass ratio of aluminum sulfate dose/initial concentration of HA
equal to 2, higher than the stoichiometric coefficient of that at pH =4. According to Jeckel
(1986), the high demand for aluminum at pH = 7 can be explained by a competition
between surface complexation by humic substances and polymerization reactions of
aluminum hydroxide.
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Fig. 3c shows the stoichiometric relationship obtained when HA solutions are adjusted to
pH=9. The stoichiometric coefficient or coagulant/Ha mass ratio is 3. At pH=9, the
coagulant demand is higher than at pH=4 and 7 if we refer to the results of the various
stoichiometric coefficients. At basic pH, the coagulant demand can increase because of
the competitive reactions between HA and OH" in the medium with respect to their
complexation with hydrolyzed aluminum.
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Figure 3: Stoichiometric relationship between coagulant demand and HA
concentration in distilled water.

Effect of water salinity on humic acid coagulation-flocculation

In the second step of our study, we tested the behavior of HA during coagulation-
flocculation when various concentrations of HA (1 to 20 mg HA/I) were added to saline
groundwater from the Biskra region. The characteristics of these borehole waters (Drouh,
Wadi Biskra, Ben Nacer Garden) were previously reported in Table 1.

Fig. 4 shows, as an example, the evolution of the efficiency of elimination of 5 mg HA/I
as a function of the dose of coagulant.
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Whatever their dilution medium, and in fact also whatever the initial content of the HAs,
the same shape of the curves is observed. We can thus observe that globally, two zones

are to be distinguished:

e a first zone where the yield increases significantly up to a value corresponding
to the optimum HA removal.

e a second zone where performance stabilizes even in the presence of excess

coagulant.

Optimal coagulant dosage and HA removal effectiveness for varying water salinities.

Table 4 summarizes the HA removal yield values and optimum dosage of aluminum

sulfate for each concentration of HA tested and for each type of dilution water.

Table 4: Summary of optimal aluminum sulfate (AS) dose values and HA removal
efficiencies (E%0)

Dilution water of HA

Drouh Wadi Biskra Ben Nacer Garden
Co Distilled Water pH=7.63 pH=7.77 pH=7.59
(mgHA (pH=T7) C=1.26mS/cm C=2.81mS/cm C=3.58mS/cm
) TH=70°F TH=85°F TH= 95°F
AS AS AS AS dose

dose E % dose E % dose E % (mg/l) E %

(mg/l) (mg/l) (mg/1)
1 2 76.09 4 76.68 3 78.81 2 81.75
2 4 83.74 6 84.30 6 84.93 6 86.57
5 10 90.64 15 88.71 15 90.53 15 91.86
10 20 93.65 60 91.97 50 92.47 30 94.50
20 40 94.08 90 93.22 70 94.63 60 95.09
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From the results in Table 4, many key aspects can be deduced. Thus, as in distilled water,
the higher the initial concentrations of HA, the greater the coagulant dosage and removal
efficiency. The HA removal efficiencies remain high regardless of the salinity of the
water. Among the groundwaters tested, and for close pH values, the hardest and most
mineralized waters seem to promote better coagulation of HA. The presence of promoter
salts based on calcium and magnesium could significantly improve the HA removal
efficiencies. Various studies (Jekel, 1986; Wais Mossa and Mazet, 1991; Afoufou et al,
2007) have demonstrated the beneficial effect of calcium and magnesium salts on the
elimination of humic substances of various origins during coagulation-flocculation.
However, the presence and proportion of complexing and inhibiting anions will be
decisive for the effectiveness of the flocculation of organic matter (Bernhardt et al., 1986;
Hecini et Achour, 2014; Bacha and Achour, 2017).

Although the presence of calcium or magnesium salts can, through bridging or
complexation effects with the organic compound, facilitate interactions with aluminum,
the presence of large quantities of inorganic anions can significantly reduce the efficiency
of coagulation-flocculation. lons such as sulfate, phosphate or chloride can indeed
compete with the COOHSs of organic compounds and complex aluminum. They would
therefore considerably interfere with the formation reaction of aluminum hydroxide,
which should be the main product of the hydrolysis of the coagulant at the pH of the
natural waters tested.

Moreover, the results of Fig. 4 indicate, just as in distilled water, that there is no
restabilization of the particles formed even beyond the optimum and therefore for an
excess of coagulant. This is explained by the presence of several competitive mechanisms
between the hydrolyzed aluminum species (soluble or insoluble) and the humic material.
However, the coagulation-flocculation mechanisms of humic acid in the presence of
mineralized water may differ significantly from those observed in distilled water.

Our experiments highlighted a range of pH values for which the elimination of HA is
optimal and which is acidic to neutral for distilled water and close to 7 for strongly
buffered mineralized waters of the Biskra region. It can thus be assumed that the increase
in mineralization and, in particular, that of promoter inorganic elements (calcium,
magnesium) could widen the optimal pH range.

In the case of distilled water, whose pH is acidic and can be lower than 5, there was
essentially complexation between the soluble cationic forms of aluminum and HA.

On the other hand, in mineralized waters whose pH is close to neutrality, the formation
of a significant quantity of Al(OH)scan take place and promote a phenomenon of physical
adsorption or an exchange of ligand with the OH- at the surface of this hydroxide. In
addition, the mineral component of these waters and especially the cations such as
calcium or magnesium can promote a bridging effect between the HA and the aluminum
hydroxide sites or even with the soluble anionic forms of aluminum for basic pH.
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Stoichiometric relationship between coagulant dosage and HA in saline water.

It is obvious that the mineral composition of the groundwater tested contributed to the
variation in coagulant demands, probably involving different HA flocculation
mechanisms depending on the nature and the relative proportions of characteristic
elements of the mineral matrix of the waters.

For distilled water, we will try to establish a stoichiometric relationship between the
optimal dose of coagulant and the initial concentration of HA for each of the mineralized
waters. The adjustment of the pairs of values of the two aforementioned parameters by
the method of linear least squares results in several relationships. These vary according
to the mineral characteristics of each water and are valid for HA concentrations between
1 and 20 mg/l (Table 5).

By comparing the results in mineralized waters with those in distilled water, we can
deduce that such a relationship still exists, despite the change in mineralization of the HA
dilution medium .

Therefore, for water that is both loaded with humic substances and highly mineralized, it
is reasonable to assume that the optimization of the coagulant dosage is closely linked to
the concentration of humic material but also to the inorganic content and to the associated
proportions of promoters or inhibitory compounds with respect to the coagulation
mechanisms.

At neutral pH, speciation of positively charged Al species decreases with increasing
temperature (Edzwald and Tobiason, 1999). This can lead to a higher dosage of alum for
waters with higher temperatures, as is the case in Algeria and particularly in the south of
the country.

Table 5: Stoichiometric relationship between coagulant and HA for various salinities
of water. Y= coagulant dose; X= Co initial concentration of HA.

Water dilution of HA

Distilled water (pH=7) Drouh Wadi Biskra Ben Nacer Garden
Y=2X Y=4X Y=3X Y=2X
RZ=1 R2=0.990 R?=0.972 R?=0.995
CONCLUSION

Through this study, we pointed out that the tested humic acid (HA) has properties typical
of weak anionic polyelectrolytes. It is characterized by a molecular weight of several
thousand and contains weakly acidic functional groups such as carboxylic and phenolic
groups. Our experiment aimed to study the behavior of this humic acid dissolved in waters
of varying salinity during the process of coagulation-flocculation by aluminum sulfate.
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In general, when aluminum sulfate is used as a coagulant, positively charged aluminum
hydrolysis species will complex with negatively charged humic substances, followed by
precipitation and/or adsorption onto aluminum hydroxide solids. However, the
coagulation-flocculation process has revealed various mechanisms, often complex and
highly dependent on the pH of the water to be treated.

By testing humic acid in distilled water at different pH values, we concluded that pH
affects both humic acid and coagulant speciation. Consequently, the pH has a significant
influence on the coagulant demand and the effectiveness of humic acid removal by the
coagulant.

The tests carried out lead to the conclusion that the percentages of elimination of HA are
very high and improve when the initial concentration of these humic substances increases,
regardless of the dilution water (distilled water or mineralized water). Furthermore, the
exploitation of the results of the jar test has shown that a stoichiometric relationship is
always verifiable regardless of the medium of dilution of the HA and, in particular, the
salinity of water. However, the stoichiometric coefficient of each relationship established
seems to vary according to the constituents of the mineral matrix of water. This
relationship depends on the type of organic substances to be treated, the type of coagulant
and the conditions of the solution (such as pH, hardness, sulfate, alkalinity and
temperature). The mineral composition of the waters we tested contributed to the variation
in coagulant demands, probably involving different coagulation mechanisms of HA,
depending on the nature and relative proportions of promoter mineral ions such as calcium
and magnesium or possibly inhibitors such as bicarbonates or sulfates.

The existence of stoichiometric relationships between the concentrations of humic
material and the optimal dose of coagulant is of real interest from a practical point of
view. The extrapolation of these laws to the coagulation-flocculation of surface waters
will, however, require the determination of more general relations taking into account not
only the content and the nature of the organic matter of these waters but also of its mineral
component and its effects on the speciation of coagulant and organic matter.
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