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THE INFLUENCE OF MUNICIPAL SEWAGE AND
HUMIC SUBSTANCES ON CALCIUM AND
MAGNESIUM CONCENTRATIONS IN RIVERINE WATER

The investigations were carried out with riverine water samples collected from the Odra and its tribu-
tary, the Otawa. As shown by the results obtained, biochemical degradation of organic pollutants con-
comitant with biocoagulation phenomena brought about a change in the concentration of calcium and
magnesium cations in water, and a new state of calcium—magnesium equilibrium in the double-layer
humus complex was established. As a result, calcium concentrations in the riverine water began to vary,
but these variations were not substantial. Those processes had an indirect influence on the concentration
of magnesium. When after addition of municipal sewage to the water investigated the value of the Ca/Mg
molar ratio fell below that of the calcium—magnesium equilibrium in the humus complex, magnesium
content decreased in the course of biochemical degradation. But when the Ca/Mg ratio was higher than
that of the calcium—magnesium equilibrium, the concentration of magnesium rose. As a result of those
processes, the value of the Ca/Mg ratio in the water investigated approached that of the calcium—
magnesium equilibrium in the humus complex. The investigations corroborated the ionic character of
biocoagulation, because the change in the concentration of calcium and magnesium cations induced by
these processes showed an equivalent correspondence with the concomitant change in alkalinity. The
results were substantiated by the data of statistical analysis for 6 rivers chosen (189 cross-sections, 10-
year period). As shown by these data, magnesium concentrations are described by the function y = a/x +
bx + ¢, where x = Ca/Mg, and a, b, ¢ are constants.

1. INTRODUCTION

Calcium and magnesium ions in natural water are amongst the most frequent alka-
line-earth metals that occur in the environment. The concentration of the cations in
riverine water varies, depending on the geological structure of the catchment area, the
system of management, the value of discharge and the processes that occur in the wa-
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ter (including biochemical processes).

Both calcium and magnesium come predominantly from the dissolution of mineral
deposits, e.g. dolomites or magnesites, due to the action of precipitation water penetrat-
ing the soil. In agricultural areas, generally fed with calcium- and magnesium-containing
fertilizers, the infiltering precipitation water becomes enriched with these cations. In idle
land, calcium- and magnesium-enrichment of precipitation water is much poorer, so
there are favourable conditions for continuing soil degradation by podsolization as
a result of gradual runoff (due to acid precipitation) of calcium, magnesium and humic
substances together with the heavy metals accumulating in them [1].

Another factor that affects the concentration of calcium and magnesium in riverine
water is a number of processes induced by the discharge of wastewater polluted with
organic substances [2]. As a result, there is a decrement in calcium and magnesium
content. The phenomena mentioned should be attributed to the biochemical degrada-
tion occurring in the water and to the presence of humic substances.

Humic substances are amongst the major components of surface water. They occur
in the form of metal-humic acid complexes, mostly Ca—humic acid or Mg—humic acid.
The cations are bound in the absorption phase (by functional groups, e.g. carboxylic or
phenolic) and in the diffuse layer. For the anticipated calcium and magnesium concen-
tration or for the Ca/Mg molar ratio, the equilibrium state is established in terms of the
Donnan equilibrium concept. The ability of the complex to bind calcium and magne-
sium is pH-dependent; in other words, it also depends on the dissociation of the func-
tional groups.

The calcium—magnesium equilibrium of the complex depends primarily on the cal-
cium and magnesium concentration in the water. In other words, this is such
a Ca/Mg molar ratio at which (as it has been found in the Odra and the Otawa river
water samples) the exchange potentials of the two cations in the humus complex are in
equilibrium. When the Ca/Mg ratio value is lower than that of the equilibrium state,
the calcium and magnesium cations enter and leave the humic acid complex according
to the following sequence:

H > Pb, Cu, Fe’*> Zn > Fe’*> Ni > Co > Mn > Mg > Ca > Ba. (1)

The energy of the complex decomposition is described by the same sequence in the
opposite direction [3]. When the Ca/Mg ratio takes the values greater than those of the
equilibrium, the sequence will change, and the calcium cation will be on the left-hand
side of the magnesium cation and will display a higher energy of entry and a lower
energy of exit than magnesium cation. This phenomenon will be referred to as ‘con-
centration effect’.

The value of the Ca/Mg ratio at which the calcium—magnesium equilibrium oc-
curs can be determined by a variety of methods. One of these consists in determin-
ing calcium and magnesium concentration variations following coagulation with an
iron or an aluminium coagulant. It is necessary to repeat coagulation of water sam-
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ples at least 10 times in 7-day intervals. Thereafter, the variations of calcium and
magnesium content should be related to the value of the Ca/Mg ratio. The equilib-
rium value is the one at which the decrement and the increment of the cations of
interest are minimal [4].

Another method relates the colour intensity of the water and iron concentration
(from at least 10 physicochemical analyses in one-week intervals) to the Ca/Mg
molar ratio for the water under study. The calcium—magnesium equilibrium point
for the humus complex corresponds to the value of the Ca/Mg ratio at which the
lowest colour intensity and iron concentration were measured, or to the reflection
point of the curves which relate colour intensity and iron concentration to the
Ca/Mg ratio (figure 1) [4].
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Fig. 1. Effect of Ca/Mg molar ratio on colour intensity
and iron concentration (for the Otawa)

In another method (which also involves at least 10 physicochemical analyses in
one-week intervals), average molar or normal calcium and magnesium concentrations
and thereafter the Ca/Mg molar ratio are calculated. The value of the Ca/Mg ratio ob-
tained via the above procedure is approximately equivalent to the equilibrium value
(table 1) [5]. Thus, for the Odra river the Ca/Mg ratio value at which the calcium—
magnesium equilibrium 4 occurs ranges from 2 to 3 and for the Otawa river it exceeds
3.5 [4]. The investigated riverine water showed a higher affinity for magnesium than
for calcium cations [5].
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Table 1
Average calcium and magnesium concentrations as well as Ca/Mg equilibrium values
.. Average concentration, Experimental
Origin of water dgeg. of hard. Ca/MgA ValuSS of Ca/Mg | Period of study
samples molar ratio ey
Ca Mg equilibrium
The Odra 10.00 4.57 2.18 2.20 03 to 05 1991
Infiltration water 12.27 3.22 3.81 4,00 03 to 06 1991
and the Otawa water
The Odra 8.31 4.23 1.96 1.95 01 to 03 1998
The Odra 9.30 4.30 2.81 3.00 03 to 05 1996
The Odra 9.20 3.60 2.55 2.55 01 to 03 1998
The Otawa 15.00 4.0 3.72 4.00 07 to 10 1998
The Otawa 14.57 4.10 3.55 3.60 03 to 07 1999
The Odra 8.01 3.33 2.40 2.40 03 to 07 1999
The Odra 10.23 4.73 2.16 2.15 10 to 12 1999
The Odra 8.87 3.68 2.43 2.50 08 to 09 2000
2. METHODS

The experiments were carried out with riverine water samples collected from the
Odra (263 km from the source) and from its tributary the Otawa (1 km from the Otawa
and the Odra confluence). The samples (of a 10 dm® volume each) were treated with
municipal sewage (after one-hour sedimentation) in varying amounts (0; 0.75 dm’;
1.50 dm®). Tap water-based samples treated with natural humic substances and mu-
nicipal sewage as well as with CaCl, or MgSO, were also investigated. The samples
prepared via the above route were aerated at a constant temperature and a rate of 3.0
dm’/h for 15-21 days. Every 48 hours, after sedimentation, samples were taken for
physicochemical analysis to determine organic matter concentration (BODs, COD,
and TOC), calcium and magnesium content and hardness. Both rivers investigated did
not much differ in the levels of organic pollutants. Humic acid concentrations varied
from 2 to 7 g/m’ and coloured matter content ranged between 15 and 80 g/m’.

3. RESULTS

One of the major processes that occur in polluted water is biochemical degradation
of organic substances. As a result, the number of bacteria, which initially increase
(e.g., in the aerated Odra water samples (10 dm’ + 1.5 dm® of municipal sewage) up to
63-10°/cm’), begin to decrease dramatically following biocoagulation (down to
15-10°/cm’ in the same sample) (figure 2). Biocoagulation, which generally was initi-
ated after 48 hrs of aeration, brought about not only a substantial decrement in the
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number of bacteria, but also a considerable removal efficiency for organic matter (up
to 85%) and cations (Me”") binding to organic complex.
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Fig. 2. Colour, BOD, TOC (a) and nitrogen concentration (b) versus time in aerated water
of the Odra river (samples treated with 1.5 dm® of municipal sewage)
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Fig. 2. Zeta potential versus timc in aerated water of the Odra river
(samples treated with 1.5 dm® of municipal sewage)

Other biochemical processes that occur in polluted water can be itemized as follows:
ammonification, nitrification, and (less frequently) denitrification in the near-bottom
zone. As a result of ammonification, the concentration of ammonia nitrogen was found
to increase mostly after 48 or 120 hrs of aeration (the Odra river sample in figure 2b).
The nitrification process involved two stages with a considerable rise in the concentra-
tion of nitrites (figure 2b, with a maximum after 7-9 days of aeration) at the first stage,
and a considerable rise in the concentration of nitrates in the second stage. The processes
mentioned were concomitant with relevant calcium and magnesium concentration, as
well as with a decrease in the zeta potential value (which dropped from —18.4 mV to —
13.0 mV in the sample mixed with municipal sewage, figure 2c).

4. PHYSICOCHEMICAL PHENOMENA INVOLVED IN
BIOCHEMICAL DEGRADATION

The biocoagulation process that runs in an aquatic environment is associated with
a number of physicochemical phenomena, which occur on the surface of bacterial cell
membranes. Bacteria growing in polluted water have the ability to bind cations, espe-
cially those of calcium and magnesium, to the polysaccharide cell walls, owing to the
production of bonds with carboxylic groups and phosphatic groups at low pH and high
pH, respectively. Besides the processes of Me*" cation binding also sorption takes place.
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As a result, net total surface charge density at higher calcium concentration takes posi-
tive values [7], [8], and the resulting zeta potential is also positive. Hence, the binding
process occurs on the surface of both bacteria and humic substance, as well as on any
other pollutants with a negative zeta potential. And there is also sorption of pollutants on
the surface of destabilized bacteria agglomerates. The biocoagulation process is paral-
leled by a slight variation in the zeta potential despite a considerable removal of pollut-
ants (figure 2). This is an indication that humic acids and other polluting species are
bound to the surface of positively charged bacterial cells, thus forming a negatively
charged organic complex. In that way, the chemical biodegradation process contributes
to the removal of divalent cations from the solution (figure 2).

Depending on the calcium and magnesium concentration established by adding
municipal sewage or an inert calcium or magnesium salt to the Odra and the Otawa
water samples in the course of biochemical degradation, the value of the Ca/Mg ratio
increased or decreased (figure 3, aerated samples collected from both the rivers). Col-
our intensity decreased and so did BOD:s. In the control samples (with no addition of
municipal sewage), calcium and magnesium concentrations as well as the Ca/Mg ratio
varied only slightly.
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Fig. 3. Effect of Ca/Mg molar ratio on BODs and colour intensity in aerated water of the Otawa river

(1 — the Otawa water + 1.5 dm® of municipal sewage + 9 mg of Mg/dm’,
2 — the Otawa water + 1.5 dm® of municipal sewage)

The variations of the Ca/Mg ratio in the course of biochemical degradation should
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be attributed to the physicochemical properties of the humic substances and to the
calcium—magnesium equilibrium established in the humus complex or rather in the
organic complex.

If following municipal sewage addition the Ca/Mg ratio takes values lower than
that of the equilibrium, the decrement in divalent cations (Me”"), i.e. those of calcium
and magnesium, as a result of bacterial growth will equalise (in terms of the Donnan
principle) the concentrations of both cations in the diffusion layer of the organic com-
plex with the concentration of the solution. Hence, the cations of a higher exit energy
(i.e. Ca®™) will be released, thus decreasing the value of the Ca/Mg ratio in the diffu-
sion layer. Consequently, the Mg®" cations enter the adsorption layer of the complex,
and the Mg”" cations will also leave the solution and enter the diffusion layer of the
complex until the state of equilibrium has been achieved. The number of magnesium
cations which entered the complex corresponded equivalently to the ratio of the con-
centration of the calcium cations that left the adsorption layer to the equilibrium
Ca/Mg molar ratio (Ca/Mg = A). That is why calcium concentration in the water re-
mains stable or slightly decreases, magnesium concentration generally decreases (fig-
ure 4), and the Ca/Mg ratio increases. As a result, the net total surface density of the
organic complex charge decreases, and so does the stability of the complex, which is
indicated by the decrease in colour density (figure 3).
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Fig. 4. Effect of Ca/Mg ratio molar on calcium and magnesium concentrations
in aerated water of the Otawa river
(1 — the Olawa water + 1.5 dm® of municipal sewage + 10 mg of Mg/md’,
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2 — the Otawa water + 1.5 dm® of municipal sewage)

If after addition of municipal sewage the Ca/Mg ratio takes the values higher than
that of the equilibrium, the decrement of calcium and magnesium in the water due to
bacterial growth will make the magnesium cations leave the complex, which is in agree-
ment with the Donnan principle and with the concentration effect. Thus, in the water,
magnesium concentration will increase and the Ca/Mg ratio value will decrease. When
magnesium cations leave the diffuse layer, there will be a concomitant increase of the
Ca/Mg ratio values, which will probably make the calcium cations pass from the diffuse
layer to the adsorption layer of the complex. Consequently, there will be a decrement of
the surface charge density, which deteriorates the stability of the complex
(a response to both phenomena is a decrease in colour intensity) (figure 3).

The stabilisation of the calcium—magnesium equilibrium in the complex resulting
from the calcium and magnesium decrement produced by the biodegradation process
indicates that the value of the Ca/Mg molar ratio varies in the course of the process to
approach the equilibrium value. This happens irrespective of whether the Ca/Mg ratio
stabilises below or above the equilibrium value after addition of municipal sewage.
The calculated value of the Ca/Mg ratio (on the basis of average measured calcium
and magnesium concentrations) approaches that of the equilibrium (table 1).

5. PHYSICOCHEMICAL PHENOMENA CONCOMITANT
WITH BIOCOAGULATION

The processes, which occur in water, are connected with these that occur in the
sludge deposited on the bottom as a result of biocoagulation. The sludge biochemical
processes release calcium and magnesium to water which next are bounded to organic
complex. These processes are responsible for rather low content of these cations in the
organic fractions of sludge after aeration (Mg”", 0.5-1.6%, Ca*", 3.2-8.7%). It is much
less than the value of decrement, for example, of magnesium after biocoagulation
(figure 2). This process caused also a decrease in alkalinity. The alkalinity, in general,
is influenced by biochemical changes of nitrogen compounds [9]:

e nitrification which runs according to equation (2) [5] produces an alkalinity de-
crease of 0.142 mval/l mg Ny :

NH] +20, > NOj + H,0 + 2H", )

e denitrification which proceeds according to equation (3) brings about an alkalin-
ity increase of 0.071 mval/l mg Nyp;:

NO; + 1/2 H,0 = 1/2 N, + 5/2 [0] + OH, 3)
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e ammonification which follows equation (4) results in an alkalinity rise of 0.071
mval/l mg N,:

Noe tH:O— NH, +OH @))

e incorporation, i.e. binding of ammonia nitrogen by growing biomass, according
to equation (5) contributes to an alkalinity decrement of 0.071 mval/l mg Nyp::
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Fig. 5. Effect of BODs on alkalinity decrement due to biocoagulation in aerated riverine water samples

If we balance the alkalinity variations induced by the conversion of nitrogen com-
pounds (nitrification, denitrification, incorporation of ammonia nitrogen, ammonifica-
tion), it will be possible to determine — by taking into account the difference between ini-
tial (after addition of municipal sewage) and final (after termination of the process)
alkalinity — the BODs-related decrement in alkalinity which results from the binding of
Ca’" and Mg”" cations by the biomass. This linear relationship allows the alkalinity varia-
tions to be correlated quantitatively with the BODs load. Relevant values obtained in our
study averaged 0.04 meq/mg BOD:s (figure 5). And this substantiates a close relation be-
tween the course of the biocoagulation and the kinetics of biochemical degradation. As
mentioned earlier, the decrement of cations produced by biocoagulation is concomitant
with some phenomena, which should be attributed to the properties of humic substances,
i.e. with the stabilisation of the calcium and magnesium cation equilibrium in the double-
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layer complex. And this process is associated either with the decrement or increment of
magnesium. The resulting variations in equivalent Mg**concentration and the decrement
in alkalinity are generally similar (figure 6).
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Fig. 6. Effect of alkalinity decrement due to biocoagulation on the equilibrium concentration
of magnesium in aerated riverine water

Analysis of magnesium variations (mostly with the tendency to decrease) as
a function of BODs removal in the several rivers of our choice revealed the value
which ranged from 0.027 to 0.36 meq Mg”"/mg BOD; (table 2) [5].

Table 2

Effect of BODs decrement on the variations of magnesium concentration
in cross-sections chosen

. A Mg2+

River ABZL. 7T, meq/mg O,
The Biata Gtuchotaska 0.027
The Kaczawa 0.104
The Nysa Ktodzka 0.027
The Nysa Szalona 0.083
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The Otawa 0.059 to 0.306
The Odra 0.039 to 0.357

6. STATISTICAL ANALYSIS OF CONCENTRATION VARIATIONS
OF CALCIUM AND MAGNESIUM IN POLISH RIVERS OF OUR CHOICE

In order to verify the results of laboratory tests, statistical analysis was carried out for
BOD:s, calcium and magnesium variations as a function of the Ca/Mg molar ratio. Rele-
vant data were obtained from the Institute of Meteorology and Water Management, Wro-
ctaw. The above factors were analyzed in the water of the following rivers: the Vistula (11
cross-sections), the Odra (10 cross-sections), and the tributaries of our choice to both the
rivers (the Nysa Luzycka, the Warta, the Ina and the Bug with 1 cross-section each). The
data covered the time span of 1988—1999 and were collected in the cross-sections of 189
rivers. The results of statistical analysis corroborated those of the laboratory tests. Posi-
tive correlations of the relationship Mg = f(Ca/Mg) (significance level a < 0.01, correla-
tion coefficient » > 0.6, number of measuring sites n > 20) were established for over 90%
of the 189 cross-sections analysed within 10 years. In the majority of instances, the rela-
tion Mg = f(Ca/Mg) was described by the following curve (figure 7):

y=%+bx+c, (6)

where x = Ca/Mg, a, b, c are rare constants, and y stands for Mg2+ concentration in
mg/dm’. However, in some cases the reation in question is linear

y=ax+b, (7

where x, y, a, b have the same notation as above.
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Fig. 7. Effect of Ca/Mg molar ratio on magnesium concentration in the Vistula water
(63.7 km from the source)

Accepting the above assumptions, a positive correlation for the relation Ca*" =
f(Ca/Mg) was obtained only in approximately 26% of cases, and this is in agreement
with the results of laboratory tests. The proportion of positive correlations for BODs =
f(Ca/Mg) approached 9%, mainly for polluted water samples.

7. SUMMARY

As shown by the results of the study, calcium and magnesium concentrations
in the polluted water tested were influenced by the biochemical biodegradation
process in water and the sludge deposited at the river bottom as a result of bioco-
agulation. The change in concentration of metal cations (Me”") (with a rate ap-
proaching 0.045 meq/mg BODs) brought about a new state of cation equilibrium in
the double-layer humus substances in organic complex and in the water. As a result,
calcium concentration underwent certain (but not considerable) variations. The proc-
ess mentioned above had an indirect influence on the concentration of magnesium.
When after addition of municipal sewage the value of the Ca/Mg molar ratio stabilised
below the calcium—magnesium equilibrium value in the complex, the concentration of
magnesium decreased in the course of biochemical degradation. But when following
wastewater addition the Ca/Mg ratio took values greater than that of the equilibrium,
magnesium concentration increased. As a result, the value of the Ca/Mg molar ratio in
the water tested was in the range of that of the calcium—magnesium equilibrium in the
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complex. Statistical analysis of the data obtained for several Polish rivers of our
choice within 10 years showed that in over 90% of the 189 cross-sections investigated
magnesium concentration depended on the Ca/Mg molar ratio described by the func-
tion y = a/x + bx + ¢. Calcium concentration was positively correlated with the Ca/Mg
ratio only in 26% of instances.
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WPLYW SCIEKOW MIEJSKICH ORAZ SUBSTANCIJI HUMUSOWYCH
NA STEZENIE WAPNIA I MAGNEZU W WODACH PLYNACYCH

Badania wod Odry i Otawy wykazaty, ze procesy biochemicznego utleniania wprowadzonych zanie-
czyszczen organicznych oraz towarzyszace im zjawiska biokoagulacji zmieniaty st¢zenia kationéw wap-
nia i magnezu. W wyniku tych proceséw ustalat si¢ nowy stan rownowagi wapnia i magnezu w warstwie
podwojnej kompleksu humusowego. W nastgpstwie tych zjawisk st¢zenie wapnia w badanych wodach
wabhalo sig, lecz nie ulegato zasadniczym zmianom. Procesy te wptywaja posrednio na st¢zenie magnezu.
Jezeli w wyniku wprowadzenia $ciekow do wody warto$¢ stosunku molowego Ca/Mg ustalita si¢ ponizej
stosunku roéwnowagowego wapnia i magnezu, to w kompleksie humusowym stezenie magnezu malato
W miarg postgpu proceséw biochemicznego rozktadu. Natomiast w przypadku, gdy wartos¢ tego stosun-
ku byta wigksza od rownowagowego, st¢zenie magnezu rosto. W wyniku tych procesow warto$¢ stosun-
ku molowego Ca/Mg w badanych wodach wahata si¢ w granicach warto$ci réwnowagi wapniowo-
magnezowej kompleksu humusowego. Badania potwierdzily jonowy charakter biokoagulacji, gdyz
zmiana st¢zenia kationdw wapnia i magnezu wywotana tymi procesami odpowiadata rownowazniko-
Wwo zwiazanej z niag zmiang zasadowosci. Wyniki te potwierdzita analiza statystyczna dla wybranych
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6 rzek (189 przekrojow z 10 lat). Wykazata ona, Ze stgzenie magnezu opisuje funkcja y = a/x + bx + ¢,
gdzie x = Ca/Mg, a, b, c sa stale.
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