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Abstract The purpose of this work was to study the
risks of water pollution due to the use of mixtures con-
taining wood ash and sewage sludge. Mixtures including
sludge and ash may be recycled as fertilizers, and they are
economical as they do not integrate commercial limes, but
Escherichia coli counts may keep significantly high in
such mixtures, because their pH is not alkaline enough. In
view of that, it seems interesting to study the E. coli
survival in lixiviate from ash—sludge mixtures including
limes rather than from ash—sludge mixtures alone. Two
kinds of experiments were performed using laboratory
column trials under saturated flow conditions. The first
experiment investigated the chemical leaching behaviour
of a mixture of 70% timber-industry wood ashes and 30%
urban sewage sludge (% dry weight) at doses equivalent
to 10 and 30 Mg/ha. The second experiment studied the
survival of E. coli in lixiviates generated from 30 Mg/ha
of a mixture consisting in 75% wood ash, 20% sewage
sludge and 5% quicklime (% dry weight). In the first
experiment, admixture of the ash and sludge achieved a
stabilization of elements such as aluminium, iron, mag-
nesium, nickle, carbon monoxide, cadmium, chromium
and molybdenum that reduced their solubility compared
with that in the ash or sludge alone. Significant
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solubilisation of heavy metals was not observed, with
overall minor risk of chemical water pollution. In the
second experiment, although including quicklime E. coli
counts were still detected in the lixiviate, indicating risk
of water contamination.
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Introduction

Linked to minimizing the risks of water pollution, the
management of organic waste products is a key element of
any regional environmental policy. Increasingly, decision
makers aim to use these products in some way, rather than
by simply dumping, storing or incinerating them (Sumner
2000). A common option is to use organic wastes as fer-
tilizer and/or soil conditioner, thus making productive use
of their nutrient content, and taking advantage of the soil’s
ability to neutralize and/or to slow the passage of con-
taminants into water bodies.

In the timber industry, many factories use non-timber
waste biomass as a combustion fuel for energy production.
This gives rise to a wood ash with characteristics depen-
dent on the raw material and on the combustion process
(Demeyer et al. 2001; Pitman 2006). Although particle size
shows correlations with certain physicochemical proper-
ties, in general the main components of these ashes are
calcium, potassium and magnesium. Sulphur, phosphorus
and manganese are present at concentrations of about 1%,
while iron, aluminium, copper, zinc, sodium, silicon and
boron are present at lower concentrations. Nitrogen is
present in very small quantities, since it is volatilized
during combustion as NHj;, NO, or N,. Neutralizing
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capacity is about 25-50% w/w of that of calcium carbonate
(Sumner 2000). Wood ashes with similar characteristics are
used for liming and fertilizing acid soils. However, Lun-
dstrom et al. (2003a) found that treatment of certain types
of soil with ashes may lead to important changes in the
soil’s water quality, notably in inorganic aluminium con-
tent, organic carbon content, sulphate content and nitrate
content (Lundstrom et al. 2003b), as well as low-molecu-
lar-weight compounds (Holmstrom et al. 2003).

Sludge from wurban Wastewater treatment plants
(WTTPs) are likewise produced in very large amounts. The
composition of the sludge depends on the characteristics of
the waste entering the WTTP, and on the treatment pro-
cedures applied to the wastes and the resulting sludge. In
general, this sludge is rich in organic matter, and contains
variable amounts of nitrogen, phosphorus and potassium
and in some cases significant amounts of heavy metals,
notably zinc, chromium, copper and lead (Canet et al.
1998). The use of WTTP sludge as organic soil condi-
tioners and fertilizers has increased. For example, data for
the year 2005 from the Spanish Ministry of the Environ-
ment indicate that 65% of WTTP sludge produced in Spain
was applied to agricultural land. Despite their widespread
agricultural use, WTTP sludge may indicate significant
handling problems for farmers. Some studies have detected
apparent contamination of water bodies, mainly by nitrates
and phosphates, in areas in which WTTP sludge are applied
to agricultural land (Shepherd and Withers 2001; Cravotta
1998). It is thus important to pay special attention to these
ions, in view of their repercussions for drinking water
quality or algae proliferation. It is also important to con-
sider the levels of microbial pathogens and indicators of
faecal contamination (Wéry et al. 2008), which may be
drastically reduced by appropriate chemical treatments.

Various authors have studied mixtures of coal ash and
diverse biosolids (Jackson et al. 1999; Schumann and
Sumner 2000; Abbott et al. 2001), and have identified
several mixtures with apparently useful properties. Kuba
et al. (2008) have also studied admixture of wood ash to
organic wastes in order to improve compost.

In the present study, it is used a mixture of a timber-
industry wood ash (70% dry weight) and a WTTP sludge
(30% dry weight) with high bioavailable levels of calcium,
potassium and magnesium, and acceptably low bioavail-
able levels of heavy metals (Pousada et al. 2003). A priori,
however, it cannot be ruled out the possibility that leaching
by rainfall and surface runoff may lead to the formation of
more soluble forms of these components which are initially
less mobile but may eventually give rise to contamination
of water bodies (Gitari et al. 2010). With the challenge of
assessing this risk of water pollution, there were performed
laboratory column trials, as per Nuilez et al. (1997), aimed
at characterizing nutrient and contaminant transport from
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ash—sludge mixtures. Column trials and leaching tests have
been used in related studies (Chirenje et al. 2002; Dalgren
et al. 2011; Pettersson et al. 2008a, b; Stiernstrom et al.
2011; Yeheyis et al. 2009), even as a tool for characterizing
nutrient and contaminant release from wood ash or ashes
from co-combustion of sewage sludge to the soil and
groundwater, but not from wood ash/sewage sludge mix-
tures in this way. Column trials were also performed with
the aim of studying the E. coli survival in lixiviate from
ash—sludge mixtures including limes rather than from ash—
sludge mixtures alone, which, as long as it is known, was
not previously done. The research was carried out in 2006,
at the Department of Soil Science and Agricultural
Chemistry and at the Reference Laboratory on E. coli, both
in the city of Lugo, Univ. Santiago de Compostela (Spain).

Materials and methods

Two kinds of experiments were carried out in order to
determine, in first place, the chemical leaching behaviour
of a sewage sludge and wood ash mixture and in second
place the survival of E. coli in lixiviates generated from a
mixture of sewage sludge, wood ash and quicklime. Then,
two types of mixtures were prepared for the experiments
due to various considerations that connect it. On the one
hand, mixtures including only sludge and ash may be
recycled as fertilizers, and they are more economical as
they do not integrate commercial limes. On the other hand,
our previous studies on storage experiments have shown
that E. coli counts keep significantly high in mixtures
including only sludge and ash, because their pH is not
alkaline enough. Samaras et al. (2008) also reported pH
levels below 10 in mixtures 1:1, 1:2 and 2:1 (dry weight
basis, w/w) of fly ash-sewage sludge. In view of that, it
seems interesting to study the E. coli survival in lixiviate
from ash—sludge mixtures including limes rather than from
ash—sludge mixtures alone.

Chemical analysis of lixiviates from the ash—sludge
mixture

With regard to the first experiment, the ash—sludge mixture
(70:30% by dry weight) was prepared as described by
Pousada et al. (2003). The ashes were bottom ashes from
the furnace of a timber-processing factory run by Tablicia
S.A. (Nadela, Lugo, Spain); the sludge was from the
WTTP of the city of Lugo. The mixture was stored for
60 days after preparation, to ensure physical and chemical
stabilization. Column trials were performed with four
polyethylene columns (15 cm high, 5.5 cm internal diam-
eter at top, 4.7 cm internal diameter at bottom). Columns
were not packed with soil or any other matrix. To prevent
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losses of solid material, the bottom of the column was
covered with a layer of cotton cloth and a 1-mm-mesh
nylon gauze. The columns were loaded with 1.73 or 5.20 g
of ash—sludge mixture (equivalent to 10 or 30 Mg/ha) (i.e.
n = 2 columns per treatment), then fed with distilled water
from a main tank via an intermediate tank fitted with a float
control valve, with the aim of maintaining a constant level
and thus saturation flow in the columns. The bottom exit of
each column fed to 250-cm® bottles. During the experi-
ment, N, gas was circulated through the tubing when lig-
uids were not being passed, to ensure reducing conditions
at all times (as per Nufiez et al. 1997). Lixiviates were
collected in a total of 12 bottles per column, the first 7
containing 120 cm® of percolate, the remaining 5 con-
taining 240 cm® of percolate, giving a total 2.04 litres per
column. The total time of the experiment was 10 and one-
half hours. The amount of water is equivalent to 1,176 mm
of rain (i.e. 1 year of precipitation in Lugo, Spain). In all
lixiviates pH and electrical conductivity (EC) were deter-
mined by electrometric methods immediately after collec-
tion. Chemical oxygen demand (COD) was determined on
the basis of oxidation of dichromate in acid medium
(APHA 1998). Ammonium and nitrates, as well as soluble
phosphorus, were determined as per APHA (1998). In
addition, Ca, Mg, Na, K, Fe, Al, Mn, Zn, Ni, Cu, Co, Cd,
Cr, Pb, B, As, Mo, and S were determined by inductively
coupled plasma optical emission spectroscopy (ICP-OES).

Microbiological analysis of lixiviates from the ash—
sludge—quicklime mixture

Only one column was used for this experiment, and all its
components were sterilized. The glass column of a 33.2-
cm? transversal section had an adapted layer of two meshes
with a cotton cloth between them. In order to work asep-
tically, the system was cleaned with ethanol before per-
forming the experiment. The mixture used consisted of
75% wood ash, 20% sewage sludge, and 5% quicklime
from CEDIE S.A. (Barco de Valdeorras, Ourense, Spain)
(% dry weight). The mixture was stored for 7 days to
ensure physical and chemical stabilization before being
introduced into the column. This column received 829 mm
of distilled water corresponding to 70% of the rainfalls in
Lugo during a 1-year period. A total of eight samples were
regularly collected in sterilized PET bottles of 100 mL.
The total volume of circulating water was 2.7 L (according
to the rain falling simulated and the column surface) with a
leaching time of 7 h.

The Escherichia coli most probable number (E. coli-
MPN) was determined using batches with nine tubes of
Mac Conkey broth per sample. Three of the tubes
(10 mL double concentration of Mac Conkey medium),
were inoculated with 10 mL of sample; three tubes

(5 mL simple concentration) were inoculated with 1 mL;
and the other three (5 mL simple concentration) with
0.1 mL. The inoculated tubes were incubated 24-48 h at
37°C. Those tubes which showed colour change due to
the acidity, turbidity and gas production were considered
positive for total coliforms. To confirm the E. coli
presence, new tubes were inoculated with those positive
and incubated 48 h at 44°C. The E. coli-MPN is calcu-
lated through a table according to the number of positive
tubes at 44°C.

The experiments above described were independent and
adjusted to their different purposes.

Results and discussion
Chemical analysis

The leaching time-courses from the first experiment are
summarized in Fig. 1 for pH, Fig. 2 for EC, and Figs. 3, 4,
5, 6,7, 8,9 for different components.

The pH profiles (Fig. 1) were very similar in the four
columns, remaining between 6 and 7.5 throughout the tri-
als, although values were slightly higher in columns con-
taining the ash—sludge mixture at a dose equivalent to
30 Mg/ha. The frequent short-term increases in pH seem to
indicate loss of basic cations to the aqueous medium at
different stages in the trials, possibly due to the presence in
the mixture of substances with different weathering, so that
in the end pH remains relatively stable despite the leaching.
This explanation is plausible given that bottom ashes typ-
ically contain components that have been subject to vary-
ing degrees of combustion, and as a result both oxides and
carbonates of calcium, magnesium and potassium may be
present; these compounds clearly have different solubility
in water, and thus their passage to the soluble form at
different times favours maintenance of near-neutral pH.
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Fig. 1 Time-courses of pH in the column leachates
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Fig. 6 Time-courses of S concentration in the column leachates

Electrical conductivity (Fig. 2) likewise showed similar
behaviour in all four columns, although values were the
highest in the columns containing the higher ash—sludge
dose. EC increased rapidly in the first few samples, then
gradually declined, reaching a plateau after about the first
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litre of lixiviate, which is characteristic in experiments of
this type. In other words, the weathering of the most labile
components produced considerable ionic load at the outset;
once these ions had been leached, ionic load in the lixivi-
ates remained almost constant, but much lower, reflecting
weathering of less labile components with slower reaction
rates; this effect was sufficient to maintain pH at a more or
less constant level until the end of the experiment (total
lixiviate volume 2.04 L) (Figs. 1, 2).

Chemical oxygen demand in lixiviates showed frequent
oscillations throughout the study period (Fig. 3), reflecting
the solubilisation of different oxidizable substances at
different times in the experiment. It seems likely that the
unequal degree of combustion of the ash components leads
to the presence of substances with differing degrees of
oxidation, and thus differing degrees of reactivity with
dichromate. Overall, the highest levels of COD were
reached in the columns containing the ash—sludge mixture
at the lowest dose (10 Mg/ha), indicating that the higher
ratio of leaching water to ash—sludge mixture in these
columns facilitated the leaching of oxidizable substances.

Ammonium and nitrates were present in the lixiviates at
low concentrations throughout the experiment (Fig. 4).
Ammonium content was rather higher until 0.6 mL of
percolate (about 0.1 mg/L), but from this point values were
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lower than 0.05 mg/L. Nitrate content at all times remained
below 0.05 mg/L, though with rather higher levels at the
beginning of the experiment and in columns with a higher
dose of ash—sludge mixture. Total nitrate loss was also
higher from these columns. Nitrogen lost as ammonium
accounted for only 1.27% (columns with the dose of
10 Mg/ha) or 0.43% (columns with 30 Mg/ha) of the total
amount of nitrogen present in the mixture. Nitrogen lost as
nitrate accounted for 9.71% (columns with 10 Mg/ha) or
3.78% (columns with 30 Mg/ha) of the total amount of
nitrogen present in the mixture. In both cases, then, the
total loss was small, and concentrations in the lixiviate
were consistently low. Due to the reducing conditions
prevailing in the columns (i.e. saturation water content), it
seems unlikely that oxidation of ammonium or nitrates
could have occurred, so that the measured levels of both
ions should be directly related to starting contents in the
mixture.

Phosphorus content in lixiviates was at all times very
low (data not shown), which was expected since this ele-
ment is present only at low concentrations in both ashes
and sludge. Phosphorus contents were somewhat higher in
the columns containing the highest dose of ash—sludge
mixture.

Calcium, magnesium, sodium and potassium (Fig. 5)
showed very similar behaviour, with concentration
increasing very rapidly at the beginning of the experiment,
peaking at 0.24 L, and subsequently declining to a plateau
from about 0.80 L onwards. Electrical conductivity showed
a very similar time-course. The cations present at the
highest concentration were calcium and potassium, which
reached peak concentrations of 21.62 and 9.34 mg/L,
respectively. In all cases, concentrations were higher in
lixiviates from columns containing the highest dose of ash—
sludge mixture (30 Mg ha™'). When concentrations are
expressed in terms of mg per kg of ash—sludge mixture, the
total values obtained at the end of the experience (for 10
and 30 Mg/ha doses, respectively) were 2,058.55 and
1,848.04 mg/kg for Ca, 1,613.49 and 1,023.02 mg/kg for
K, 658.93 and 528.77 mg kg/for Mg, and 847.02 and
369.30 mg/kg for Na. The highest mg/kg concentrations in
columns containing the lowest doses are attributable to the
fact that both types of column received the same amount of
water, leading to greater solubilisation from the lower dose
columns due to greater contact between the leaching water
and the mixture. Solubilised Ca accounted for 23.1 and
20.7% of the total potentially available amounts at 10 and
30 Mg/ha, respectively, which indicates there is slow
release of Ca during percolation. Solubilised Mg accounted
for 60.6 and 46.7% of the total potentially available
amounts at 10 and 30 Mg/ha, respectively, meaning that
release was higher from columns with the lowest dose;
though about 40% of potentially available Mg still
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remained. Solubilised K was 134.8 and 85.4% of the total
potentially available amounts at 10 and 30 Mg/ha,
respectively; in other words, K release affected not only
potentially available K, but also less bioavailable forms.
Obviously, these values would be different if the soil was
present in the columns, but nevertheless suggest that basic
cations—notably Ca and Mg—will be released gradually
from ash—sludge mixtures of this type, indicating that they
may be of value for the liming of acid soils.

Sulphur (Fig. 6) showed similar behaviour to that of the
basic cations, with a peak at 0.2 L. and subsequent pla-
teauing out. Concentrations in lixiviate (mg/L) were higher
for columns with the highest dose of the ash-sludge
mixture.

Aluminium, iron and manganese were present, as
expected, at very low concentrations in lixiviates (Fig. 7),
given the near-neutral pH of the columns.

The remaining elements (Zn, Ni, Cu, Co, Cd, Cr and
Mo) were all present at very low concentrations in lixivi-
ates (Figs. 8, 9), with no differences between the two doses
of the ash—sludge mixture. Except for zinc, all these ele-
ments showed closely similar behaviour. The highest zinc
concentrations were observed in the earliest lixiviates, and
from 0.8 L onwards zinc concentration plateaued out to
very low levels. This was an expected result given that zinc
was present in the mixture at higher quantities than the rest
of these elements. The small quantities of these elements
(Al, Fe, Mn, Ni, Co, Cd, Cr and Mo) released in lixiviates
indicate that admixture of the ash and sludge achieved a
stabilization that reduced their solubility if compared with
that in the ash or sludge alone. This view is supported by
the fact that the content of these elements in lixiviates were
similar regardless of ash-sludge mixture dose. This
behaviour has been observed in prolonged leaching cycles,
even when using much greater quantities of material and
with metal loads much higher than these used in the present
study (Abbott et al. 2001).

In general, except in the first part of the experience, the
values found in the lixiviates for the different ions and
different conditions are similar to those reported by other
authors in experiences with lysimeters (Kahl et al. 1996),
or to those measured in brooks flowing in Finland before
and after ash treatment (Tulonen et al. 2002).

The results obtained in the present study indicate that
admixture of ash and sludge constrains the release of
potentially harmful ions in lixiviates. Of the constraining
factors, the most important appeared to be those related to
the evolution of organic matter, and to the dissolution of
oxides and carbonates present in the mixture. As a result,
the mixture maintained near-neutral pH, despite the large
volume of water percolated through the column, and
gradually released a considerable amount of calcium and
magnesium.
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Although during the experiments some organic carbon
was leached from the columns, apparently, this had no
effect on the mobilization of heavy metals. In fact, the
neutral pH generally prevailing in the columns prevented
solubilisation of most metals. This behaviour may be dif-
ferent when the ash—sludge mixture is incorporated into the
soil, since the interactions with the soil medium may
modify the release of some of these elements, as found by
Al-Wabel et al. (2002) and McLaren et al. (2003).

Microbiological analysis

With regard to the second experiment on E. coli survival, a
parallel test of storage of solid mixtures in laboratory
conditions was performed with an identical mixture to that
used in the second type of column. In this parallel test, the
E. coli counts were quite high only the first day
(MPN = 100 — 999/g), and they decreased from this point
to <10 at day 10, maintaining this value until the last
determination at day 29. The pH of the solid mixture was
progressively decreasing from the beginning of the storage
(pH 12.46) to day 10 (pH 12.26), with a final value of 8.92
at day 29. These data mean that during the 10 first days of
incubation (time superior to the 7 days of storage previous
to the introduction of the mixture into the column), the pH
of that solid mixture kept above 12. In a previous study
with different mixtures of sludge and commercial limes, it
was reported the necessity of a minimum 30% content of
lime to maintain a pH > 12 (Quiroga et al. 2005). Samaras
et al. (2008) studying different mixtures of fly ash—-sewage
sludge, a 1:1 lime—-sludge mixture, and a 0.5:0.5:2 fly ash—
lime—sludge mixture, verified that only the lime—sludge
mixture maintained a pH > 12 during the 35 days of
experiment, while the other mixtures showed a pH ranging
from 7.5 to 10.

In the percolates generated in the experiment with the
second type of column, the highest level was detected in

Table 1 Cumulated volumes, pH and E. coli counts in the lixiviates
corresponding to the experiment with the second mixture and the
second type of column

Sample Cumulated pH E. coli
number sample (MPN/100 mL)
volume (L)

1 0.30 6.31 23

2 0.65 6.64 4

3 1.00 6.98 15

4 1.35 6.94 4

5 1.70 6.85 7

6 2.05 6.93 4

7 2.40 7.06 9

8 2.75 7.01 4

the first sample (MPN 23/100 mL; Table 1). The following
samples showed oscillating values but lower than the first
one. Due to the aseptic conditions used before the com-
ponents of the mixture were introduced in the column, the
E. coli detected in lixiviates must have initially transferred
from the solid mixture to the aqueous medium. Therefore,
it seems that there was no total inactivation of E. coli at the
time of introducing the mixture in the column. It seems
also reasonable to think that improved conditions of high
humidity, nutrients, and a more moderate pH provided by
the mixture once received the distilled water (lixiviates
with pH values between 6.31 and 7.06; Table 1) enabled a
certain microbial proliferation; specially if compared with
a more alkaline and less humid condition of the dried—solid
mixture. It is supposed that from the beginning of the flow
and at least during a time, the mixture continues supplying
bacteria to the liquid medium where the microorganisms
may proliferate. It must be also considered that flowing
water can remove part of the bacteria out in lixiviates. It
must be borne in mind that the pH of the solid mixture
placed in the column will not maintain the same high value
(>12) when washing with distilled water (initial pH of 5.6),
suffering progressive dissolution of chemical components.
Determination of pH in lixiviates showed values below 7.1
(Table 1); in fact, the pH was increasing from 6.31 in the
first sample of percolate to 6.98 in the third, decreasing to
6.85 in the fifth and, finally, slightly increasing again above
7 in samples seventh and eighth. Thus, this study shows
that even though quicklime was included in the second
mixture, E. coli was able to proliferate, in certain grade, in
it and its lixiviate. In view of the results, if the objective is
performing a mixture of sludge—ash-limes and/or other
components with reduced counts of microorganisms, it
would be advisable to add lime to the sludge in order to
reach a pH > 12, maintaining this value during a certain
period of time before adding other components according
to the mixture desired. Since ash and sludge are very
variable materials, results from other authors concerning
microorganism survival differ and sometimes are not
comparable, such those obtained by Papadimitriou et al.
(2008) who reported 100% removal of total coliforms (and
similar results for E. coli) for different ratios of fly ash/
sewage sludge mixtures, at mixing times between 48 and
72 h, and even with pH as low as 10.

Conclusion

The first mixture studied (wood ash and sewage sludge) was
in a stabilized state so that, independently of the amount of
mixture used and the volume of water percolated, the pH
value of the lixiviates remained close to neutral. Calcium,
magnesium and potassium were released slowly in lixiviates,

)
% @ Springer



28

Int. J. Environ. Sci. Technol. (2012) 9:21-29

and, in addition, considerable amounts of organic carbon
were leached, but this did not have a significant impact on
solubilisation of heavy metals. Admixture of the ash and
sludge achieved a stabilization of elements such as Al, Fe,
Mn, Ni, Co, Cd, Cr and Mo, that reduced their solubility if
compared with that in the ash or sludge alone, also con-
straining the release of potentially harmful ions in lixiviates.
Of the constraining factors, the most important appeared to
be those related to the evolution of organic matter, and to the
dissolution of oxides and carbonates present in the mixture.
From the chemical point of view, there was not high risk of
water pollution due to water flowing and leaching throw the
ash—sludge mixtures assayed.

Even though quicklime was included in the second
mixture, E. coli was able to proliferate, in certain grade, in
it and its lixiviate, the highest count of E. coli being
detected in the first sample, decreasing with oscillating
values in the following lixiviates instead of showing a
lineal decline. In fact, the medium, once the mixture placed
in the column with improved conditions of high humidity,
nutrients, and a more moderate pH, enables a certain
microbial proliferation, specially if compared with a more
alkaline and less humid condition of the dried—solid mix-
ture. In view of that, it would be advisable to add lime to
the sludge in order to reach a pH > 12, maintaining this
value during a certain period of time before adding other
components, such as wood ash, giving place to a mixture
with reduced counts of microorganisms.
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