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Abstract A pilot sewage sludge (also known as
“biosolids”, BS) application of 7,000 kg/ha (dry weight)
was performed in the area of Lamia prefecture, central
Greece, in two fields cultivated with Cotton. BS was very
rich in organic matter (75%) and had high concentrations
of nutrients, with allheavy metals belowthe limits set for
use in agricultural soils. Soil samplings before BS
applicationsand after cotton cultivation for 1 and 2 years
for the first and second pilot respectively, revealed the
positive effect of BS use tosoil quality. Soil organic matter
increasedfrom 0.9 and0.8%to 3.8 and 3.3% respectively.
Soil P content increased only tothe pilotsampled one year
after BS applications. BS increased significant the
concentration of Mg, Mn and Fe at both pilots fams.
Heavy metals in the soil was kept in acceptable levek at
both pilots after BS use except Cr that exceeds the upper
limits set by Common Ministerial Decision at both pilots.
In conclusion, the results of the study underline the
positive effect of BS in soil quality if we could control
toxic heavy metals concentrations in the soils by analyzing
and organizing proper application rates for each soil case
separately.
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1. Introduction

The use of biosolids in agriculture constitutes a
considerable incentive given the fertilising and soil
conditioning properties of sludge (Giannakopoulos et al.,
2017). The uncontrolled disposal of BS onto the land
however may contaminate surface and ground waters,
which impactsupon the biosystem balance with negative
impacts on the ecosystem (Sharmaetal.,2017). The land
application of BS has nowadays acquired popularity in
view of its potential to recycle valuable components of BS,
such as organic matter, N, P, and other plant nutrients
(Martinez et al., 2002; Singh and Agrawal, 2009) and
especially forsoils thatare deficient in organic matter such
as the Mediterranean soils characterized by high organic
matter mineralization rates (Koutroubas et al., 2014). BS
applications also alter the physicochemical and biological

properties of soils, leadingto decrease of soil pH (Epstein
etal., 1976; Singh et al., 2011) and increase in electrical
conductivity (Lloret et al., 2016). Agricultural soils treated
with organic wastes exhibited significant improvement in
soil properties such as enhanced storage capacity for soil
organic carbon, water-holding capacity, formation of
stable aggregates, cation exchange capacity and soil
aeration (Mattana et al., 2014). Moreover, Parat et al,,
(2007) revealed that repeated BS application had
significant effects on the soil’s physical properties due to
the positive effect on macro-aggregates formation.

The purpose of this study was to determine the temporal
evolution of soil properties following the incorporation of
BSin two cotton cultivation fields exploring potential risk
of heavy metal contamination and overall effect on solil
quality.

2. Materialsand methods

2.1.Study area

A pilot BS applicationwas performed in thearea of Lamia
prefecture, central Greece, in two fields cultivated with
Cotton (Gossypium hirsutum L,), Moschochori (38°
49'50'N, 22°27°'36"E) and Heraclia (38°48737"
N, 22°27°10"E). BS was collected from the wastewater
treatment plant of the city of Lamia. Lamia is a city in
central Greece (population 52,000), which has a unit of
municipal sewage sludge procession, with a daily mean
waste supply about 11,500 m3. The waste procession unit
serves a total of 66,700 citizens from Lamia and other
nearby areas, and has a system of active sewage sludge
process operating in two aeration tanks for humidity
reduction.

BS samples were analyzed according to the Standard
Methods for the Examination of Water and Wastewater of
the American Public Health Association and AWWA
(APHA, 2012). BS had very high concentrations of organic
matter, and essential nutrientfor cotton cultivations, while
all heavy metal concentrations were significant below the
upperlimits of BS applications in agricultural soils set by
the Common Ministerial Decision 80568/4225/1991
(Table 1). BS contained very high concentrations of
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inorganic nitrogen forms of NH4-N and NOs-N suggesting
special caution for an appropriate application rate to
minimize the risk of waters contaminations by inorganic
nitrogen. It is widely accepted that large amounts of
nitrates canbe leached from BSapplications under certain
circumstances (Shepherd, 1996). BS was applied in both
pilot fieldsata rate of 7,000kg/ha (dry matter).

Table 1. Physicochemical properties of BS usedand heavy
metals limited values of BS for use in agricultural soils

Property BS [PTE]max
pH 7.95+0.01 6.5-8.7
Moisture,%  67.5x0.5 40-55
EC (uS/cm)  (1,686-3,400)

+0.001
Org, matter, 75.85+0.05
%
TotalN, % 1.8+0.1
TotalP, % 0.35+0.02
B, mg/kg 2.05%0.05
Ca,% 10.15+0.05
NH;- N 2505
NH3-N 91+2
Ni,mg/kg 50.5+0.5 300-400
Zn, mg/kg 355+5 2,500-4,000
Cd, mg/kg 1.35+£0.05 20-40
Cu, mg/kg 300.0+£0.5 1,000-1,750
Pb, mg/kg 20.0+0.1 750-1,200
Hg, mg/kg 0.55+0.05 16-25
Cr, mg/kg 255+0.1 500
Mn, mg/kg 60+ 2
Fe, mg/kg 35+05

As, mg/kg <1

Co, mg/kg <2

Mo, mg/kg <1
[PTE]Jmax=maximum permissible concentration of potentially toxic
elements in biosolid batches used for agricultural purposes in the EU
(Giannakopoulos et al., 2021)

Soil samplings before BS applications in the 2 pilots was
performedon May 2017 at Moschochoripilot and August
2018 at Heraclia pilot. The second soil sampling was
performed on May 2020 for the both pilots. Before the
second samplings at Moschochori the field was cultivated
for 2 growing seasons with cottonand the last winter with
wheats, and at Heraclia with cotton and wheats in the
following winter. At both pilots pre-plant fertilization
before cotton sowingwas performed with 225kg/ha of a N-
P-K:11-22-22 type fertilizer. Soil samplings were
conducted froma depthof 0-30cm. At both pilots samples
were collected randomly in the center ofthefield. Eight to
ten (8-10) subsamples were collected and thenaggregated
to a composite sample. Three compositesamplesper pilot
field were collected before and after BS applications. The
soil samples were air dried, crushed and sieved with a 2
mm sieve and soil physicochemical analysis was
performedaccordingto Allison et al., (1965a; 1965b), the
essential nutrients such as Nitrogen, Phosphorus, and
Potassium were determined following Hutchinson and
Meema (1987) methods. Total metal (Cd, Pb, and Zn)

concentrations were analyzed according to the the EPA
3050 method (determination of pseudo-total heavy metak
in soil samples) using an atomic absorption
spectrophotometer (Thermo Scientific, iICE 3000 Series)
according to Hutchinson and Meema’s (1987). Statistical
analysis performed with  SPSS (ver.11 for windows). T
test was used to compare soil properties before and after
disposal.

3. Resultsanddiscussion

In the end of monitoring period soil pH were lower at both
pilot farms with greater reduction to observed at
Moschochori. Similar results on soil pH reduction and
electrical conductivity were obtained after application of
BS by Evangelou et al., (2020) in soils of the same region
and by Tsadilas et al., (2014) in other type of soils in
Greece. PH reduction after BS applications could be
attributed to the soil organic matter decomposition that
produces a variety of acid compounds as described by
Carrido et al. (2005). BS in this study contains very high
concentration of organic matter (75%), significantly higher
than other BS that have been applied in similar studies.
Evangelou et al. (2020) reports organic matter
concentrations in BS of 45 %, while Shahen and Tsadilas
(2013) concentrations up to 55%. As a result of this very
high organic matter concentration in BS, the soil organic
matter contentsignificantly increased by the application of
BS at both pilots from 0.9% and 0.8% to 3.8% and 3.3%
for Moscochori and Heraclia respectively. This soil
organic matter increase is significantly greater in regards
to otherstudies, and is considered very important for over
all soil quality improvement as soil organic matter is the
most important soil quality index that influence a number
of physical chemicaland biological soil properties (Nieder
and Biendi, 2008). Especially in Meditemanean
environments where most agricultural soils characterized
by low soil organic matter concentrations, BS applications
in agricultural lands could be an effective way for the
overall soil quality improvement.

Lower increases of soil organic matter by BS application
was found by other researchers (Evangelou et al. 2020,
Shaheen and Tsadilas 2013). Although soil available P
concentrations have been reportedto increase significantly
by the BS applications (Guedes et al., 2014; Shaheenet al.,
2012), in this study this happened only to Heraclia pilot,
probably because in Moshchochori pilot P from BS
utilized by the cultivated plants two years after the
applications. Especially for P, that is almost exclusively
obtained from phosphate rock, which is not a renewable
source andit isexpectedto be depleted in about 100 years
(Smil 2000), BS has to be treated as a precious P source.
No influence was recorded by BS application on K at both
pilots. Evangelou et al. (2020) and Tsadilas et al. (2014),
have also reported no significant difference of K soil
concentrations after BS applicationto agricultural soik. Ca
and Na significant decreased by BS applications at both
pilots (Table 2).

BS increased significant the concentration of Mg, Mn and
Fe at both pilots. Especially the Mg concentrations
increased from 78 to 257 and from 93 to 972 mg/kg at
Moschochoriand Heraclia respectively indicating the need
of understanding Mg availability after applications of this



type of BSinorderto avoid any risk of potential negative

effectson plantnutrition and soil quality.

Table 2. Influence of BSapplicationon selected soil parameters. The values represent themean of three determinations
(N permean =3) +standard deviationfrom themean. Different letters in parameter values of each site indicate

significant difference accordingto t-test for p<0.05

Parameter Moschochori Pilot HerakleiaPilot
Before disposal  Afterdisposal Before disposal  Afterdisposal

Sand,% 37.0+0.5% 33.6+0.5% 36.0+£0.5% 36.8+£0.5%
Clay,% 46.0£0.5° 26.7+£0.5° 42.0+£0.5° 30.6£0.5%
Silt% 17.0+£0.5% 39.7+0.5° 22.0+0.5% 32.6+0.5°
EC, 0.43+0.10° 0.21+0.08° 0.12+0.4° 0.14+0.03°
pH 8.0+0.17 7.2+0.1° 7.7+0.1% 7.4+0.12
Soilorg. ma% 0.9+0.2° 3.8+0.4° 0.8+0.2° 3.3+0.2°
TotalCaCO; 18.4+0.6° 40+0.2° 2.1+0.3% 12.6+0.2°
P, mg/kg 19.0+£0.5° 12.0+£0.5 10.0+£0.3% 17.0+0.6°
K,mg/kg 140.0+0.5a 153.0+0.4° 110.0+0.5° 151.0+0.6¢
Na,mg/kg 190.0+0.8° 48.0+£0.2¢ 160.0+£0.72 17.0+0.2°
Ca,mglkg 140.0+0.2° 18.4+0.1° 110.0+0.8° 55.7+0.5¢
Mg,mg/kg 78.0+0.3° 257.0+0.9° 93.0+0.5a 972.0+0.5°
Mn,mg/kg 1.1+£0.2% 98.0+0.6" 1.0+0.2° 73.0+£0.4%
Fe,mg/kg 8.9+0.4° 59.0+0.3¢ 72+04° 57.0+0.3"

All heavy studied metal concentrations, except Cr were
within the desirable values imposed by the Common
Ministerial Decision 80568/4225/1991. Cu tended to
increase after BS application, probably due to the organic
matter increase. Organic matter contentand Cu have been
reported by severalauthors to positively correlate (Siplova
et al., 2014; Tsadilas et al., 2014). Soil Cu after BS
applications has beenalsoreported by Evangelou et

al.2020 inthe study area. Ni, and Zn also increased after
BSapplications at both pilots.

Cr concentrations however increased significant at levek
above the upper levels set by Common Ministerial
Decision 80568/4225/1991, although the Cr concentration
of BS wasnotvery high and belowthe allowed limits for
thiselement (Table 3).

Table 3. Influence of BS application on heavy metals soil concentrations. The values represent the mean of three
determinations (N per mean = 3) + standard deviation from the mean. Different letters in parameter values of each site

indicate significant differenceaccording to t-test for p<0.05

Parameter Moschochori Pilot Herakleia Pilot Limited valuesofHeavy
metals concentrations in

Before disposal ~ Afterdisposal Before disposal ~ Afterdisposal soils*

Cd, mg/kg 0.8+0.1° <0.13 0.2%0.1° 0.14+0.02° 1t03

Cu, mg/kg 19.0£0.2° 24.0£0.2° 21.0£0.1° 32.0+0.3° 50 to 140

Ni, mg/kg 59.0£0.2° 49.0+0.4° 29.0£0.3° 46.0+0.5° 30t0 75

Pb, mg/kg 19.0£0.1° 10.0£0.3° 14.0+0.4° 8.3+0.4° 50 t0 300

Zn,mg/kg 36.0+£0.3? 62.0+£0.2° 36.0+£0.2° 59.0+£0.3? 150t0 300

Hg, mg/kg <0.1 <05 <0.1 0.93+0.04° 1tol5

Cr, mg/kg 2.2+0.2° 53.0+0.5° 2.2+0.2° 220.0+0.8° 1to3

*Common Ministerial Decision 80568/4225/1991

Conclusions
From the results of this study it is concluded that BS
application at 7000kg/ha affects positively soil quality in

the area of central Greece as soil organic matter increase,
soil pH decreases and many of essential nutrients



increases. Available forms of Zn and Cu concentrations
tend to increase, but soil Cr increased above statutory
limits. 1t seems therefore that if we use BS in the proper
amounts, in order to keep the toxic heavy metal at

References

Allison, L. E., 1965a. Organic carbon, in: Black et al., (Eds.),
Method of soil analysis, Part 1. Am. Soc. Agronomy, 9,
1367-1378.

Allison, L. E. and Moodie, C. D., 1965b. Carbonate, in: Black
et al., (Eds.), Method of soil analysis, Part 2. Am. Soc.
Agronomy, 9, 1379-1400.

APHA, 2012. Standard Methods for the Examination of Water
and Wastewater, 22nd ed., American Water Works
Association, American Public Health Association
(APHA)

Garrido S., Martin Del Campo G., Esteller M.V., VacaR., Lug
J., 2005. Heavy Metals in Soil Treated with Sewage
Sludge Composting, their Effecton Yield and Uptake of
Broad Bean Seeds (Vicia faba L.). Water Air and Soil
Pollution. 166:303-319.

Epstein, E., Taylor, J.M., Chaney, R.L., 1976. Effects of
sewage sludge and sludge compost applied to soil on
some soil physical and chemical properties. J.Environ.
Qual. 5, 422-426.

Evangelou, E., Tsadilas, C., Tziouvalekas M., Nikoli T., 2019
Municipal Sewage Sludge application on cotton
cultivations. Effect on yields soil chemical propertiesand
heavy metal concentrations. Global Nest21 (4) 466-470

Giannakopoulos, E., et al. 2021. Emerging Sanitary
Engineering of Biosolids: Elimination of Salmonella,
Escherichia coli, and Coliforms by means of
Atmospheric Pressure Air Cold Plasma. J. Hazard. Toxic
Radioact. Waste, 25(2): 06021001

Giannakopoulos, E., et al. (2017). “Evaluation of interactions
among sewage sludge bioavailable metals from WWTPs
using DTPA agent.” Desalin Water Treat., 71,25-31.

Guedes P, Couto N, Ottosen L.M, and Ribeiro A.B., 2014.
Phosphorus recovery from sewage sludge ash through an
electrodialytic process. Waste Management 34, 886-892.

Hutchinson, T. C. and Meema, K. M., 1987. Lead, Mercury,
Cadmium and Arsenic in the Environment. Scope 31.
John Wiley & Sons, Chichester, NY, pp. 119-146.

Koutroubas, S.D., Antoniadis, V., Fotiadis, S., Damalas, C.A.,
2014. Growth, grain yield and nitrogen use efficiency of
Mediterranean wheat in soils amended with municipal
sewage sludge. Nutr. Cycl. Agroecosyst. 100 (2), 227—
243.

Lloret, E., Pascual, J.A., Brodie, E.L., Bouskill, N.J., Insam, H,,
Juarez, M.F.D., Goberna, M., 2016. Sewage sludge
addition modifies soil microbial communities and plant
performance depending on the sludge stabilization
process. Appl. Soil Ecol. 101, 37-46.

Martinez, F., Cuevas, G., Walter, T., Iglesias, I., 2002. Urban
organic wastes effects on soil chemical properties in

acceptable levels, we could get benefits from their
application to soil.

degraded semiarid ecosystem.17th WCSS, Symposium
No.20. Thailand, pp. 1-9.

Mattana, B., Petrovicova, L., Landi, A., Gelsomino, P., Cortés,
0., Ortiz, G., Renella, 2014. Sewage sludge processing
determines its impact on soil microbial community
structure and function. Appl. Soil Ecol. 75, 150-161.

Nieder R. and Biendi D.K., 2008. Organic Matter and Soil
Quality. In: Carbon and Nitrogen in the Terrestrial
Environment. Springer,

Parat, C., Denaix, L., Lévéque, J., Chaussod, R., Andreux, F,
2007. The organic carbon derived from sewage sludge as
a key parameter determining the fate of trace metals.
Chemosphere 69 (4), 636-643

Shaheen S, Tsadilas C., 2013. Utilization of biosolids in
production of bioenergy crops I: impact of application
rate on canola biomass, soil properties, and nutrient
availability. Communications in Soil Science and Plant
Analysis 44,243-258.

Shaheen S, Tsadilas C., 2013. Utilization of biosolids in
production of bioenergy crops I: impact of application
rate on canola biomass, soil properties, and nutrient
availability. Communications in Soil Science and Plant
Analysis 44,243-258.

Shaheen S.M., Shams M.S., Elbehiry F.A., Ibrahim S.M., 2012.
Influence of stabilized biosolids application on
availability of phosphorus, coper, and zinc. Applied and
Environmental Soil Science 2012, 1-12.

Sharma, B., Sarkar, A., Singh, P., and Singh, R. P., 2017.
“Agricultural utilization of biosolids: A review on
potential effects on soil and plant grown.” Waste
Manage., 64,117-132.

Shepherd M.A. 1996. Factors affecting nitrate leaching from
sewage sludges applied to a sandy soil in arable
agriculture Agriculture, Ecosystems and Environment 58
171-185.

Singh, R.P., Agrawal, M., 2009. Use of sewage sludge as
fertilizer supplement for Abelmoschusesculentus plants:
physiological, biochemical and growthresponses. Int. J.
Environ. Waste Manage. 3,91-106.

Singh, R.P., Singh, P., Ibrahim, M.H., Hashim, R., 2011. Land
Application of sewage sludge: Physicochemical and
Microbial response. Rev. Environ. Contam. Toxicol. 214,
41-61.

SipkovaA., Szakoval., Thustos P., 2014. Affinity of selected
elements to individual fractions of soil organic matter.
Water Air Soil Pollution 225,1-11.

Smil V., 2000. Phosphorus in the environment: natural flows
and human interferences. Annual Review of Energy and
the Environment 25, 53-88.

Tsadilas C, Samaras V., Evangelou E., and Shaheen S.M. 2014.
Influence of fly ash and sewage sludge application on
wheat biomass production, nutrients availability, and soil



properties. International Journal of Coal Science and
Technology 1:2,221-226.



