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AGRICULTURAL USE OF WASTEWATER SLUDGE
FROM VARIOUS SOURCES WITH SPECIAL EMPHASIS
ON TOTAL AND DTPA-EXTRACTABLE HEAVY METAL CONTENT

This study was conducted to evaluate wastewater sludge from various sources for agricultural
utilization. The results showed that sludge from municipal and food industrial wastewater treatment
plants (WWTPs) have high fertilizing value with respect to nutrients and organic matter levels. When
the sludge samples were evaluated for their total heavy metal contents, the Pb, Cd and Cu concentra-
tions in all of the sludge samples were found to be below the limit specified by Turkish regulations.
However, the Cr, Ni and Zn contents of domestic type, organized industrial zone, food industry sludge
samples exceeded these thresholds. Other sludges were found to be suitable for agricultural usage in
terms of plant nutrient and heavy metal content. The analysis of the sludge samples from twelve dif-
ferent WWTP’s showed that the agricultural properties and the total and bioavailable (DTPA-
-extractable) heavy metal fraction varies depending on the sludge samples. Therefore discussed sludges
should be evaluated separately for the agricultural utilization potential in terms of soil pollution

1. INTRODUCTION

The application of wastewater treatment sludge to agricultural land has become
a common practice over the past several decades. It is estimated that 30-40% of the total
sludge production in EU and US countries are recycled for agricultural use; but down
to 5-10% being used in Turkey. In Turkey, more than 10 million tons of sewage sludge
are produced annually [1]. The agronomic and hence fertilizing value of wastewater
sludge depends on its plant nutrient elements such as nitrogen, phosphorus and potas-
sium, calcium, magnesium and iron [2] and organic matter content. However, some
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other factors should be considered by evaluating the suitability of sludge for agricultural
use. The most important points are the potential for usage (i) nitrate or phosphate con-
tamination of water, (ii) environmental damage caused by the release of toxic metals
(heavy metals) and (iii) the transfer of pathogens [3]. Therefore, the safe use of
wastewater sludge in agriculture should be the primary goal. Hence, sludge should be
analyzed for toxic or hazardous contaminants before application, and if any contami-
nants exceed the standards prescribed by respective regulations, the direct usage on ag-
ricultural land must be restricted or prohibited.

The regulations currently in place were designed to limit the application of
wastewater sludge to agricultural land by means of the European Directive 86/278/EEC
but also by 40 CFR Part 503 in the US and Turkey. The aim of these directives is to
prevent harmful effects on soil, vegetation, animals and humans.

In accordance with current legislation, total heavy metal content should be deter-
mined in sludge samples. However, the determination of total metal content does not
guarantee that the concentration of each metal is harmless to the environment or to hu-
mans. Measuring the extractable concentration of the metals provides besides infor-
mation about the general degree of contamination also an assessment of metal’s mobility
in sludge and sludge-amended soil [4]. In this context is the single (DTPA, EDTA,
CaCly, NH4CI, etc.) or sequential chemical extraction (SCE) a commonly used experi-
mental approach [5]. Studies are still continuing this issue. Diethylene triamine pen-
taacetic acid (DTPA) is most frequently used for extraction because it is considered
indicative for the amount of metals potentially available for crops or natural vegeta-
tion [6]. In addition, heavy metals at elevated concentration affect soil microbial popu-
lation and their associated activities which may directly influence the soil fertility [7].
Therefore, it seems reasonable to relate the bioavailable metal concentration in sludge
to regulatory thresholds prior to its application on the field.

The main objectives of the present study were to: investigate municipal, municipal-
industrial and food industrial wastewater sludge for its agronomic value as fertilizer,
determine the total and bioavailable heavy metal concentrations, and compare these
concentrations with the limits set by Turkish, US and EU regulations.

2. EXPERIMENTAL

The sludge was collected monthly from twelve different wastewater treatment
plants (WWTP’s) in Bursa from May 2009 to April 2010. The collected samples were
dried under greenhouse conditions (temperature over 20 °C during the drying period
with air conditioner) for three months to achieve sufficient disinfection and meet the
class B or conventional sludge standards referred to in European Directive 86/278/EEC
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and 40 CFR Part 503 regulations. Detailed information about the WWTP’s is presented
in Table 1.

Table 1
Characteristics of the sludge treatment plants in Bursa
Wastewater Source of wastewater Sludge produced

treatment plant and industrial activity [t dm/year]
Buski 1 (BD) domestic type (the city’s east side) 6500
Buski 2 (BB) domestic type (the city’s west side) 5500
Yenice (Y) domestic type 360

Tat (T) food (tomato paste) 110
Penguen (P) food (canned food) 60
Natura (N) food (ice cream) 60

Mauri (M) food (bread yeast) 70

BTSO (B) organized industrial zone 1250
Niliifer (F) supply water for industry 150
Inegol (L) mixture of industry and domestic type 1350
Nestle (S) milk products (chocolate, coffee, etc.) 70

Siitas (A) milk products (cheese, yogurt, etc.) 120

The wastewater sludge samples were analyzed for basic physicochemical properties
using standard procedures: pH and electrical conductivity (EC) were determined by us-
ing a pH-meter (WTW pH 320) and EC-meter (WTW LF 320) according to the sludge
extract at a sludge/deionized water ratio of 1:5 (v/v). The organic matter content was
determined by the loss on ignition at 550 °C and organic carbon (OC) was analyzed by
the Walkley-Black method. Total N was determined using a Buchi K-437/K-350 diges-
tion/distillation unit according to the Kjeldahl method. Ammonium-N concentrations
were determined using the indophenol blue method. Total P was determined by the van-
adomolybdophosphoric method and available P was determined by the molybdenum
blue method. The cation concentrations (Na, K, Ca and Mg), samples were determined
by the flame emission method using a Eppendorf Elex 6361 model flame photometer.

The concentration of metals (Cd, Cr, Ni, Pb, Fe, Cu, Zn, and Mn) was determined
after the microwave assisted digestion with HNOs. Metals were analyzed in the extracts
using ICP OES (Perkin Elmer OPTIMA 2100 DV). The DTPA-extractable fraction was
obtained by mechanically shaking 4 g of dried sample for 2 h in 40 cm® of 0.05 M
DTPA, 0.01 M CaCl; and 0.1 M TEA (triethanolamine) buffered solution at a pH of
7.3, and the metal concentrations were determined by the inductively coupled plasma
optical emission spectroscopy method (Perkin Elmer Optima 2100 DV spectrometer).

All obtained data (agricultural value and heavy metal content of wastewater
sludges) were subjected to statistical analysis. Mean values were statistically compared
by using the least significant differences (LSD) multiple range tests (p < 0.01) using the
software TARIST.
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3. RESULTS AND DISCUSSION
3.1. AGRICULTURAL PROPERTIES OF WASTEWATER SLUDGE

As shown in Table 2, the studied wastewater sludge samples are characterized by
varying chemical compositions. The pH, EC, organic matter, organic carbon, C/N ratio,
nitrogen and phosphorus contents are generally accepted as the primary features of
sludge that reflect its value as a fertilizer.

The mean pH of the wastewater sludge samples ranged from 5.37 to 10.72, while
the variability over the study course was limited. Only the samples from the anaerobic
food industry (M) showed significant seasonal fluctuations in pH (9.82-10.72), most
likely reflecting the variety in the production process (e.g. bread yeast production). One
of the most influential parameters controlling the solubility of metals is pH [8]. pH of
sewage sludge can affect crop production by altering pH of the soil and influencing the
plant uptake of metals. Low pH sludge (lower than approximately 6.5) promotes leach-
ing of heavy metals, while high pH sludge (higher than 11.0) kills many bacteria and,
in conjunction with soils of neutral or high alkalinity can inhibit movement of heavy
metals through soils. Therefore, the solubility of heavy metals increased with decreasing
pH, the agricultural utilization of sludge is not commonly carried out in acidic soil
(pH < (6.0-6.5)) [9].

Another important limitation in the agricultural use of wastewater sludge are EC levels
[10] which varied between 1.10 and 105.6 mS-cmin the present study. Only two sludge
samples originating from the food industry (food industry — sample S and bread yeast
— sample M) reached extremely high values (10.0-28.0 and 23.4-105.6 mS-cm?, respec-
tively) during the investigation period. Anthropogenic sources of soil salts include salts
present in irrigation waters, and animal wastes (manures and wash waters), chemical
fertilizers, and applied sewage sludges [11]. Some of sludge show relatively low EC
values (<4.0 mS-cm™) indicating that its direct use in agriculture, in moderate amounts,
would not imply a risk of soil salinization. Nevertheless, existing salinity levels and
amount of salt contained in wastewater sludges should be closely monitored to prevent
salinity problems in soils especially in arid climates.

The organic matter content of the investigated sludge samples was between 24.3
and 78.1%. Municipal sludge samples (samples BB, BD and Y) showed the highest
values (60.0-78.1%) when compared to the other sludge samples statistically (Table 2).
The application of sludge samples rich in organic matter can improve the physical,
chemical and biological properties of soil [12]. The range of the C/N ratio of the sludge
samples was 5.37-20.2. C/N ratio of sludge is an important factor affecting the use of
sludge as a fertilizer or soil conditioner. Sludge mineralization rate is also closely related
to C/N ratio. The higher the C/N ratio, the lower the N mineralization rate is. In some
cases, the mineralization process was more influenced by soil type than by rate and type
of sludge applied [13].
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Organic residues with low C/N ratios show more N mineralization than those with
high C/N ratios, with the latter mostly causing N immobilization during decomposition
[14]. The balance between nitrogen mineralization and immobilization is strongly in-
fluenced by the C/N ratio of the decomposing organic matter [15]. Organic matter
with the C/N ratio greater than 30:1 does not contain enough nitrogen to support mi-
crobial growth, and microbes must scavenge additional nitrogen from the soil. Since
soil microbes are considered stronger competitors for nutrients than plants, much of
the available nitrogen pool will be immobilized by soil microbes and be unavailable
to plants [16].

The results (Table 2) show that different amounts of N (1.60-9.20%), P (0.30-3.89%),
K (0.04-13.16%), Ca (0.13-22.28%), Mg (0.03-1.68%) and Na (0.08-9.17%) were
found in the sludge samples from Bursa Plain. Nutrient values of sludge vary with
sources of wastewater and wastewater treatment processes. Similarly, the sludge sam-
ples contained different amounts of bioavailable nitrogen and phosphorus. The NH4-N
content in the wastewater sludge of domestic origin (BB (mean 331 mg-kg™ and 0.53%
of the total N), BD (mean 339 mg-kg! and 0.58% of the total N) and T (mean
453 mg-kgtand 1.45% of the total N)) was higher than that from other wastewater
treatment plants, and the anaerobic food industry sludge (sample M) had the lowest
NH4-N content. This difference is related to the treatment system. Nutrient composition
of sludges is significantly altered by stabilization processes. The rate of nutrient release
(or mineralization) is also affected by the processes. Mineralization of N from aerobi-
cally digested sludges was reported to be significantly higher than that from anaerobi-
cally digested sludges [13].

The available P content of the sludge varied from 0.001 to 0.318%. Generally, the
available P levels in the BB, BD (domestic origin) and S (food industry) sludge samples
were higher than the other wastewater treatment plants statistically (Table 2). The dif-
ferences in P and N contents in the sludge depend on the treatment efficiency and the
sources of wastewater for the individual treatment plant [6]. The mean N content in the
municipal sludge samples was higher than the corresponding values in the other sludge
samples. Sludge N and P contents are accepted as important factors in the determination
of the sludge application rate. According to the guidelines, the total amount of N in
wastewater sludge that can become plant available is approximately 30% in the first
year of application, 15% in the second year and 5% in the third year. Typical N miner-
alization rates for the first year range from 0 to 60% of the organic N. Decomposition
is not complete in the first year. It continues during the next few years at progressively
slower rates. Some of the N is retained in stable organic matter (such as humus), which
continues to mineralize very slowly. As much as half of the organic N in some sludges
may remain stable for decades [17].

According to relevant legislation, the maximum annual sludge application rates
were calculated using the N content of the sludge. In principle, sludge is applied to soil
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to provide amounts of N equal to recommended inorganic N fertilizer rates [18]. Alt-
hough maximum nutrient application rates in federal sludges regulations are not well
defined, the 503 Rule stipulates that agronomic rates cannot be exceeded. To protect
groundwater or surface water quality, nitrogen is regulated through an agronomic rate
approach, requiring an estimate of crop N need and sludges N availability. Sludge P
applications are not regulated by the US EPA, but increasing numbers of states are in-
troducing regulations, because of concerns about the effects of repeated manure or
sludge applications on soil P and risk of P loss to surface water.

3.2. TOTAL HEAVY METAL CONTENTS OF SLUDGE SAMPLES
AND COMPARISON WITH THE ENVIRONMENTAL STANDARDS

A comparison of the measured heavy metal content with USEPA, EU and Turkish
permissible limits for wastewater sludge is given Table 3. Turkish legislation prohibits
the agricultural use of wastewater sludge that exceeds the maximum allowed values for
total concentrations of heavy metals [19]. It is worth noting that those national values
are all below the limit prescribed by the EU (86/278/EEC) and US EPA (40 CFR 503),
with the exception of Cr (Table 3).

Zn and Fe were found to be widespread in all analyzed wastewater sludge samples from
Bursa WWTP’s. Cd concentrations in all sludge samples were lowest during the investiga-
tion period. As seen in Table 3, the total metal concentrations (in mg-kg™) were in the
ranges: 0.89-239.9 for Pb, 0.18-4.47 for Cd, 3.90-1958 for Cr, 9.69-1448 for Ni,
15.29-5577 for Cu, 61.61-28210 for Zn, 0.071-11.54 9 (wt. %) for Fe and 46.59-2258
for Mn. The concentrations of Cr (maximal 1958 mg-kg ™), Ni (maximal 1448 mg-kg*) and
Zn (12 610-28 210) in the BTSO sludge (from the organized industrial zone) and the
concentrations of Cr (maximal 1358 mg-kg?) and Ni (351.4-918.1 mg-kg™?) in the
sludge from Y municipality (domestic + industrial) were found to exceed the limit set
by Turkish sludge legislation. In addition, the Cr content in the BB and BD wastewater
sludge (domestic type) samples were found to be above the limit set by the US EPA.

The results indicated that heavy metal content in the wastewater sludge samples
from the food industry treatment plants (F, S, P, T and M) are below the regulatory
threshold during the one-year investigation period. First of all, this sludge may be con-
sidered in terms of application to the soil. The total concentrations of heavy metals in
sludges strongly varied depending on the sources which were related to different indus-
tries discharging effluents in the sewerage system [12].

3.3. DTPA-EXTRACTABLE HEAVY METAL CONTENT OF THE SLUDGE SAMPLES

The percentages of DTPA-extracted elements in the total contents of these elements
are given in Table 4.
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The DTPA-extractable Pb content of the investigated wastewater sludge samples varied
from 0.231 mg-kg* (N — food industry) to 7.220 mg-kg* (B — organized industrial zone).
Cd and Cr concentrations were 0.002-0.616 mg-kg* and 0.036-7.165 mg-kg !, respec-
tively. The highest DTPA-extractable Ni concentration was recorded as 721.6 mg-kg*
(Y —municipal sludge), whereas the lowest value of 0.770 mg-kg* was measured in the
F water supply sludge. The DTPA-extractable concentrations were 0.152-60.02 mg-kg*
for Cu and 9.60 t01799.0 mg-kg* for Zn. In addition, the DTPA extractable Fe and Mn
contents varied from 51.52 to 984.6 mg-kg* and from 7.420 to 539.9 mg-kg™, respec-
tively.

Determination of total metal levels does not guarantee that the concentration of
each metal is harmless for the environment or for humans but instead gives an overall
picture of the level of pollution in the sludge sample studied. In contrast, the metal
extractable forms cannot only inform about the general degree of contamination but
can also provide an assessment of the mobility of these elements in sludge and sludge-
amended soil, and may help to predict the release of metals in soil solution [4]. The
DTPA-extractable fractions of heavy metals in the wastewater sludge samples were
lower compared to the total content of these elements. This fraction reflected the bio-
available amounts of heavy metals present in the investigated sludge samples [20].
Although the concentrations of DTPA-extractable of heavy metals in wastewater
sludge may show wide variation, zinc, copper and nickel are usually found at higher
concentrations than other metals [2]. The quantity of metals extracted with DTPA
diminished in the following order: Zn > Ni > Cu > Cd > Mn > Pb > Fe > Cr. The
percentages of DTPA-extracted heavy metals in their total contents were also quite var-
iable and no specific trend for the individual heavy metals was observed (Table 4). In the
sludge samples 0.14-33.6% of Cd was in the DTPA-extractable fraction except for the S
and M sludge samples. The DTPA-extractable Cd concentrations in those sludge samples
were lower than 0.616 mg-kg !, whereas relatively higher percentage values (45.4-79.6%
in the S and M samples, respectively) were found.

The percentages of Pb, Cr and Mn in the sludge that were bound to the extractable
fraction were 0.35-22.1, 0.03-32.8 and 1.71-35.3%, respectively. Generally, Ni, Cu
and Zn were the most mobile elements in the sludge [5, 21]. The predominant portion
(61%-93%) of Zn was in the exchangeable and reducible fractions, indicating the high
potential mobility and bioavailability of Zn [22]. Considering the high content of Zn
and its high potential mobility in the environment, it could be concluded that these types
of sludge should not be directly applied to agricultural fields without further treatment.
Phytotoxicity could be caused by the high Zn bioavailability [6]. The amounts of plant-
-available (DTPA-extractable) Ni, Cu and Zn in the investigated sludge samples were
5.73-62.7%, 8.43-70.1% and 3.01-71.3%, respectively. Fe was observed to be the least
extractable metal in all sludge samples except for the M sludge. The mobility of heavy
metals, their bioavailability and related ecotoxicity to plants, depend strongly on their
specific chemical forms or ways of binding. Consequently, these are the parameters that
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have to be determined, rather than the total element contents, in order to assess toxic
effects and to study geochemical pathways [23-25].

4. CONCLUSION

Wastewater sludge from domestic and food industrial WWTP’s appeared to have
higher fertilizing value with respect to plant nutrients and organic matter levels. The
chemical compositions of sludges are an important issue in developing recommenda-
tions for the rates of sludge application on agricultural soil and reducing the risks of
pollution soil. Otherwise, uncontrolled sludge application may have a potentially toxic
impact on soil, especially when sludges contain high contents of available plant nutrient
elements (N and P etc.) and heavy metals.

However, the heavy metal content of some wastewater sludge from domestic
sources exceeded the values permitted by the national and international standards. The
results also indicated that the ratios of DTPA-extractable/available/mobile fractions
were changed due to sludge origin. For example, Ni and Cu, found in domestic and food
industry sludge, indicates high metal availability and this might cause toxicity to plant
growth. Therefore, sludge application should be controlled to avoid potential Zn, Ni and
Cu toxicity to soil.

ACKNOWLEDGEMENT

This work was supported by the Scientific and Technical Research Council of Turkey (TOVAG 107
O 834). The manuscript was edited for grammar, spelling, vocabulary, and phrasing by the American Jour-
nal Experts (AJE).

REFERENCES

[1] LuQ.,HEL.Z., STOFFELLA P.J., Land application of biosolid in the USA. A Review, Appl. Environ. Soil
Sci., 2012, Paper 1D 201462

[2] EpsTEIN E., Land Application of Sewage Sludge and Biosolids, CRC Press, Boca Raton, Florida, 2003.

[3] KELLEY W.D., MARTENS D.C., RENEAU R.B., SIMPsoN T.W., Agricultural Use of Sewage Sludge. A Lit-
erature Review, Bull. 143, Polytechnic Institute and State University Blacksburg, Water Resources Re-
search Center Publishing House, Virginia 1984.

[4] ALONSOE., VILLARP., SANTOS A., APARICIA |, Fractionation of heavy metals in sludge from anaerobic
wastewater stabilization ponds in southern Spain, Waste Manage., 2006, 26, 1270.

[5] GArcia-DELGADO M., RODRIGUEZ-CRUZ M.S., LORENZO L.F., ARIENZO M., SANCHEZ-MARTIN M.J.,
Seasonal and time variability of heavy metal content and of its chemical forms in sewage sludges from
different wastewater treatment plants, Sci. Total Environ., 2007, 382, 82.

[6] WonG J.W.C., LIK., FANG M., Su D.C., Toxicity evaluation of sewage sludges in Hong Kong, Environ.
Int., 2001, 27, 373.

[7] SmiTH S.R., Agricultural Recycling of Sewage Sludge and the Environment, Oxford University Press,
USA, 1996.



58 B.B. AsiK et al.

[8] PARKPAIN P., LEONG S.T., LAORTANAKUL P., TOROTORO J.L., Influence of salinity and acidity on bio-
availability of sludge-borne heavy metals. A case study of Bangkok municipal sludge, Water Air Soil
Poll., 2002, 139, 43.

[9] OTTAVIANI M., DE FuLVIO S., Availability of heavy metals from sewage sludge and its possible impact
on regulatory activity in Italy, Ann. Dell. Super. Sanita, 1991, 27 (4), 665.

[10] Jacoss L.W., McGREARY D.S., Utilizing biosolids on agricultural land, Department of Crop and Soil
Science, Michigan State University, Extension Bulletin, 2001.

[11] Tanu K.K., Salinity in the soil environment, [in:] A. Lauchli, U. Liittge (Eds.), Salinity. Environment
— Plants — Molecules, Kluwer Academic Publishers, 2002, 21-51.

[12] SINGH R.P., AGRAWAL M., Potential benefits and risks of land application of sewage sludge, Waste
Manage., 2008, 28, 347.

[13] GArRAU M.A,, FELIPO M.T., Ruiz DE ViLLA M.C., Nitrogen mineralization of sewage sludges in soils,
J. Environ. Qual., 1986, 15 (3), 225.

[14] MARY B., Recous S., DARwis D., RoBIN D., Interactions between decomposition of plant residues and
nitrogen cycling in soil, Plant Soil, 1996, 181, 71.

[15] FACELLIJ.M., PIckeTT S.T.A,, Plant Litter. Its Dynamics and Effects on Plant Community Structure,
Bot. Rev., 1991, 57, 1.

[16] HErMs D.A., LLoYD J.E., STINNER B.R., Effects of organic mulches and fertilization on microbial
activity, nutrient availability and growth of river birch, [in:] F.C. Michel, R. Rynk, H.A.J. Hoitink
(Eds.), Proc. International Symposium Composting and Compost Utilization, Ohio State University,
US 2002, 787.

[17] HENRY C., SuLLIVAN D., RYNK R., DoRseY K., COGGER C., Managing nitrogen from biosolids, Wash-
ington State Department of Ecology and Northwest Biosolids Management Association, Ecology Pub-
lication, 1999.

[18] CripPs R.W., WINFREE S.K., REAGAN J.L., Effects of sewage sludge application method on corn pro-
duction, Commun. Soil Sci. Plant, 1992, 23 (15-16), 1705.

[19] Regulation on the use of domestic and urban wastewater sludge in soil, Official Newspaper, 27 661,
2010, Turkey (in Turkish).

[20] NAIR A., JuwARKAR A.A., DEVOTTAS., Study of speciation of metals in an industrial sludge and eval-
uation of metal chelators for their removal, J. Hazard. Mater., 2008, 152, 545.

[21] ALonso E., ApARICIO I., SANTOS J.L., VILLAR P., SANTOS A., Sequential extraction of metals from
mixed and digested sludge from aerobic WWTPs situated in the south of Spain, Waste Manage., 2009,
29, 418.

[20] ALvAREZ E.A., MOCHON M.C., JIMENEZ SANCHEZ J.C., RODRIGUEZ M.T., Heavy metal extractable
forms in sludge from wastewater treatment plants, Chemosphere, 2002, 47 (7), 765.

[23] LEGRET M., Speciation of heavy metals in sewage sludge and sludge-amended soil, Int. J. Environ.
Anal. Chem., 1993, 51 (1-4), 161.

[24] PEReZ-CID B., LAVILLA I, BENDICHO C., Comparison between conventional and ultrasound acceler-
ated Tessier sequential extraction schemes for metal fractionation in sewage sludge, Fresenius J. Anal.
Chem., 1996, 363, 667.

[25] FERNANDEZ-ALBORES A., PEREZ-CID B., FERNANDEZ-GOMES E., FALQUE-LOPEZ E., Comparison be-
tween sequential extraction procedures and single extractions for metal partitioning in sewage sludge
samples, Analyst, 2000, 125, 1353.



