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Abstract: Comparable heavy metal extraction efficiency using different chelating aminopolycarboxylic acids was studied with sewage 

sludge as well as sludge-soil mixtures. EDDS and MGDA showed only slightly lower extraction efficiency in comparison with EDTA, at 

solution pH 6 and 25°C. Chemical fractions of HM in the sludge were determined using sequential extraction. According to their stability in 

the environment (in  sulphide  and residual fractions) the investigated heavy metals can be ranked as follows: Cr> Pb> Ni> Cd> Zn ≈ Cu.  

It was found out that methylglycinediacetic and S,S’-ethylenediaminedisuccinic acids had much better biological degradation properties 

than widely for metal complexation used ethylenediaminetetraacetic acid - EDTA. Possibility to utilize metal-contaminated extraction 

solution by chelant recovery with calcium hydrosilicate was also investigated. 
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1. Introduction 

EU environmental requirements encourage the development 

of modern and effective wastewater treatment technologies, 

therefore quantities of sewage sludge (SS) are steadily increasing 

(Environmental, economic and social impacts of the use of 

sewage sludge on land, 2010) Sludge recycling and safe 

utilisation is encouraged by the main principles of EU waste 

management 3 R policy – Reduce, Reuse, Recycle. 

Amount of accumulated sewage sludge in Lithuania has 

reached 82,000 t/year dry weight (DW) in 2016. Approximately 

60% of the treated sludge is stored in storage plants, properly 

equipped deposits or other landfilling sites, 14% is used in 

agriculture, and 26% is composted (Praspaliauskas and Pedišius, 

2017). Most of the sludge before storage is treated anaerobically, 

following dewatering and drying. According to environmental 

regulations, it is banned to dispose sewage sludge in regional 

municipal waste landfills. The main regulatory document is 

normative document LAND 20-2005, which regulates use of 

sewage sludge in agriculture, forestry, growing   of energetic 

plants, recultivation of damaged areas (closed landfills, mining 

sites). These requirements are also applied to other sludge with 

similar properties to those of municipal WWTP sludge, such as 

sludge from e.g. food industry.  Sludge storage requires annually 

tens of hectares of land which could be alternatively used for 

other public needs. In addition sludge landfilling always poses a 

potential threat to groundwater and surface water quality.  

In many EU countries, more than half of the sludge that is 

produced in wastewater treatment plants is disposed on 

agricultural land (Environmental, economic and social impacts of 

the use of sewage sludge on land, 2010). The beneficial effects of 

using sludge in agriculture have been proven by numerous 

researchers (Wei and Liu, 2005, Wang et. al., 2005).  It has been 

shown that sludge on-land application improves physical, 

chemical as well as biological properties of the soil. Sewage 

sludge can be a valuable source of plant nutrients such as 

nitrogen, phosphorus, calcium and magnesium, also can act as an 

effective soil conditioner. 

However, safe sludge on-land utilisation is often limited by 

high content of hazardous contaminants, such as heavy metals 

(HM), which can end in crops and drinking water finally entering 

the human food chain. High concentrations of HM are also 

undesirable when sludge is utilised using other alternative 

methods, such as composting or anaerobic sludge processing, 

incineration, production of biofuel or other valuable bioproducts 

by pyrolysis or gasification, also recycling of waste sludge in 

building material industry, pigment manufacturing or road 

construction. 

Negative impact of heavy metals on the environment and 

human health can be effectively reduced by removing them from 

the sewage sludge. Various metal-extracting solvents can be used 

for chemical extraction: inorganic and organic acids or aqueous 

solutions of mineral salts, oxidizing or reducing agents, as well as 

organic chelate-type compounds forming stable organic 

complexes with HM (Zaleckas et. al., 2007). EDTA shows high 

effectiveness in removal metals from solids, but unfortunately, 

due to its poor biodegradability, it is also very persistent in the 

environment. This can cause negative long-term effects on 

speciation and bioavailability of toxic and essential trace 

elements. Also should be taken notice of risk of groundwater 

pollution by percolating persistent chelating agents and their 

metal complexes. Therefore, investigators presume that EDTA is 

an unsuitable soil washing agent and stake on the use of more 

easily biodegradable ones.  

The main aim of this study was to investigate the efficiency 

of different extraction agents used for the removal of heavy 

metals from sewage sludge as well as to assess the recovery 

options of metal-contaminated solutions after the extraction. 

2. Materials and Methods 

Anaerobically treated sewage sludge from Kaunas 

wastewater treatment plant (WTP), Lithuania second largest city, 

was used in this study. Samples were collected after sewage 

sludge dewatering stage (centrifugation), transported to the 

laboratory, dried at 40°C in an oven until constant weight. 

Further, grinding was carried out by using a ball-mill (EICH; 

Bonn). Sludge samples were thoroughly homogenised and stored 

before the experiment in glass vessels at room temperature in a 

dry atmosphere. SS from Raseiniai and Silute WTPs has also 

been sampled and examined for the comparison of their physico-

chemical properties and metal content. Chelant-induced heavy 

metal removal experiments have been carried out only with 

anaerobically digested Kaunas WTP sewage sludge. 

Organic mono-, di- and tricarboxyacids, as well as strong 

metal chelating compounds – aminopolicarboxyacids, have been 

used as extracting agents seeking to intensify metal removal 

processes. Chemical structure of the selected extractants, pointing 

out the number of carboxygroups, is presented in Table 1. 

Solutions of different concentrations were prepared by diluting 

chemicals in 100 ml volumetric flasks with deionised water. All 

extractans used were of analytical-reagent grade. 

Two different sludge-soil mixtures were prepared by mixing 

soil with SS at a ratio 1:1 (on dry matter basis): mixture A – SS 

with clay soil; mixture B – SS with sandy soil.  Mixtures were 

left stand for 8 weeks at room temperature to reach equilibrium, 

then air dried at 40°C, crushed, homogenised, sieved and stored 

before experiment in glass bottles. Gyrolite (hydrated calcium 

silicate hydroxide) was synthesized by the method of 

hydrothermal synthesis. Other analytical-reagent grade chemicals 

that have been used in the experiments: sodium hydroxide, 
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hydrochloric acid, nitric acid, potassium nitrate, ammonium 

hydroxide, cadmium nitrate, calcium chloride as well as standard 

metal solutions (for AAS analysis). Total concentration of HM 

was determined by ISO 11466:1995. HM concentration in 

digestion solutions was measured using atomic absorption 

spectrometry (AAS). Determinations were performed by either 

flame or graphite furnace AAS (SpectrAA 300 or SpectrAA 650, 

respectively, Varian, Germany, with both flame and 

electrothermal atomisers). Concentration of trace elements in 

initial solid samples was also determined by the method of 

inductively coupled plasma (ICP) using ICP-MS Agilent 7500i 

(Agilent Technologies, USA). 

 Other physico-chemical characteristics of the sewage sludge 

were also measured: pH, total N, total P, dry matter content and 

organic matter content. 

Sequential extraction method after Emmerich (Emmerich et. 

al., 1982) was applied to evaluate heavy metal chemical 

distribution into five fractions: Fraction 1 (F1) - exchangeable 

fraction (0.5M KNO3); Fraction 2 (F2) - adsorbed fraction 

(deionized H2O); Fraction 3 (F3) - bound to organic matter 

fraction (0,5M NaOH); Fraction 4 (F4) - bound to carbonate 

fraction (0.05M Na2EDTA); Fraction 5 (F5) - bound to residual 

fraction (4M HNO3). 

 

Table 1. Chemical structure of chelating agents used as extractants for heavy metal removal from sewage sludge 

Extracting agent 
Number of functional 

carboxygroups 
Abbreviation Chemical structure 

Acetic acid Monocarboxylic- AA CH3COOH 

Oxalic acid Dicarboxylic- OA HOOC-COOH 

Citric acid Tricarboxylic- CA HOOC

COOH

COOH

OH  

Methyleneglycinediacetic acid Tricarboxylic- MGDA 

HOOC

HOOC

N

COOH

CH3

 

Ethylenediaminetetraacetic acid Tetracarboxylic- EDTA 

HOOC

HOOC

N N

COOH

COOH  

S, S’-ethylenediaminedisuccinic acid Tetracarboxylic- EDDS 
HOOC

HOOC

NH
COOH

COOH
NH

 

S-carboxyl-L-cysteine Dicarboxylic- SCLC HOOC S
COOH

NH2  

 

 

After each successive extraction mixtures were centrifuged at 

3000 rpm for 30 min, the supernatant decanted into polyethelene 

bottles, acidified to pH<2 and metal concentration in filtered 

solutions determined by AAS using flame or graphite furnace 

atomisers. The amount of extracted heavy metal in each fraction 

was calculated as a percentage ratio of total metal content. 

Batch solid extraction was applied to remove heavy metals 

from sewage sludge and sludge amended clay loam and sandy 

soils. Washing experiment was performed in a rotary shaker 

following the given scheme (Fig. 1). Extraction parameters and 

applied procedures are described below. 

Heavy metal extraction with organic acids – acetic (AA), 

oxalic (OA) and citric (CA) has been performed at different 

concentrations (0.01M, 0.05M, 0.1M, 0.5M, 1.0M), liquid 

(ml)/solid (g) ratio - 50, duration 24 h, 20°C temperature. pH of 

all solutions before and after extraction has been measured.  

Chelate-induced heavy metal extraction has been performed 

with five different chelants (Table 1) - ethylenediaminetetraacetic 

acid (EDTA), methyleneglycinediacetic acid (MGDA), S, S’-

ethylenediaminedisuccinic acid (EDDS), S-carboxyl-L-cysteine 

(SCLC) and citric acid. All chelating agents were used as 0.1M 

aqueous solutions, and extraction has been performed at a 

liquid/solid ratio - 10, at 20°C  temperature. 

To study the effect of pH on chelatant-assisted washing, the 

extraction experiments have been performed with the most 

promising chelating agents (0.1M EDDS and 0.1M MGDA 

solutions) at different pH values in the range from 2 to 12, 

liquid/solid ratio 10, room temperature (20°C). After 

centrifugation, pH of all extractants was measured, then solution 

was filtered and heavy metal concentration has been determined 

by AAS.  
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Fig. 1. Main steps of batch experiments of heavy metal removal from 
sludge and sludge-soil mixtures 

Biological degradation of chelating agent in water has been 

determined applying OECD, 301 D Closed Bottle method. 

Commercially available biological inoculants have been used as 
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bacterial substrate for biodegradation experiment. Concentration 

of dissolved oxygen in the incubatory vessels has been measured 

in the duration of 28 days by electrometric method using 

oxymeter OXI 597. 

For metal-contaminated chelatant solution recovery, 

adsorption of cadmium ions from Cd-EDDS solution (1g Cd2+/L 

solution prepared from cadmium nitrate) was performed with 

gyrolite (hydrated calcium silicate hydroxide) in polyethelene 

tubes containing 2 g of gyrolite and 200 ml of Cd-chelating 

agent, shaking for 2 h in a rotary stirrer.  

Possibility to utilize HM-gyrolite waste in the cement 

industry was tested by mixing 5% of gyrolite with 

portlandcement and measuring the strength of the obtained 

product. Mineralogical characterisation of cement samples was 

conducted using X-ray diffraction, simultaneous thermal analysis 

(Netzsch STA 409 PC Luxx, Germany) and fourier transform 

infrared (FTIR) spectroscopy (PerkinElmer FT-IR System, 

USA). 

3. Results and Discussions 

HM fractionation results showed (Fig. 2.) that up to 85% of 

the total metal content was associated with fractions F3–F5 

(organic matter, carbonate-bound and residual fractions). While 

HM mass percentage presented in the fractions F1+F2 (the 

exchangeable and adsorbed) in all cases was below 20%. As the 

first two fractions can be characterized as highly mobile in the 

environment, thus metals according to their bioavailability can be 

ranked in the following order: Ni≈ Zn> Cu> Cd> Pb> Cr. 

According to their stability in the environment (share in fraction 

F5 - sulphide and residual) the investigated HM can be ranked as 

follows: Cr> Pb> Ni> Cd> Zn ≈ Cu. Partitioning results show 

that Cr and Pb can be reffered as elements with the lowest 

expected removal efficiency. 
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Fig. 2. Chemical fractions of heavy metals in sewage sludge before and 

after anaerobic digestion 

Results of HM chemical extraction showed that easier than 

EDTA biodegradable chelating agents, such as EDDS and 

MGDA, can be successfully used instead of widely applied 

metal-complexing agent EDTA, for HM removal from sewage 

sludge as well as metal-contaminated soil. Complexation 

efficiency was markedly different between the investigated 

metals, but according to the maximum extraction efficiency, the 

investigated chelants can be ranked in the following order: 

EDTA≈EDDS≈MGDA>CR>SCLC. 

In order to study the relationship between heavy metal 

extraction efficiency (EE) and exposure duration, extraction was 

carried out in a period from 0.5 up to 48 h. It was found that after 

8 hours, extraction efficiency for all the investigated HM reached 

85-90% comparing with the final tested 48 h extraction efficiency 

(Fig. 3).  

Different EE values were observed depending on both metal 

chemical properties as well as chelant ability to leach HM from 

the solid selected.  Chromium was the most difficult trace 

element to remove from SS using EDDS as well as MGDA, only 

5% was leached after 48h agitation. The slower extraction rate of 

Cu could be related to the fact that both in soils and sludges Cu is 

commonly associated with organic matter (OM) or other similar 

to sludge OM slowly oxidizable species.   
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Fig. 3. Metal extraction from SS with chelant EDDS as a function of 
exposure duration, at pH 6, solution/solid ratio 10, 20°C tempreture 

Cadmium adsorption using synthetic adsorbent was used to 

study recovery possibilities of metal-contaminated chelant 

solution. Cadmium ion sorption mechanism from Cd-EDDS 

solution (1g Cd2+/L) by hydrated calcium silicate hydroxide 

(gyrolite) was investigated. It was found, that ion exchange in the 

gyrolite was the most intensive during the first minutes of 

exposure – more than 50% (54 mg Cd2+/g) of cadmium ions was 

adsorbed from Me-contaminated solution (Fig. 4). Prolonging the 

duration of interaction, cadmium ion adsorption rate slows down 

and after 2 h cadmium ion concentration in gyrolite was equal to 

72 mg Cd2+/g. 
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Fig. 4. Cd2+ ion adsorption by gyrolite from Cd–EDDS solution (with 
initial Cd concentration of 1 g/l) 

It was also found out that ion exchange reaction taking place 

in gyrolite is an irreversible process. After the sorption 

experiment, dried gyrolite powder was placed in decarbonized 

water and, after 120 minutes of stirring at 25oC, no Cd2+ ions 

were detected in solution by flame-AAS. 

Possibility to utilise Cd-gyrolite waste in cement-based 

products was also tested. Waste gyrolite (after Cd sorption) 

impact on the strength properties of Portland cement was studied. 

Portland cement samples were prepared with 5% gyrolite (with 

cadmium ions and without) additives and physico-mechanical 

properties of the samples were examined. It was found out that 

compression strength of Portland cement samples after 3 days 

was equal to 26.5 MPa. Strength of samples after 7 days of 

consolidation increased up to 31.5 MPa, while further 

solidification had changed this indicator only minutely - after 28 

days of hydration it was equal to 32.5 MPa. 5% gyrolite additive 

with cadmium ions, leads to better strength properties of cement 

samples, compared with 5% of gyrolite additive without the 

inserted metal ions. The examined strength parameters of cement 

samples respectively were, after 3 days – 13.5 MPa and 20 MPa, 

after 7 days – 15.2 MPa and 21.0 MPa, after 28 days – 16.8 MPa 

and 25.0 MPa. Changes of mineral composition of cement 

samples during hydration process was examined and confirmed 
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by X-ray diffraction, simultaneous thermal and FT-IR spectral 

analysis. 

 Finally, environment-friendly (closed-cycled, waste 

minimising) technology for HM-removal from municipal 

wastewater sludge was suggested (Fig. 5). 

 

 
 

Fig. 5. Principal technological scheme for HM removal from the municipal sewage sludge using  

chelant-based extraction 
 

1 – sewage sludge storage zone, 2 – shovel elevator, 3 – container of sewage sludge, 4 – weight batcher, 5 – agitator,  
6 – volumetric batcher, 7 – water reservoir, 8 – KOH reservoir, 9 – reservoir of chelating agent, 10, 12, 14, 20, 22 – pump,  

11 – extraction reactor, 13 – centrifuge, 15 – adsorption tank, 16 – layer of gyrolite, 21 – condenser 

 

4. Conclusions 

HM extraction results showed that readily biodegradable 

aminopolycarboxylic acids (such as EDDS or MGDA) had high 

HM metal removal capability from sewage sludge and sludge-soil 

mixtures. HM extraction efficiency using chelating agents increased 

with rising of solution temperature and with the decrease of pH of 

the extraction solution. The investigated HM according to their 

extraction efficiency from the solids can be ranked in the following 

order: Zn> Ni> Pb> Cu> Cr> Cd for EDDS, and Zn> Cr> Ni> Cd> 

Pb> Cu for MGDA. To summarize, the overall HM removal 

capacity of EDDS was better than that of MGDA in all cases, 

except for Cr.  

It was demonstrated that after cadmium removal EDDS chelant 

can be successful recycled using hydrated calcium silicate 

hydroxide (gyrolite). Chemisorption capacity of this adsorbent from 

metal-contaminated solution is 72 mg Cd2+/g, at temperature – 

25°C, duration – 120 min, and 1 g/l initial cadmium ion 

concentration. It was also found, that ion exchange in the gyrolite 

was the most intensive during the first minutes of exposure, and that 

ion exchange reaction taking place in the gyrolite is an irreversible 

process. 

Possibility to utilise Cd-gyrolite waste in cement-based products 

was investigated. Impact of waste gyrolite (after Cd sorption) on the 

strength properties of Portland cement was studied. It was proved 

that gyrolite additive with cadmium ions, leads to better strength 

properties of cement samples, compared with 5% of gyrolite 

additive without the inserted metal ions. 

 It was also demonstrated that environment-friendly (closed-

cycled, waste minimising) as well as efficient technology can be 

applied for HM removal from municipal wastewater sludge.  
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