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Microwave enhanced chromium extraction from sewage sludge and soil-sludge mixtures was carried out using ethylenediaminetetraacetic acid (EDTA)
and more biodegradable chelating agents: methyleneglycinediacetic acid (MGDA), S, S’-ethylenediaminedisuccinic acid (EDDS) and S-carboxyl-L-
cysteine (SCLC). Raising the temperature using microwave energy had particularly strong effect on Cr extraction efficiency with MGDA from all the
investigated biosolids. The higher was the temperature, the larger amount of metal was extracted — maximum removal efficiency with MGDA at 150°C
was 38 times higher than that at 20°C. The effect of microwave-assisted extraction duration was also significant — extraction effectiveness increased by
40-60 % at 150°C while increasing duration from 15 min up to 60 min, depending upon the type of biosolid tested. MW-enhanced chromium extraction
efficiency from sludge mixture with clay soil was in all cases significantly lower than that from the raw sludge samples as well as sludge mixture with
sandy soil. Extraction study showed that such readily degradable agents as EDDS and MGDA can be successfully used to wash biosolids in the presence
of chromium contamination instead of persistent EDTA when microwave energy is applied, while SCLC was less efficient. According to the
complexation efficiency, the investigated chelants can be ranked in the following order: EDTAXMGDA>EDDS>SCLC, while the overall chromium
removal capacity of MGDA was better than that of EDDS.
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INTRODUCTION

Sewage sludge (S) is the final residue from wastewater treatment plants (WTPs) generated during the process of
municipal wastewater treatment. It has been shown that sewage sludge on-land application improves physical, chemical
as well as biological properties of the soil. Sludge can be a valuable source of primary plant nutrients (such as nitrogen
and phosphorus) as well as secondary nutrients (sulphur, calcium, magnesium), also can act as an effective soil conditioner
because of high organic matter content (Ashekuzzaman et.al., 2019; Feasibility study.., 2018; Dargenis et al., 2008;
Epstein, 2003). According to the National Waste Management Plan of the Republic of Lithuania (State plan.., 2014) on-
land sewage sludge recycling is a preferred solution rather than sludge disposal in the municipal landfills or special long-
term sludge storage facilities. However, safe sewage sludge utilisation is often limited by elevated concentration of heavy
metals (HM), which can give rise to accumulation of these potentially toxic elements in the topsoil, following adverse
effects on plant growth and crop quality (Alloway, 2013). Moreover, wastewater sludge on-land application poses a great
concern because soil acts as a transferor, and due to bioaccumulation HM can appear in a food chain (Praspaliauskas &
Pedisius, 2017; Kabata-Pendias, 2011; Emmerich et al., 1982).

Negative impact of HM on the environment and human health can be effectively reduced by removing them
from S or soil-sludge mixtures. A number of different extracting agents were applied for chemical heavy metal extraction
from the solids: aqueous solutions of organic and inorganic acids, their salts, oxidizing or reducing chemicals, also various
metal complexing agents (Navarro-Gonzalez et al., 2017; Suanon et al., 2016; Bolan et al., 2014; Komarek et al., 2007,
Zaleckas et al., 2007; Yuan et al., 2007; Zhang et al., 2006; Moutsatsou et al., 2006; Khodadoust et al., 2005; Marchioretto
et al., 2002; Labanowski et al., 2007). Divalent ions of heavy metals such as copper (Cu?*), zinc (Zn?*), nickel (Ni?*), lead
(Pb?*), cadmium (Cd?*) or chromium (Cr?* as well as Cr®*) will form coordination compounds with electron-donating
nitrogen (N) or oxygen (O) atoms in the presence of polycarboxyamino acids. Ethylenediaminetetraacetic acid (EDTA)
exhibits high effectiveness in the separation of metals from the biosolids, but because of its low biodegradation rate
following high persistence in the environment it is to be replaced with other more rapidly decomposing and environment
more friendly chelate forming extractants (Suanon et al., 2016; Renella et al., 2004; Ritschel, 2003; Grcman et al., 2003;
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o Bucheli and Egli; 2001; Takahashi et al., 1997). The ligand EDTA binds tightly to a variety
L of metal ions by forming hexadentate complexes (Fig. 1).
c{ Mo L Similar EDTA-type chelants can form stable and at the same time highly soluble
Chz—< complexes with the transition elements due to hexadentate ligand and M (Metal) bonding
GHz— N through nitrogen and oxygen atoms — donor atoms with unshared electron pairs which can
S | e coordinate a metal ion (Khairia, 2017; Dupare, 2015). They can show high effectiveness
&, N, in the removal of HM from contaminated water as well as solids. The importance of these
< ligands as chelating agents in the field of environmental technology supports the need for
n an exploration of their effectiveness in different conditions.

The objective of the present study was to evaluate the efficiency of more than EDTA
Figure 1. The typical  biodegradable chelating agents used for the microwave enhanced removal of chromium
chelate-type structure o (cr) from sludge and soil-sludge mixtures at a different temperature range (50, 100, 150°C)

E&L’?‘e}?{'ate corr(l?)/:g(aelg and extraction duration (15 and 60 min).

(Khairia, 2017)
RESEARCH METHODS

Anaerobically digested sewage sludge was sampled at Kaunas WTP after sludge dewatering. Sludge was brought
back to the laboratory, dried at 40°C and ground in a ball-mill, soil was air-dried, sieved to pass a 2 mm mesh screen,
homogenized thoroughly and later two different sludge-soil mixtures were prepared: sludge with clay soil and sludge with
sandy soil. Chelant-induced chromium removal experiment was carried out with strong metal chelating compounds
(chelants) — the selected organic di-, tri- and tetra-carboxy amino acids: S-carboxyl-L-cysteine (SCLC),
methyleneglycinediacetic acid (MGDA), ethylenediaminetetraacetic acid (EDTA) and S, S’-ethylenediaminedisuccinic
acid (EDDS) and (Table 1).

Table 1. Chemical structure of chelating agents (polycarboxyamino acids) used as extractants for chromium removal from sludge based
biosolids

Number of
Extracting agent functional Abbreviation Chemical structure
carboxygroups
A . [ HOOC —, .
Methyleneglycinediacetic . . CH,
Y g y Tricarboxylic- MGDA N —<
acid — .
| | HOOC COOH
) : : HOOC — ~——COOH
Ethylenediaminetetraacetic . .
Y ram ! Tetracarboxylic- EDTA N~ =N
acid HOOC — ——COOH
S, 5'- HOOC NI R
ethylenediaminedisuccinic | Tetracarboxylic- EDDS ’ ~"\NH
acid HOOC ) COOH
COOH
S-carboxyl-L-cysteine Dicarboxylic- SCLC nooc” s /\I/
NI,

Removal tests were performed following steps provided in Figure 2 with S and two different sludge-soil mixtures: sludge
mixture with clay soil (S-CS) and sludge mixture with sandy soil (S-SS). Sewage sludge (S) and soil (CS or SS) ratio in
the mixtures was 1:1 on a dry weight basis. All chelating agents were used as 0.1M aqueous solutions, the pH was settled
using NaOH or HNOs, and extraction was performed at a liquid/solid ratio — 10:1 and room temperature (20°C).
Microwave-assisted HM extraction (at temperatures - 50, 100 and 150°C) was performed in the microwave (MW) oven
A MLS-ETHOS (Leutkirch, Germany). Microwave-enhanced extraction duration was 15 and 60 min.

Extractng agent Solid sample

MExing
MW heating [*] Filtration [*] Dilution  [*] Instrumental

/l amalysis

Mixing | Centrifszation || Filtration || Dilution |

Instromental
analy=is

Figure 2. Main steps of microwave and batch experiments of chromium removal from sludge and sludge-soil mixtures

After extraction followed 25 min ventilation period, then solution was filtered and chromium (as well as other
HM) concentration in the solutions has been determined by atomic absorption spectroscopy (AAS) following the
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requirements given in standard procedures LST EN 13650:2006, LST EN 1SO 15586:2004 and LST ISO 8288:2002. All
extractions were performed at least in triplicate; average, standard deviation and significance level was calculated using
t-test when p < 0.05. Calibration using standard solutions was performed before the instrumental analysis.

RESEARCH RESULTS

Though being highly effective in metal removal processes, application of EDTA, due to its slow biodegradation,
can greatly increase bioavailability of toxic metals in the soil environment after remediation (Cao et al., 2008; Labanowski
et al., 2007). Moreover, it can be the cause of groundwater and surface water pollution by heavy metal compounds that
have become much more mobile (Sun et al., 2001; Takahashi et al., 1997; Schowanek et al., 1997). Therefore, comparable
extraction tests were performed using other more biodegradable (Paulauskas et al., 2019; Renella et al., 2004) than EDTA
polycarboxy amino acids: EDDS, MGDA and SCLC.

Results showed (Fig. 3) that raising the temperature using microwave energy had particularly strong effect on Cr
extraction efficiency with MGDA from all the investigated biosolids. The higher was the temperature, the larger amount
of metal was extracted — Cr extraction efficiency (EE) from the sludge at 150°C after 1h mixing was above 60%, while
at 20-50°C EE did not exceed 10%, and maximum removal efficiency with MGDA at 150°C was 38 times higher than
that at 20°C. The effect of microwave-assisted extraction duration was also significant — extraction effectiveness increased
by 40-60 % at 150°C while increasing duration from 15 min up to 60 min, depending upon the type of biosolid tested.
MW-enhanced chromium extraction efficiency from sludge mixture with clay soil was in all cases significantly lower
than that from the raw sludge samples as well as sludge mixture with sandy soil.

Extraction study showed that such readily degradable agents as EDDS and MGDA can be successfully used to
wash biosolids in the presence of chromium contamination instead of persistent EDTA when microwave energy is applied,
while SCLC was less efficient. According to the complexation efficiency, the investigated chelants can be ranked in the
following order: EDTA=MGDA>EDDS>SCLC.

70 70 70
3 o
260 = 6 e
w H w
50 50 50
40 40 40
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20 20 20
10 I 10 I 10 l
[ | [ | [ —— m l 0 —— - -
20 50 100 150 20 50 100 150 20 50 100 150
0
m15min m60min £ E15min W60 min t°C W15min W60 min t,°C
a b c

Figure 3. Microwave-enhanced Cr extraction efficiency after 15 and 60 min treatment at different temperature (20, 50, 100 and 150°C)
from the following biosolids: a - S-CS, b — S-SS, c- S (extraction with 0.1M MGDA solution, pH 6, solid: solution ratio — 1:10)

The ranking order of the heavy metals according to the summarised extraction efficiency at room temperate was
following: Zn>Ni>Cd>Cu>Pb>>Cr (Table 2). Overall HM removal capacity of EDDS was better than that of MGDA in
all cases, except for chromium, presumably due to different Me-chelate structure as well as their solubility and stability.
Generally, microwave assisted maximum extraction values were in all cases significantly higher, than the best EE result
achieved in batch-washing at room temperature (Table 2).

Table 2. Maximum chromium extraction efficiency achieved at a given temperature and compared with the EE of other heavy metals

Chelating agent Heavy metal Max extraction efficiency, % Extraction efficiency at 20°C, %
(temperature at which max EE was achieved, °C)
MGDA Cr 64.0 (150) 1.7
Cd 34.1 (100) 24.7
Ni 57.6 (100) 25.9
Pb 24.8 (100) 21.2
Cu 12.6 (50) 22.8
Zn 86.6 (100) 474

Results showed that according to their highest EE from the sewage sludge applying MGDA heavy metals can be
ranked in the following order: Zn>Cr>Ni>Cd>Pb>Cu. It should be noted, that HM ranking order at room temperature
was quite different.

CONCLUSIONS

o Raising the temperature using microwave energy had particularly strong effect on Cr extraction efficiency with
MGDA from all the investigated biosolids. The higher was the temperature, the larger amount of metal was extracted —
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Cr EE from the sludge at 150°C after 1h mixing was above 60%, while at 20-50°C EE did not exceed 10%, and maximum
removal efficiency with MGDA at 150°C was 38 times higher than that at 20°C.

o The effect of microwave-assisted extraction duration was also significant — extraction effectiveness increased by
40-60 % at 150°C while increasing duration from 15 min up to 60 min, depending upon the type of biosolid tested.

o MW-enhanced chromium extraction efficiency from sludge mixture with clay soil was in all cases significantly
lower than that from the raw sludge samples as well as sludge mixture with sandy soil.

o Extraction study showed that such readily degradable agents as EDDS and MGDA can be successfully used to
wash biosolids in the presence of chromium contamination instead of persistent EDTA when microwave energy is applied,
while SCLC was less efficient. According to the complexation efficiency, the investigated chelants can be ranked in the
following order: EDTAMGDA>EDDS>SCLC. The overall chromium removal capacity of MGDA was better than that
of EDDS.

e According to their highest EE from the sewage sludge applying MGDA heavy metals can be ranked in the
following order: Zn>Cr>Ni>Cd>Pb>Cu. It should be noted, that HM ranking order at room temperature was quite
different — Zn>Ni>Cd>Cu>Pb>>Cr.
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