Available online at www.sciencedirect.com

ScienceDirect

Procedia

ﬁﬁ‘
ELSEVIER Energy Procedia 97 (2016) 23 — 30

Energy

European Geosciences Union General Assembly 2016, EGU
Division Energy, Resources & Environment, ERE

Metals Accumulation During Thermal Processing of Sewage Sludge
- Characterization of Fly Ash and Air Pollution Control (APC)
Residues

Monika Kasina®*, Piotr R. Kowalski?®, Marek Michalik?®

“Institute of Geological Sciences, Jagiellonian University, Oleandry 2a, 30-063 Krakow, Poland

Abstract

Sewage sludge thermal utilization leads to production of fly ash and APC residues which may contain elevated amounts of some
metallic or toxic elements (Fe, Zn, Pb, Sn, Au, Hg, Cd, As). Distribution of these elements in studied fly ash and APC residues was
unequal and dependent on their melting temperature. Metals in fly ash are present as Fe-rich grains and rims around Si-glass
whereas in APC metallic components are mostly represented by Sn-rich inclusions dispersed in matrix, Ca-phosphates or as
separate micro-grains. Elements concentrations were elevated but overall content was low thus disqualifying the material in terms
of recovery.
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1. Introduction

Due to increasing mass of sewage sludge produced in wastewater treatment, problems in its management have
appeared in Poland. Over years sewage sludge was landfilled, however due to the European Landfill Directive
1999/31/EC [1] it is not an option anymore due to the fact that sewage sludge contains materials regarded as hazardous.
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Highly concentrated metallic and harmful elements, toxic organic substances and biological components (e.g.
parasites, microbes) disqualify this material for landfilling. In addition EU-member states obliged themselves with
accordance to that directive to reduce the amount of biodegradables waste landfill by 65% in comparison to the amount
from 1995 [2]. Some of the EU countries (Germany, The Netherlands, Sweden, Austria, Denmark and Belgium)
achieved the goal already in 2010 by combining material recycling, biological treatment and waste-to-energy
technology [2], however in Poland still over 50% of waste is landfill [3].

Currently in Europe one of the most reasonable method for sewage sludge treatment is incineration [4,5]. This
process results in the utilization of sewage sludge by thermal destruction of toxic compounds [6] with minimum energy
consumption and thus minimize the costs of managing waste generated in the process. In addition energy is recovered
due to high calorific value of sewage sludge, almost equal to that of brown coal [5]. Nevertheless even the incineration
has advantages due to the reduction of sewage sludge volume and lower disposal costs it is not a complete method [7]
since almost 30% of the solids remain in incineration residues as fly ash and air pollution control (APC) residues.

The goal of this study was to characterize chemical and mineral composition of fly ash and APC residues as well
as to attempt to characterize fractionation of metallic and toxic elements and their accumulation within residue
materials in terms of their potential recovery.

2. Materials & methods
2.1 Characteristic of sewage sludge thermal utilization plant — technological approach

Dewatered sludge is transported directly from wastewater treatment plant by conveyors to the dewatered sludge
silo, where it is further transported to the node for sludge membrane drying system down to 22% dry mass. The dryer
is supplied with heat in the form of hot steam, which is recovered from the incineration process. Dried sludge is
incinerated in the fluidized bed furnace Pyrofluid ™ which is characterized by high turbulence of the fluidized bed at
a constant temperature and constant intensity of the process which provides complete incineration of organic matter,
constant operating temperature in the range of 850-900° C what ensures a longer life time of the furnace and the
effective reduction of NO, emission. In addition the heat exchange area within the fluid bed allows to reduce the size
of the installation. A thermal utilization station is equipped with a heat exchanger, responsible for pre-cool of flue
gases and the production of saturated steam to power the drying node [8].

2.2 Materials characteristic and preparation for analyses

During the process of sewage sludge thermal utilization a fly ash, classified as non-hazardous waste! and by-
products from the cleaning of exhaust gases so called air pollution control residues (APC) residues, classified as
hazardous waste? were produced.

Fly ash was a reddish, fine-grained material, containing ~ 30 wt% of particles within 0.25-0.063 mm size range
and very low soluble material content (~ 1 wt%), whereas APC residues were light grey, very fine-grained material,
where particles between 0.25-0.063 mm size constitute over ~ 99 wt% and the soluble material content was
ca. 98 wt%.

Due to high content of soluble material in APC residues a soluble fraction was removed by dissolution in deionized
water (APCc), what caused significant mass reduction of 98% and additional concentration of potentially valuable or
toxic metals.

! Fly ash (waste code: 19 01 14) with accordance to the Regulation of the Minister of the Environment of 9 December 2014 (Dz.U. 2014 poz.
1923) is defined as: “ash other than those mentioned in 19 01 13 (fly ash containing dangerous substances)”.

2 APC residues (waste code: 19 01 07*) with accordance to the Regulation of the Minister of the Environment of 9 December 2014 (Dz.U. 2014
poz. 1923) is defined as: “solid waste from gas treatment”.
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2.3 Analytical methods

The chemical composition of sewage sludge incineration residues was analyzed using inductively coupled plasma
mass spectrometry (ICP-MS) and inductively coupled plasma optical emission spectrometry (ICP-OES) methods
performed in the ACME Analytical Laboratories Ltd, Vancouver, Canada. The main mineral composition was
determined using a Philips X Pert Diffractometer (APD type) with a PW 3020 vertical goniometer. The analytical
range for XRD analyses was 2-64° 0, Cu Ka radiation, a step size of 0.02° and a time of 1 s/step were applied. For
phase identification, the Philips X’Pert Graphics and Identify v.1.2a software with the ICDD PDF2 database was used.
To characterize the form of occurrences of metallic components and their composition a field emission scanning
electron microscope (FE-SEM) Hitachi S-4700 was used. Quantitative analyses of the chemical composition of the
metallic particles was performed using an energy dispersive spectrometer (EDS). The fly ash, and APC residues,
prepared as thin sections, were carbon coated and examined with FE-SEM operating at an accelerating voltage of 20
kV, using the back scattered electrons (BSE) mode.

3. Results and discussion
3.1. Mineral and chemical composition of fly ash and APC residues

The fly ash was a Si02-P20s5-Fe203-CaO dominated material (35 wt% SiO2, 17.92 wt% P20s, 15.85 wt% Fe;O3
and 12.63 wt% CaO). The XRD analyses indicated the presence of quartz (SiO,), apatite (Cas(PO4)3(OH,F,Cl)),
hematite (Fe,Os3) and feldspar (K(AISi3Og)-Na(AlSi3Os)-Ca(Al>Si»Og)) as main mineral phases. However in the
literature whitlockite (Ca3(POs)2) is mentioned more often than apatite [9]. The content of metallic and toxic elements
in fly ash was high. Contents of these elements are compared in Table 1 to the upper continental crust [10].

Table 1. Content of selected metallic and toxic components in fly ash, APC residues and APCc
(in bold — highly concentrated elements in studied materials).

Element Unit Fly ash reggfes APCe crlljlls)f) cer)l:l(;)rgililteen[t%]
Fe % 11.09 0.06 1.42 5.544
Ti % 0.59 0.01 0.09 0.64
Mn % 0.09 0.001 0.02 0.1
Mo ppm 25.5 1.1 4.5 1.1
Ni ppm 119.5 1.6 433 47
Cr ppm 1047 0.001 89 92
Zn ppm 4472 164 6326 67
Cu ppm 665.5 12.2 476.6 28
Pb ppm 138.0 14.8 514.3 17
Sn ppm 364 66 2465 2.1
Co ppm 272 0.3 8.6 17.3
As ppm 16.2 04 15.4 4.8
Cd ppm 7.0 0.5 20.3 0.09
Sb ppm 6.9 2.1 64.6 0.4
Hg ppm 0.01 10.05 50.00 0.05

Au ppm 0.9 0.00018 0.00005 0.00015

25



26

Monika Kasina et al. / Energy Procedia 97 (2016) 23 — 30

The APC residues composition was dominated by soluble minerals, mostly thenardite (Nax(SOs)). Thenardite could
form in the reaction of sodium bicarbonate (NaHCO3) which was used as a reagent during the purification of flue
gases (i.a. removal of SOy). A significant mass reduction of 98 wt% related to the removal of soluble material by
dissolution in deionized water caused 30-fold additional concentration of some elements. Main mineral phases
detected in APC residues after removal of soluble materials (APCc) were quartz, calcite (Ca(COz3)) and apatite. In
Table 1 are listed the metallic and toxic components present in APC residues and highly concentrated in APCc.

The concentration of REE and other critical elements was very low, and in comparison to the upper continental
crust significantly depleted. However [11] indicated in crust-normalized REE pattern of sewage sludge ash produced
in Japan is slightly enriched with Sm, Eu, and Tb. Nevertheless we must keep in mind that sewage sludge incineration
residues can differ in composition and content of various elements depending on the local environmental conditions,
level of environmental awareness, economic development, and also social needs and society education in each region.

3.2. Elements fractionation between fly ash and APC residues

The partitioning behavior of elements was widely studied for coal combustion. Three main classes are distinguished
based on the element volatility [12,13]: non-volatile, partially volatile and highly volatile.
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Fig. 1. Metal fractionation of sewage sludge incineration residues. @ - relative enrichment of elements in APCc;
elements in fly ash; Xapc/Xay asn for As was ~ 1; boiling temperatures of elements from [14].
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Some elements can overlap between these three groups depending on e.g. combustion conditions and combustor
type what can cause different ranges of volatility of the elements as well as fluid dynamics and kinetic factors within
the incinerator [15].

Even though the range of volatility of the elements can be large as suggested by [13] at some point it was possible
to notice similarities in elements volatility series in sewage sludge thermal incineration residues and coal combustion
residues.

The distribution of metals in fly ash and APC residues after incineration in the fluidized bed furnace was analyzed
by comparing metal concentrations in the fly ash and APCc. A metal enrichment factor was calculated from the ratio
of concentration of given element in APCc to concentration in fly ash (Xapce/Xay asn). The values below 1 indicated
the concentration of elements in fly ash whereas the values above 1 indicated the enrichment of elements in the APC
residues (Figs. 1, 2).

The boiling and melting temperature were examined to show the correlation of Xapce/Xiy ash With temperature in
order to demonstrate which of these factors was responsible for metal distribution between fly ash and APC residues.
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Fig. 2. Metal fractionation of sewage sludge incineration residues. @ - relative enrichment of elements in APCc; - relative enrichment of

elements in fly ash; o - almost equally distributed elements; Xapc/Xny ash for As was ~ 1. melting temperatures of elements from [14].

Boiling temperature poorly correlated with the Xapce/Xiy ash could be applied only to some elements (Fig. 1).
According to [13], volatility of elements usually shows a positive correlation with their boiling points. However in
that study enrichment of fly ash in comparison to bottom ash was shown. For sewage sludge incineration residues
discrepancies were observed, mostly due to the fact that bottom ash was not produced at all and the fraction of the fly
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ash and APC residues was much finer. As suggested by Wilczynska-Michalik et al. and Mardon and Hower [16,17]
elements concentrate more easily on a finer particles due to larger surface area of a fraction and can be dependent on
both melting or boiling temperature. Nevertheless other factors responsible for metal fractionation between fly ash
and APC residues shall also be considered in the further studies.

Melting temperature of elements correlated with the Xapce/Xiy ash ratio and seemed to be the main factor governing
their partitioning in fly ash and APC residues (Fig. 2). Elements characterized by high melting temperature were
mostly concentrated in fly ash (e.g. Mo, Cr, Ti, Fe, Ni, Co, Mn, Cu, Au), these of a lower melting temperature could
be led out from the furnace in the volatile form and concentrated in APC residues. Only As, Zn and Cu were distributed
equally between fly ash and APC residues. These findings were in agreement with Elled et al. [18] who also suggested
Hg, Cd, Sb, As and Pb to be volatilized during the incineration and their condensation on ash surface during the
temperature drop down related to the flue gases heat recovery [19].
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Fig. 3. (a) grain of Feox; (b) rims around silica glass composed of Feox; (¢) Ni-Fe-Cr alloys; (d) rounded phosphate with Sn-Ti

rich inclusions; (e) rounded phosphate with Sn-Ti rich interstitions; (f) grains containing Si, Pb, K (Pb-K silicide);

(f) grains containing Si, Fe, Ni (Fe-Ni silicide); (g) Ti-Fe alloy; (h) multi-metallic grain rich in Ba, Ti, Zn and Fe.

3.3. The forms of occurrence of metallic components in fly ash and APC residues

Iron oxides (Feoy) in the form of separate grains up to 20 pm in size (Fig. 3a) or in the form of rims around grains
of silica glass or other matrix components of fly ash (Fig. 3b) were the most common metal occurrences in fly ash.
Feox were often dispersed within Ca-phosphates. Single grains of Fe-phosphates were also detected. Other single
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grains containing metals were rich in Cr, Fe and Ni which in composition were the nearest to Ni-Fe-Cr alloys
(Fig. 3¢).

In APC residues metallic components were dispersed chaotically in the matrix in the form of inclusions. Rounded
phosphate grains up to dozens of pm in diameter which contain inclusions (Fig. 3d) or interstitions (Fig. 3e) composed
of Sn with admixtures of Ti were common. Metallic components were also present in the form of separated elongated
grains up to 50 um in size which were composed of Si, Pb and K (Fig. 3f) or Si, Fe and Ni (Fig. 3g). Grains were
preliminary identified as silicides of Pb and K or Fe and Ni. The existence of silica-rich phases can be explained by
the fact that, in fluidized bed incinerators, the combustion bed material usually consists of silica sand, nevertheless
sewage sludge itself can contain high concentration of silica which originate from the city sewage system into which
water together with the street sand can flow in. Also single examples of Ti-Fe alloys up to um in size (Fig. 3h), as
well as multi-element grains rich in Ba, Ti, Zn, Fe and Sn, cubic, with a size up to 40 um (Fig. 3i) were found.

4. Conclusions

The metallic elements accumulated in the sewage sludge incineration residues were present either in the form of
separate grains or multi-element mixtures as well as rimming Si-rich components, however the overall content of them
was not high. Although the incineration residues were enriched in comparison to the average composition of upper
continental crust in metals and toxic elements such as Cu, Zn, Pb, Ni, As, Cd, Au, Hg, Sn, Cr, Sb, Co, the overall
concentration of metals was very low. In fly ash the total concentration was not higher than 12 wt%, whereof 11 wt%
was Fe. In APCc the total content of metals hardly exceeded 2 wt%. The partitioning of metals between fly ash and
APC residues was related to the melting temperature of elements and conditions within the incineration chamber.

Due to low content of valuable metals their recovery is not an economically justified options. However due to a
quite high phosphate content and low content of potentially hazardous elements the fly ash can be considered as
suitable material for fertilizer. In case of APC residues further processing is required to adapt material for further
usage due to high content of undesirables elements e.g. Hg, As, Cr.
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