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IMPACT OF THERMAL TREATMENT OF MIXTURES
OF SEWAGE SLUDGE AND PLANT MATERIAL ON SELECTED
CHEMICAL PROPERTIES AND Vibrio fischeri RESPONSE

WPLYW TERMICZNEGO PRZEKSZTALCENIA MIESZANIN OSADU
SCIEKOWEGO Z MATERIALAMI RO  SLINNYMI NA WYBRANE
WA SCIWO SCI CHEMICZNE ORAZ REAKCJ E Vibrio fischeri

Abstract: The aim of the research was to evaluate the effeetmperature during the treatment process asasel
the effect of adding plant materials to sewagegsuah selected chemical properties #ftafio fischeri response.
The mixtures were placed in a chamber furnace, unitkess conditions. Two temperature proceduresewe
applied: 300 and 600°C; the exposure time in basges was 15 minutes. Thermal treatment of sewageges!
without a plant component is not well-founded andyngsause an increase in concentration of traceeglsm
Using the temperature of 300°C caused significdatler changes in the contents of total forms aférelements
than using the temperature of 600°C. The metata@ed from the studied mixtures were not toxictf@Vibrio
fischeri. In the case of the fractional composition of hummdmpounds, thermal treatment of mixtures of sewag
sludge and plant materials is not beneficial imteof labile fractions, but it had a beneficialeetfon stabilizing
the durable bonds between C compounds in thoseirast
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Introduction

In recent years an increasing problem associatéd twe need to dispose of sewage
sludge has been observed [1]. Management of muaickaste is one of the most
challenging problems in many urban municipalitieg do increasing waste volume with
limited disposal areas, energy-consuming and hagt-treatment processes for disposal.
The amount of sewage sludge deposited and stongubtarily at treatment plants or used
in land reclamation, including for agricultural poses, has decreased [2, 3].

Depending on the origin, sewage sludge is diffictdt recycle because it is
characterized by significant amounts of heavy metarganic toxins and pathogenic
microorganisms that could constitute a contamimasiource for soil [4, 5]. Apart from the
conventional methods used for sewage sludge disp@seh as landfilling, use in
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agriculture or incineration), using this productdbtain biochar can be the answer to the
current problems related to sewage sludge reuse 72,

As a result of thermal treatment of sewage sludgeltidirectional changes in
chemical compounds contained in these materiaks pdd&ce. Process parameters such as
temperature, treating time, heating rate and fee#sparticle size concern not only
physical parameters of the material subjecteddatinent, but also trace elements, humic
compounds, and in consequence determine the paltarge of biochar in agriculture
[8-12].

Most of the research on thermal treatment of sewsagige has focused on energy and
fuel quality [13], carbon stability of biochar metds [14, 15], improvement of soil
biological properties and soil quality [16], or ¢me effect of temperature on the final
properties of biochar [11]. However, this reseaschredominantly focused on the analysis
of biochar made from sewage sludge with varyingpprties and different temperatures.
In such a case, characteristics of sewage sluaghi are not known.

Taking into account the possibility of using sucttype of materials, the issue of
natural use can be considered, and in this aspecimportant to assess the forms of trace
elements, particularly the most mobile ones whi@n easily get dispersed in the
environment. Moreover, assessment of the impacptbduct of thermal treatment has on
living organisms is also important. On the othendhataking carbon sequestration into
account, it is important to assess the impact ef phocess on the stability of humic
compounds [11, 17, 18].

It needs to be pointed out that, depending on teatpes, a loss in organic matter takes
place during thermal treatment of sewage sludgéshwleads to an increase in the content
of mineral components, including trace elementq.[Better effects, not only in terms of
the environment, but also in terms of technologgn de achieved after mixing sewage
sludge with plant waste materials, such as cetealvs sawdust or bark. The addition of
these materials leads to dilution of the contentrade elements, and it also improves the
conditions for conducting the thermal process Hjuéncing the structure of the treated
mass [19].

As other authors have shown, biochar obtained ftbemmally treated mixtures of
sewage sludge and plant waste may be considetael aofertilizing material which, due to
its beneficial physical properties, may be usedrenmentally [10, 12, 20-22]. However,
there are also some reports evaluating the potergative effects of biochar use [23, 24].
Therefore, before such a material is used for enwirental purposes, one should evaluate
the possibility of occurrence of adverse effectgoiise [25].

The aim of the research was to evaluate the effet@mperature during the treatment
process as well as the effect of adding plant rister sewage sludge on selected chemical
properties andibrio fischeri response

Materials and methods

Characteristics of materials used in the research

The starting material for the research consistednaierobically stabilized, dehydrated
sewage sludge collected at the Sewage Treatment iRl&rakow. The treatment plant is
equipped with a system of mechanical-biological agavtreatment. The plant materials
used in the research came from the area of thepdika region (southern Poland).
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Selected chemical properties of the sewage sluddetee plant materials are presented
in Tables 1 and 2.

Table 1
The selected properties of materials used in tperaxent
. Dry matter Organic matter Ash
Material = =
[9 - kd'] [9- kg'd.m]
Wheat straw (WS) 990+24 968+ <1 32+<1
Sawdust (S) 989+24 993+<1 7+<1
Bark (B) 988+23 553+3 447+3
Sewage sludge (SS) 2366 493+4 5074
Each value represents the mean of three replieattzdard deviatiorSD)
Table 2
The content of trace elements in materials uséderexperiment
. Cr | Ni | Cu | Zn | Cd | Pb
Material [mg - kg'd.m]
Wheat straw 1.85+0.10 1.16+0.08 2.83+0.10 36.0+0.2 0.53+0.01 1.41+0.04
Sawdust 1.3940.10 0.860.0] 2.25+0.40 17.3+0{3 931 2.76+0.12
Bark 7.99+0.27 3.92+0.06 7.19+1.0 49.0+£3.8 0.46880 10.6+0.3
33‘(’,";3)9 420+16 | 64.7+0.60| 330455 1751269 2174016  58.%25
gﬁ‘é”gg)e nd. 5.01:0.66 | 3.08:0.18]  84.1:8.8  0.06£0.1  0.20%0.

n.d. - not determined total forms? water soluble forms. Each value represents thexrkthree replicates $D

Preparation of the mixtures and the process of theithermal treatment

In order to improve physical properties, the seavalyidge was mixed with the plant
materials. The preparation procedure of the mistuvas presented in the study of Gondek
et al. [26]. The contents of dry matter and of cield trace elements in the mixtures that
were not treated are presented in Table 3.

Table 3
The dry matter and ash in mixtures before treatrandtresidue after thermal treatment of mixtures
Residue Residue
Material* Dry matter Ash at 300°C at 600°C
[9- kg'] [9-kg'd.m] %]

SS+B 351+6 40612 71.4%#1.0 61.4+4.0

SS + WS 31249 20615 53.5+1.3 43.1+1.0

SS+S 302+7 2259 53.0+1.4 42.3+1.0

CcVv 8 32 17 22

* see Materials and methods. Each value represieat®iean of three replicates + standard deviation

Thermal processing of mixtures of sewage sludgé wiérious plant additions was
conducted under laboratory conditions, at a statlemigned for thermal processing of
biomass at reduced air access (1-2%) [27]. Two ésaipre procedures were applied:
300 and 600°C; the exposure time in both cases Miaminutes (sample weight was
500 g d.m.). Selection of the temperature of 30@8Gved from the intention of using the
product (biochar) in nature. It is assumed thatpgpelysis temperature should be 300°C
when using biochar for natural, including agrictetly purposes. The material obtained in
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this way has higher cation exchange capacity aghenicontent of stable carbon [28, 29].
On the other hand, the temperature of 600°C waectsel with the aim to verify the
hypothesis that higher temperatures are more effeadt removing organic compounds,
e.g.PAHs. According to Guilloteau et al. [30], lower efacy of lower temperatures in
removingPAHSs is due to the retention of the compound partitiethe pores of biochar.
These authors stated that higher process temperahauld result in gradual release of
water and volatile components and, in consequerpning of pores and releaseR#Hs.
After completing the procedure, the materials wefé in the furnace to cool (ambient
temperature). After cooling, the materials werecpthin a desiccator, and then weighed in
order to determine the mass loss.

The content of dry matter, ash and total and mobildorms of trace elements
in the untreated sewage sludge and in the mixturesfter thermal treatment

The dry matter content and ash determined accoridirtpe procedure described in
Gondek et al. [26] and Hale et al. [28]. The ta@ihtent of the studied trace elements was
determined after incinerating 2 grams (weighed iqt@rtz evaporating dishes) of the
sample in a chamber furnace at 450°C for 12 hd\fter cooling, the residue was treated
with a mixture of concentrated nitric and perctédB:2) (v/v) acids, and then left at a room
temperature for 24 hours. Then, after evaporatiora sand bath, the residue was treated
with a 20% hydrochloric acid solution and heate2l0(C) on a sand bath for 2 hours under
watch glass. After cooling, the content was tramstk quantitatively to 50 chrflasks and
filtrated through a qualitative filter [31]. The ments of Cr, Cu, Ni, Pb, Zn and Cd were
determined in the obtained solutions using the @ES method with the use of Perkin
Elmer Optima 7300 DV apparatus.

The content of mobile forms of the studied tracen®ints in the untreated sewage
sludge and in the mixtures, before and after thermeatment, was determined after
extraction with redistilled water. 1 g of an analgt sample of the materials (in four
replications) was treated with 20 trof redistilled water and placed in a rotary agitat
(36 revolutions per minute) for 24 hours. Aftertthiane, the extract was separated from
solid parts by filtering the suspension through walijative filter to 25 crh flasks.
Determinations of the contents of the studied treleenents was carried out by the same
method as determination of the total forms.

Humic compounds of the untreated sewage sludge angixtures
after thermal treatment

Extraction of humic acids was conducted using anios- dm* NaOH solution (Cex)
(extraction for 24 hours). Carbon of humic acidggwas separated from the extract by
acidifying it with sulfuric acid to pH ~ 2. The ¢sn content in the individual fractions was
determined by Tiurin method. The content of carboh fulvic acids (Cfa) and
non-hydrolyzing carbon (Cnh) was calculated from tlifference of, respectively (1) and
(2):

Cfa = Cex - Cha (1)
Cnh = Ct — Cex (2)
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Ecotoxicity of the untreated sewage sludge and mixtes after thermal treatment

Acute toxicity of the extracts (1:20) was deterndineased on the measurement of
luminescence intensity ofibrio fischeri bacteria Light emission of the bacteria is
a function of the luciferase enzyme system, coletdoby the lux genes, and light output is
related to respiratory activity. The test uses ee#gy V. fischeri) purchased from Strategic
Diagnostics Inc. (Polish distributor, Tigret). Aartlard test procedure (81.9% Screening
Test) was applied in the extract samples. The sssnpere analyzed in Microt8x500
analyzers [32]. The measurement of luminescenet9@tnm was carried out before and
after 15 min incubation of the bacterial suspensioth the studied samples, and then
toxicity effectl [%] was calculated according to the equation:

| = (1 -LJLo)- 100% 3)

where: | - toxicity [%]; Ls - the luminescence intensity of the studied sample; the
luminescence intensity of the contrdhree replicate samples were tested.

Statistical computations

The standard deviatio®lD) value was calculated for the obtained resultd,iarorder
to determine the diversification within the analyzgopulation the coefficient of variation
(CV) was calculated as the share of standard deviatiothe arithmetic mean of the
analyzed properties. All statistical computationgrev conducted using Statistica PL
package.

Results and discussion
Chemical composition of the materials

Wheat straw, sawdust, and bark, all of which wesengonents for preparing the
mixtures with sewage sludge, had a small amoumtatér, which was an important factor
influencing the improvement of physical propertiéshe obtained mixtures [33].

The content of the studied trace elements in theage sludge was conditioned by the
type of treated sewage, which finds confirmationother authors' test results [34]. The
determined contents of the trace elements in thetphaterials used in the research do not
deviate from contents registered by other authotkese types of materials [35].

Table 4
The content total forms of trace elements in missurefore thermal treatment
. Cr [ Cu | Ni
Material [mg - kg'd.m]
SS+B 192425 141412 32.9+1.9
SS + WS 156112 132+8 27.5+1.2
SS+S 21112 149+11 32.1+2.1
CV 15 6 9
Pb Zn Cd
[mg - kg*d.m]
SS+B 39.5+3.1 941471 1.44+0.08
SS + WS 25.94+2.9 866+70 1.18+0.06
SS+S 31.0£3.0 996165 1.26+0.06
CV 21 7 10

* see Materials and methods. Each value represieatsiean of three replicatesSb
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As a result of thermal treatment of the preparegtumés, diversified values of the
residue were obtained, depending on plant compahahtvas used to prepare the mixture
and on the temperature of the process (Table 3f tesidue, regardless of the component
added to the sewage sludge, was recorded for temperof 600°C, which was a result of
greater losses of substances that undergo oxidadiorthis temperature, including
non-organic compounds [36]. Thipkhunthod et al] @Td Hossain et al. [11] also obtained
varied results concerning the residue after themneatment of different kinds of sewage
sludge. As the quoted authors stated, differenocemass loss of the pirolyzed sewage
sludge can result from quantitative and qualitatiliferences between components,
including ash content and the temperature of pgislgrocess.

Total contents of the studied trace elements détechin the untreated mixtures
presented in Table 4.
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Fig. 1. The content of total forms of Cr and Zrtlie studied materials. Each value represents ttz@ me
of three replicates $D

Regardless of the addition of plant material andlefment, using a higher temperature
(600°C) in the process caused a greater increa$e icontent of the studied trace elements
(Figs. 1-3) in comparison to the content determiimethe materials prior to the treatment
(Table 4). From the studied elements, Cu contethénmixtures with the addition of bark
and sawdust changed the most in materials aftemddereatment, regardless of the used
temperature. In the case of the addition of wheatisto the sewage sludge, the highest
increase in the content (regardless of the usegdgature) was recorded for Cr and Cd, but
at the temperature of 600°C. The total cadmium amnincreased the least in the mixture
of sewage sludge and bark, regardless of temperdtuthe case of using a temperature of
300°C for thermal treatment of the materials, thedst increase in content (in comparison
to the untreated mixtures) was recorded for leathénmixtures with the addition of wheat
straw and sawdust. On the other hand, at 600°Czitteecontent increased the least in the
mixtures of sewage sludge and wheat straw and ssiwdlsi results from tests conducted by
Hossain et al. [11] indicate, the content of tradements increases during pyrolysis,
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depending on the used temperature, which corresptonithe mass loss. In the authors' own
research, the used temperatures were 300 and 68080Ctding to Song and Guo [29], the
suggested temperature, for agricultural purposéspyoolysis of materials should be
approximately 300°C. In research conducted by Ygxlhind Sato [38], an increase in the
temperature of pyrolysis caused a distinct incréaghe content of zinc and copper in the
obtained material, whereas no changes in the cadmamtent were registered.
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Fig. 2. The content of total forms of Cu and Phhia studied materials. Each value represents ttz@ me
of three replicates $D
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As a result of conducting the process at tempezatof 300 and 600°C, no higher
differences in the content of copper and nickehferextracted with water were detected
(Figs. 5 and 6). Standard deviation values caledl&r the mean indicate that the obtained
differences were within determination error limitis.the case of contents of lead, zinc and
cadmium forms extracted with water (Figs. 4-6),istidct influence of temperature was
found (regardless of component added to the sewlagge), which was manifested by an
increase in the content of Pb, Zn and Cd formsroeted at 600°C.
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Fig. 4. The content of water soluble forms of Cd am in the studied materials. Each value represent
the mean of three replicatesSB
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Only in the case of chromium no water-soluble fomese determined (Fig. 4). Based
on the obtained own results, the thermal treatrpestess favored the increase in contents
of forms of some of the studied trace elementsaeted with water. It resulted from a loss
of unstable aliphatic bonds and formation of motable aromatic bonds [39, 40].
According to Hossain et al. [11], despite an insecim the total content of trace elements as
a result of pyrolysis of sewage sludge, the contéritioavailable forms did not change
significantly. Moreover, results from tests conaucby Mendez et al. [2] indicate that the
pyrolysis process of sewage sludge at 500°C demtleti® plant-available of Cu, Ni, Zn
and Pb, the mobile forms of Cu, Ni, Zn, Cd and Rb also the risk of leaching of Cu, Ni,
Zn and Cd. More extensive characterisation of thendcal composition and physical
properties of the analysed mixtures was presentéki study of Gondek et al. [26, 41].
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Fig. 6. The content of water soluble forms of Ndad in the studied materials. Each value represent
the mean of three replicatesSB

Carbon content in the studied materials

It was found that the mixtures treated at the temtpee of 600°C did not contain
humic acid carbon (Table 5).

Table 5
The share of carbon of each fraction in total carbantent in sewage sludge and mixtures sewagegeskaid
plant materials after thermal treatment

C humic acids (Cha) C fulvic acids (Cfa) C non-hydolyzing (Cnh)
Material* 300°C |  600C 300C | 600C 300C | 600C
C content [%]
SS+B 1.17+0.14 n.d. 2.00+0.16 0.38+0.17 96.8+0.3 99.6+0.2
SS + WS 0.55+0.02 n.d. 2.39+0.60 0.56+0.09 97.1+0/6 99.4+0.1
SS+S 0.50+0.11 n.d. 0.91+0.02 0.86+0.0 98.6+0J)2 99.1+0.4
CVv 41 - 35 33 1 0
SS 4.14+0.13 9.37+0.93 86.5+6.5

* see Materials and methods; n.d. - not determigedh value represents the mean of three replie&es
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The content of fulvic acid carbon, regardless @& tomponent added to the sewage
sludge, was higher than the content of humic aeithban. However, using the higher
temperature (600°C) did not have a beneficial ¢ffat the content of that fraction of
organic matter.

The content of non-hydrolyzing carbon in the stddieaterials ranged from 97.2 to
99.8% of total C. Bottom values of the range conedrthe content of non-hydrolyzing C
in the mixtures treated at the temperature of 30®&>earch results of Réveillé et al. [42]
indicate that maturity has a significant impact the carbon distribution in individual
fractions of humic compounds extracted from sewslgelge. Moreover, as the quoted
authors observed, substances such as lipids magshis from treatment technology, of
significant importance in this respect. The obtdinesearch results indicate that in
consequence of using the mixture of sewage sluddeoeganic materials we may increase
the content of the fraction of organic substanbas are difficult to hydrolyze, which may
be of importance not only in terms of improving theperties of soils to which these
materials had been introduced, but also in ternseqbiestration of C.

Vibrio fischeri response

The research showed that the extracts prepared frmmstudied mixtures were
non-toxic forVibrio fischeri (Table 6). Moreover, stimulation of luminescendeate test
organism was found. The extract samples showedtimegaean values of toxicity. This
means that luminescence intensity\Woffischeri increased after exposure to the extracts as
a result of their lower toxicity compared with theference medium (NaCl solutions).
Inhibition of luminescence d¥. fischeri at a level of 9% was found only in extracts from
the sewage sludge (SS). In the literature, the udéitory effect of sublethal or low
concentrations of toxic chemicals on organism naisim is referred to as hormesis [43].
At this point it must be highlighted that low cont&tions of trace elements in the extracts
were found in the research (Figs. 4-6).

Table 6
Nontoxicity of extracts from the studied materilsVibrio fischeri
Luminescence SS +B* SS + WS SS+S (SS)
inhibition Vibrio 300°C 600C 300C 600C 300C 600C
fischeri [%)] -18+2 —23+1 —26+3 —25+2 —25+1 —26+2 948

* see Materials and methods; Each value represeatsmiean of three replicates + standard deviation

Hormesis has been found to be common in the widedgd Vibrio fischeri
luminescence bioassay [44-46]. Samples showing ésiemare currently non-toxic.
Hormesis is a widespread phenomenon in the exptsunetals with luminescent bacteria,
because th&. fischeri is generally less sensitive to metals than totpdend animal cells
[47, 48]. In the research by Shen et al. [48],emchormesis phenomenon was observed in
all tested metals (Cu, Zn, Cd, Cr) at a low conedittn under the condition of
luminescence assay. Luminescence stimulation byosexp to zinc, cadmium, and
chromium was also found in research by Christofile{43], who showed an enhancement
of luminescence induced by low concentrations ekéhmetals. Stimulation ®. fischeri
bacteria luminescence was observed in the envirotaheesearch when analyzing samples
of pore water from bottom sediments and river B@, In both cases, a low concentration
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of heavy metals in the studied samples was foumdveiter, hormesis is rarely mentioned
and accepted in mainstream toxicology [48].

Conclusions

Findings from this work showed that adding a pleotinponent to sewage sludge will
have the effect of reducing the content of traeenelnt in those mixtures. In comparison to
the content that was determined in the mixturesrga treatment, and also in comparison
to the untreated sewage sludge, using the temperaflB00°C caused significantly lower
changes in the contents of total forms of the trleenents than using the temperature of
600°C.The determined contents of forms of trace elemertsacted with water from the
thermally treated mixtures, regardless of tempeeatuwere lower than the contents
determined in the untreated sewage sludge.

Taking into account the fractional composition ofinfic compounds, thermal
treatment of mixtures of sewage sludge and plantriads is not beneficial in terms of
labile fractions, but it had a beneficial effect stabilizing the bonds between carbon
compounds in those mixtures.

Bioassays were demonstrated to be useful for detpgbtentially ecotoxicological
effects of biochar, not captured by the physicodbhahlimit values set in different biochar
quality standards currently available, which do paoivide guidance for application rates
specific to soil or crop types. This is why ecotokigical tests are proposed as important
criteria to develop management recommendations.tfdoe elements extracted from the
mixtures of sewage sludge and plant componentbsithon-toxic folibrio fischeri.
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