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The research presents the changes in chemical oxygen demand (COD) fractions during the two-stage thermal
disintegration and anaerobic digestion (AD) of sewage sludge in municipal wastewater treatment plant (WWTP).
Four COD fractions have been separated taking into account the solubility of substrates and their susceptibility to
biodegradation: inert soluble organic matter SI, readily biodegradable substrate SS, slowly biodegradable substrates
XS and inert particulate organic material XI. The results showed that readily biodegradable substrates SS (46.8%
of total COD) and slowly biodegradable substrates XS (36.1% of total COD) were dominant in the raw sludge
effluents. In sewage effluents after two-stage thermal disintegration, the percentage of SS fraction increased to 90%
of total COD and percentage of XS fraction decreased to 8% of total COD. After AD, percentage of SS fraction
in total COD decreased to 64%, whereas the percentage of other fractions in effluents increased.
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INTRODUCTION

Anaerobic digestion (AD) is a commonly used
method of sewage sludge stabilization, during which
complex organic compounds undergo biodegradation
as a result of microbial activity. Extracellular enzymes
released by microorganisms pass into solution where
both the dissolved particles and suspensions are hydro-
lyzed. This process proceeds in multi-stages until the
monomers assimilated by microorganisms are formed.
The hydrolysis of organic compounds is usually slower
than the process of biological growth, therefore from
the viewpoint of reaction rate, the hydrolysis stage is
considered to be a limiting process of AD!. Therefore,
in order to improve hydrolysis, the methods of sewage
sludge pre-treatment are increasingly used, which aim
is primarily to shorten fermentation time, increase the
biogas production, improve the drainage and reduce the
final amount of waste?*. Therefore, in order to improve
hydrolysis, the sewage sludge pre-treatment is more
often applied before AD. The aim of these processes is
primarily shortening the time of sewage sludge stabiliza-
tion, increasing conversion of organic matter into biogas,
improving dewatering performance and reduction of the
final waste amount. These parameters depend largely on
the contribution of substances susceptible to biodegra-
dation in sewage sludge as well as on the method of
sludge pre-treatment before AD. The most often applied
methods of disintegration are: sonication* %, ozonation®,
thermal disintegration® ", microwave pre-treatment ' !
and acidic and alkaline hydrolysis'* . An action of the
various disintegration methods consists in disruption of
sludge flock structure and cell walls of microorganisms of
the activated sludge. So, the content of microbial cells is
released into the sludge liquid, and thus it is more read-
ily available for microbial degradation'. It was observed
that thermal hydrolysis replaced the stage of hydrolysis
in the process of mesophilic anaerobic digestion®, caused
increase in methane production and cut down time of
AD' 8, Effectiveness of the individual methods of pre-
treatment is different and depends on many factors. In
order to determine the effectiveness of sewage sludge

disintegration, the various indicators are used, including
among other: degree of disintegration (DD), reduction
of particle size, efficiency of biogas production, COD
solubilisation or rheological changes® -4,

A common indicator for monitoring the processes of
waste treatment is chemical oxygen demand (COD).
However, the total COD (tCOD) does not inform us
what amount of organic compounds is susceptible to
biodegradation. The organic substances flowing in to-
gether with the sewage occur in dissolved form or in
suspension. These substances consist of biodegradable
and non-biodegradable fractions. On this basis, the COD
fraction were distinguished by solubility and susceptibil-
ity to biodegradation®*?%, Substances, which undergo no
changes or their biodegradation is so slow that they are
considered to be non-degradable, are classified to the
inert soluble organic matter fraction (SI)*. These include
among others, dissolved humic and fulvic acids and de-
rivatives of biochemical conversions. The inert particulate
organic material (XI) includes undissolved impurities
supplied with sewage or being the products of biomass
decay. It is assumed that during the biological processes
of contamination removal, concentration of this fraction
does not change. Contribution of biodegradable fractions
(SS and XS) changes under the action of microorganisms
and affects the oxygen demand. The SS fraction com-
prises easily biodegradable organic substances (volatile
organic acids, alcohols, amino acids), which can be im-
mediately assimilated and consequently, mineralized by
heterotrophic organisms. Studies by Junoh et al.** showed
the increase in biogas production resulting from the in-
crease of soluble components in the waste pre-treatment
process. The fraction of slowly biodegradable substrates
(XS) consists of complex organic particles (proteins,
polysaccharides, lipides). These particles become assi-
milable by microorganisms after previous hydrolysis. It
is estimated that content of XS and SS fractions in the
raw sewage is totally 70% of tCOD*. The determination
of COD fraction is gaining popularity because it allows
for a more precise characterization of sewage and sludge
composition and provides information on susceptibility



to biodegradation of organic compounds contained in
them? ¥, The ASM models and their modifications for
the description of activated sludge become very popular
in balancing the organic substrates and depending on
the type of model, the various components in solubilized
fractions and particulate can be identified™ .

MATERIAL AND METHODS

Two-stage thermal disintegration of sludge

The sewage sludge and effluents were sampled from
the municipal wastewater treatment plant in Bydgoszcz,
Poland. Flow capacity of the wastewater treatment plant
is: 43 000 m® of wastewater per day. The wastewater
treatment plant is equipped with an installation for the
thermal hydrolysis of sludge and the combined production
of heat and electrical energy. The thermal disintegration
of sludge is conducted in two stages. In the first stage,
the raw sludge are subjected to an action of temperature
of 90°C and pressure of 3 bar for 90 min. In the second
stage, the disintegration proceeds at temperature of 165°C
and pressure of 6 bar for 20 min. After cooling, sludge
are pumped into the sludge digestion chamber. Digester
operated in the mesophilic range. Studies on the effect
of disintegration on the contribution of the individual
fractions in tCOD were carried out using: effluents
from raw sludge (RE), effluents after the first stage of
disintegration (ETH1), effluents after the second stage
of disintegration (ETH2) and effluents after anaerobic
digestion (EAD). The physicochemical determinations
(tCOD, BOD, TOC, TK, TP, pH) were conducted for
all the types of effluents and sludge. Sewage sludge and
effluents were sampled in 12 series at weekly intervals.
The tests were performed immediately after providing
the samples to the laboratory.

Studies on physicochemical properties of sewage sludge
and effluents

Chemical oxygen demand (tCOD) was determined
by dichromate method, biochemical oxygen demand
(BOD) was determined by manometric method using
the measuring system OxiTop IS 12 (WTW, GmbH).
Method of sample oxidation under supercritical con-
ditions with NDIR detection and using TOC Sievers
InnovOx analyzer was applied for the determination of
total organic carbon (TOC). The pH was measured by
the potentiometric method. The determinations of total
Kjeldahl nitrogen (TKN) and total nitrogen (TN) were
performed by the method of Koroleff mineralization
and photometric detection with 2,6 dimethylphenol.
The final determination was performed using the cu-
vette test LATON LCK 338 (HACH LANGE). Total
phosphorus (TP) in sludge was analyzed according to
PN-EN 14672:2006, the determination of TP in efflu-
ents was conducted by spectrophotometric method with
phosphomolybdenic blue using the cuvette tests LATON
LCK 350 (HACH LANGE). The determination of dry
residue and water content consisted in determining the
weight loss in sludge sample during drying to a constant
weight at 105°C (£5°C).
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Determination of COD fractions in effluents

A method of balancing of COD fractions according
to guidelines ATV-DVWK-A-131P3" 3 consisting in the
determination of BOD and COD fractions in the filtered
and unfiltered samples was applied in the studies. The
tCOD value is the sum of COD particulates (xCOD)
and COD solubilized fraction (sCOD):
tCOD = xCOD + sCOD (1)

In turn, each of the mentioned fractions consists of
degradable and slowly degradable fractions (inert). Thus,
tCOD value can be described by the equation:
tCOD = XS+ XI + §S + SI (2)

Total chemical oxygen demand (tCOD) was deter-
mined in the raw effluents (RE), after the first stage of
hydrolysis (ETH1), after the second stage of hydrolysis
(ETH2) and after anaerobic digestion (EAD). Then,
in order to determine the soluble fraction (sCOD), the
effluent samples were filtrated through by a filter with
porosity of 0.45 um.

COD of non-degradable soluble fraction in raw efflu-
ents (SI,.) can be roughly compared to COD of dissolved
impurities after treatment stages (SI,).

SI, = SI, (3)

Contribution of SI is 0.05 to 0.1 of total raw effluent
COD (tCOD,). For the municipal wastewater, the fol-
lowing assumption is accepted in calculations:

SI = 0.05 - tCOD, 4)

The solubilized, biologically easily degradable fraction
(SS) was determined as a difference between concentra-
tion of degradable organic impurities (SCOD) and inert
soluble organic matter (SI), according to formula:

SS = sCOD - SI [mg O,/L] (5)

Fraction of slowly degradable organic suspensions
was defined as a difference between BOD and fraction
according to equation:

XS= CBOD - S§ [mg O,/L] (6)
where:

CBOD was calculated on the basis of experimental
BOD; of effluents. Kinetics of the first stage of disinte-
gration is described by the first order equation:

BODt = CBOD (1 - ¢") [mg Oy/L] (7)
where:

k — rate constant, d™'. For substances contained in mu-
nicipal wastes, it is within the range from 0.1 to 0.3/d.
It is accepted that its mean value is 0.23/d.

CBOD - total carbon demand for the first stage of
disintegration. By accepting t = 5 and k = 0.23 [d7!],
the simplified formula was obtained:

CBOD = BOD/0.6 [mgO,/L] (8)
Fraction XI was determined from a relationship:
XI = A - xCOD [mg O,/1] 9)

For the municipal wastes, coefficient A is 0.25. Sub-
stituting relationship (9) into equation xCOD = XS +
XI (10), we obtained:
xCOD = XS / 0.75 [mg O,/L] (11)
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RESULTS AND DISCUSSION

Balance of COD fractions in effluents

The change in percentage contribution of the individual
fractions in the effluent tCOD in the two-stage thermal
disintegration and anaerobic digestion were presented in
Figure 1. The raw effluents (RE) are characterized by
a predominance of degradable compounds, both solubi-
lized (SS), and in particulate (XS), which are totally 83%
(SS 47%, XS 36%). It was observed that in effluents after
the first stage of disintegration (ETH1), contribution of
SS fraction in tCOD increased to 87.3 =10.0%, and after
the second stage of disintegration (ETH2) content of this
fraction was 88.9 £5.5%. It results that low-temperature
thermal disintegration process (90°C) causes the increase
in content of solubilezed organic substances (SS) in hy-
drolyzate by 40%. Similarly, Appels et al.*® and Farno et
al.*” showed the increase in content of solubilized COD
at low temperature (70-90°C) thermal treatment. The
second stage of high-temperature disintegration (165°C)
has no effect on content of solubilized organic substances.
Studies by Myszograj® and Aboulfoth* showed that
the highest increase of solubilized COD in total COD
occurred during disintegration at temperature of 175°C.
However, these are the results of studies on one-stage
disintegration process. The decrease in contribution of
XS fraction in effluents after the two-stage disintegration
was observed. Percentage of this fraction in ETH1 was
9.5 £5,8%, and in ETH2 8.4 +4.0%, respectively. It is
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accepted that the hydrolysis products of XS fraction are
readily biodegradable substances SS and inert soluble
matter SI? %, It can therefore be concluded that increase
in contribution of SS fraction by 43% after two-stage
thermal disintegration with respect to the raw effluents
and simultaneous decrease in contribution of XS frac-
tion by 28%, indicates that in the thermal disintegration
process, solid particles (colloids, suspensions) decompose
to solubilized compounds which are easily assimilable
organic carbon compounds. An increase in content of
solubilized substances in thermal disintegration process
was also observed by Aboulfoth et al.*” and Kumi et al.*!
The inert fractions SI and XI represented the smallest
contribution in all effluents studied. Percentage of the
inert fractions (total SI and XI) was reduced during
thermal disintegration from 17% in raw effluents (RE)
to 2.9% in effluents after two-stage thermal disintegra-
tion (ETH2). It results that treatment of sludge at high
temperature and elevated pressure cause degradation of
substances which are non-biodegradable. In effluents after
AD (Fig. 1d), the decrease in contribution of SS fraction
to 63.9 £3.4% was observed, i.e. decrease with respect
to ETH2 by about 20%. It proves that microorganisms
use the readily degradable substances as substrates for
biogas production in the process of anaerobic digestion.
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Figure 1. Percentage contribution of COD fractions in effluents from sludge: a) in the raw effluents (RE), b) in effluents after
the I-st stage of disintegration (ETH1), c) after the II-nd stage of disintegration (ETH2), d) after AD (EAD) (mean of
12 measurements = S.D



Changes in physicochemical properties of sewage sludge
and effluents

Physicochemical characteristic of sludge was presented
in Table 1. A mean values of tCOD, BOD and TOC in
sludge after the I-st stage of disintegration (STH1) and
after the II-nd stage of disintegration (STH2) were not
significantly changed with respect to raw sludge (RS).
Also Farno et al.*” pointed out that tCOD is unchanged in
disintegration process. It was observed that the values of
these parameters vary within a wide range. It was found
that after AD, the tCOD, BOD and TOC loads were
reduced with respect to sludge after the II-nd stage of
disintegration (STH2) by 46, 99 and 51%, respectively.
A significant reduction of the organic matter load in
methane fermentation process, particularly BOD to 1.7 g
O,/kg DM, indicates a high degree of disintegration of
biodegradable organic compounds and mineralization of
organic matter. The mean TKN concentration in sludge
in two-stage thermal disintegration was insignificantly
changed and it was within the range from 18.1 to 21.6
g/lkg DM. The TP value in raw sludge (RS), after the
I-st stage of disintegration (STH1) and after the II-nd
stage of disintegration (STH2), also was unchanged and
its mean value was from 22.4 to 25.6 g’lkg DM. In AD
process, the increase of both indicators in sewage sludge
occured (TKN 61.3 g/lkg DM, TP 38.1 g/kg DM).

In effluents after two-stage thermal disintegration
(ETH2), a several fold increase in tCOD, BOD and
TOC load was observed relative to raw effluents (RE)
(Table 2). Since the total content of these parameters
in sewage sludge remained unchanged in the thermal
disintegration process, this indicates a change of the form
organic compounds. It demonstrates that during thermal
disintegration, destruction of solid particles and decompo-
sition of organic high molecular compounds to solubilized
organic compounds occurs and these compound pass
into sludge liquid. In AD process, a reduction of load
of organic compounds occurred what is a measure of
the fermentation process efficiency. Reduction of tCOD

Table 1. Characteristic of sludge (mean value and range)
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load in effluents was 78% and in sludge 46%. Reduc-
tion of TOC load in effluents was 81%, in sludge 51%.
High reduction of BOD load in effluents from sludge
in AD process (97.9%) proves about the presence of
readily degradable low molecular organic compounds in
a feedstock to fermenter. Increase in tCOD/BOD ratio
in sewage sludge proves about a good utilization of or-
ganic substrates in AD process (Table 1) and in effluents
(Table 2). The higher are the values of this ratio, the
more slowly degradable and non-degradable substrates
is in the sludge mass (calculated on dry matter)* *,

SUMMARY

The paper describes the studies on an effect of two-
stage thermal disintegration of sludge on changes in
COD fractions in effluents. Attention was paid to the
fractions of solubilized organic compounds in effluents,
the content of which affects process of anaerobic di-
gestion by methanogenic bacteria. It was found that in
effluents after the I-st stage of disintegration (ETH1)
(90°C), percentage of solubilized COD fraction increased
by 40% with respect to raw effluents (RE). However,
the II-nd stage of disintegration proceeding at tempera-
ture of 165°C does not change content of solubilized
substances. Changes in contribution of the individual
COD fractions were studied for samples with a high
variability of COD, BOD and TOC indicators (Table 1,
Table 2). Despite that, it was found that the percentage
of the individual COD fractions in effluents remained
stable throughout all the study period (SD below 10%).
Studies are important because they were carried out in
technological full-scale and reflect an actual course of
changes in forms of organic compounds in the thermal
disintegration of sewage sludge.

Sample 1COD BOD t{COD/BOD TOC TKN i DM oH
[g/kg of DM] [g/kg of DM] [g/kg of DM] [g/kg of DM] [g/kg of DM] [%]
RS 1382.6 33238 415 2612 216 232 145 6.1
728.2-2366 | 247.0-444.4 210.3-331.9 | 13.3-28.6 21.3-25.2 825-19.4 | 4.-73
STH1 1226 3301 3.40 3086 209 256 12.0 64
410.3-1774 | 281.8-405.8 214.9-381.0 | 17.2-24.5 24.5-28.1 851-150 | 53-76
STH2 182.7 3351 353 2945 18.1 224 8.66 65
632.4-2286 | 187.5-509.1 216.0-394.1 | 9.20-34.5 212-246 479-146 | 54-74
SAD 643.2 17 378 144.9 613 38.1 489 72
283.0-880.5 15-2.3 82.4-232.2 | 42.9-102.7 33.6-45.3 400-756 | 6.9-75
RS —raw sludge, STH1 — sludge after the I-st stage of thermal disintegration,
STH2 — sludge after the lI-nd stage of thermal disintegration, SAD — sludge after AD
Table 2. Characteristic of effluents from sludge (mean value and range)
iCoD BOD TOC ™ T sCOD xCOD
Sample [mg/L] [mg/L] tCOD/BOD [mg/L] [mg/L] [mg/L] pH [mg/L] [mg/L]
687.6 350.9 1233 74.8 46.8 6.7
RE 380.8-1282 200.0-500.0 | % 80.6-190 | 62.8-90.2 | 215678 | 6370 | <2087 | 36182
32994 17000 8164 2185 2015 6.0
ETH2 25057-37931 | 14000-24000 | 19 3695-12116 | 976.0-2004 | 140.0-227.0 | 54-64 | 30234 3910.1
7418 362.0 1526 2136 122.8 6.8
EAD 2019-14663 | 222.0-500.0 | 205 788.5-3168 | 21032190 | 62.80-224.0 | 51-8.1 | 48214 | 27008

RE — effluents from raw sludge, ETH2 — effluents from sludge after two-stage thermal disintegration, EAD — effluents from sludge after AD
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ABBREVIATIONS

BOD - total biochemical oxygen demand [mg/L]
tCOD - total chemical oxygen demand [mg/L]
TOC - total organic carbon [mg/L]

DS — dry solids [%]

TKN - total Kjeldahl nitrogen [g/kg of DS]
TN — total nitrogen [mg/L]

TP — total phosphorus [mg/L]

CBOD - carbonaceous oxygen demand [mg/L]

BOD; - biochemical oxygen demand that is exerted
over the five day period

tCOD, - total chemical oxygen demand in raw effluents

Fractions of COD

sCOD - soluble chemical oxygen demand [mg/L]
xCOD - particulate chemical oxygen demand [mg/L]

SS — readily biodegradable substrate,
SI — inert soluble organic matter,

XS — slowly biodegradable substrates,
XI — inert particulate organic material.
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