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Abstract—During hydrothermal treatment (HT) of sewage sludge (SS), its cell structure is decomposed and its
organic content is released. An increase in the total organic carbon content in the liquid phase was experimentally
determined in the temperature range of 130-250 °C with a fixed pressure of 5 MPa and residence time of 10 min. By
using the Arrhenius equation, the pre-exponential factor and activation energy were successfully determined for the
and 115kJ mol ", respectively, for the temperature range of
130-250 °C. Increasing the HT temperature increasingly destroyed the cell structure of SS.

first time for the degradation of SS cells as 3.96x10

10 -1
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INTRODUCTION

Sewage sludge (SS), which is the by-product of wastewater treat-
ment, is mainly composed of micro-organisms generated in excess
during waste water treatment. With rising urban populations and
demand for better treatment of effluent, there has been a large
increase in sludge generation [1-4]. However, the treatment and
disposal of SS presents a number of environmental challenges [5-7].
The current practices of SS treatment and removal include dispos-
ing of treated sludge to agricultural land, [8] incinerating it, [9] or
discarding it in landfills [10]. A variety of approaches have been em-
ployed to improve the SS dewaterability; such as thermal treatment
which is pyrolysis [11,12], combustion, and supercritical water gas-
ification [13-18], ultrasonication [19], freezing and thawing [20].

Recently, hydrothermal treatment (HT) has been introduced as
an emerging dehydration technology to reduce the moisture con-
tent of SS and improve its dewaterability [21]. Qiao et al. [9] and
Urrea et al. [22] reported that HT could disrupt the sludge cell
structure and release bound water to improve sludge dewaterabil-
ity and easier handling. HT is also known as an effective pretreat-
ment for biomethanation, as demonstrated by Haug et al. [23],
who reported that thermal treatment of sludge before anaerobic
digestion led to increased biodegradability and dewaterability.

Hence, HT is a promising method for processing SS as it results
in the formation of a stable and sanitized product [24-26]. The
HT process employs high pressure to convert waste into useable
products and it does not require dry feedstock, making it suitable
for wet biomass such as SS [27,28].

Previous studies have investigated the utility and application of
HT technology. Kato and Matsumura [29] investigated HT as a
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means to ease biomass slurry delivery. Matsumoto et al. [30] inves-
tigated the effect of salts on the hydrothermal pretreatment of kelp.
Here, more than 80% of the total organic carbon (TOC) moved into
the liquid phase, leaving only ~10% in the solid phase. Recently,
Yin et al. [31] attempted a detailed kinetics model for HT of sew-
age sludge based on an explicit reaction including protein, saccha-
ride, NH;-N and acetic acid using batch test conditions. Moon et
al. [32] investigated the HT of SS and showed that it could help
enhance the quality of the product gas while also reducing the mois-
ture content of the sludge. Additionally, Yoshida et al. [33] studied
the HT of cellulose as a pretreatment for ethanol fermentation. They
developed a reaction kinetics scheme for the hydrolysis of cellulose
to glucose in order to identify optimal HT conditions. Finally, Petch-
pradab et al. [34] investigated hydrothermal pretreatment of rubber
wood for the saccharification process. They proposed a reaction net-
work model for this pretreatment step and applied it successtully.
Meanwhile, the ability to change the cell structure of SS by HT
is urgently needed. Yu et al. [35] reported that the dewaterability of
activated sludge first deteriorated but then ameliorated when the
temperature was raised from 100 °C to 200 °C, with a threshold tem-
perature of 130 °C, under hydrothermal conditions. Kyotani et al.
[36] reported that the morphological characteristics of sludge flocs
had a relatively weak impact on their dewaterability. Wang et al.
[37] also determined the HT is an effective method to enhance the
deep dewaterability of excess sludge with low energy consumption.
Opverall, the phenomena observed by HT of SS can be summa-
rized as follows. The cell structure of SS begins to degrade when it
is heated in pressurized water, which releases organic matter from
the cell structure, leading to an increase of the organic content in
the liquid phase. Further temperature increases or longer treatment
times result in hydrothermal carbonization or direct liquefaction
[38,39], which leads to larger amounts of organic compounds in the
liquid phase. Together with the progression of the HT process, the
slurry viscosity is decreased, its dewaterability is improved, and the
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fermentation rate is improved.

Despite numerous studies on the effect of HT on the character-
istics of SS, to the best of our knowledge, there have been no com-
prehensive studies on the morphological structure of sewage or the
release of its inner cell compounds by HT. Kinetics studies have
been conducted for hydrothermal carbonization only; and the deg-
radation rate of the cell structure has not been elucidated. There-
fore, we investigated the effect of HT at various temperatures (130-
250 °C) on the morphological structure of SS as well as the release
of organic compounds inside the cells and its kinetics behavior.

MATERIAL AND METHODS

1. Material

The SS used as the feedstock for the HT process was active sludge
collected from a wastewater treatment plant center in Higashi-Hiro-
shima, Japan. Active sludge consists of a mixed community of micro-
organisms, approximately 95% bacteria and 5% higher organisms
(ie., protozoa, rotifers, and higher forms of invertebrates) [40]. After
collection, the sludge was filtered by suction filtration with filter
paper (11.0 cm, Whatman Grade 5 Qualitative) and dried (80 °C,
until constant weight). It was then pulverized in a ball mill and
sieved with a sieve having a mesh size of 40 um. This treatment was
needed for precise concentration and pulverization. Table 1 shows
the elemental analysis of the active sludge, as conducted previously
by Unami et al. [41].
2. Experimental

A schematic representation of the experimental apparatus is
shown in Fig. 1. SS was hydrothermally treated in a continuous
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Table 1. Proximate and ultimate analysis of sewage sludge

Proximate analysis Ultimate analysis

Wate;(;())ntent (wt/wt dry base) (wt/wt dry base)
’ VM FC Ah C H N S O
79.16 775 583 1667 43.1 6.60 442 236 259

VM: volatile matter; FC: fixed carbon; C: Carbon; H: hydrogen; N:
nitrogen; S: Sulphur; O: oxygen

reactor comprising SS316 steel tubing with a length of approxi-
mately 15.7m and an inner diameter of 4.35 mm. Initially, water
was fed into the reactor prior to the experiments. Subsequently, the
pressure was adjusted and maintained at 5 MPa using a back-pres-
sure regulator. After achieving a constant pressure of 5 MPa, the reac-
tor temperature was set at the desired temperature. Then, the feed-
stock slurry (solid concentration: 0.2 wt%) in the pump was pushed
out of the cylinder (P-1), by sending water from the other side of
the piston, and delivered to the reactor. The pump was produced
by NS company (NP-GXL-400). The reactor effluent was then
cooled by a heat exchanger (HX). The reaction temperature (130,
150, 180, 210, and 250 °C) was controlled with a furnace. The reac-
tion pressure and residence time were set at 5 MPa and 10 min,
respectively, for all experimental runs. The corresponding flow rate
of water was 20 mL/min. Table 2 provides a summary of the experi-
mental conditions employed in this study. The liquid containing
the solid product was collected from the cylinders (P-2 and P-3).
3. Analytical Method

The product from the HT process was filtrated to separate the
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Fig. 1. Experimental apparatus.
TC. Thermocouple
HE. Heat exchanger
HPP. High pressure pump
PG. Pressure gauge

BPR. Back pressure regulator
CV. Check valve
P-1E Piston pump feedstock
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SP2, SP3. Sampling port 2 and 3
M. Magnetic stirrer

P-2C, P-3C. Piston pump for collecting sample 2 and 3
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Table 2. Experimental condition

Types of conditions Experimental range

Feedstock Sewage sludge
Concentration of solid 0.2 wt%
Temperature 130, 150, 180, 210 and 250 °C
Pressure 5MPa

Residence time 10 min

Flow rate 20 ml/min

Reactor type Flow reactor

*All experiments were run in duplicate

solid products using filter paper with a size of 11.0 cm (Whatman
Grade 5 Qualitative). The liquid sample was analyzed for total
organic carbon (TOC) to quantify the amount of carbon in the
liquid product (non-purgeable organic carbon, NPOC) and that
in the dissolved gas product (inorganic carbon, IC). The amount
of this TOC was divided by the carbon amount in the feedstock to
calculate the TOC yield. The solid product was observed using a
ZEN microscope 2.3 blue edition. The microscope magnifies in
two steps by way of the objective and eyepiece lenses, with the mag-
nification being determined by multiplying the objective magnifi-
cation and eyepiece magnification. In this work, the objective LD
A-Plan 40%/0.55 Ph1 and magnification 40x were used. All exper-
imental runs were conducted in duplicate.

RESULTS AND DISCUSSION

1. Effect of HT Temperature on Total Organic Carbon in the
Liquid Product

Fig. 2(a) shows the TOC vyield in the liquid product for each
temperature. Note that the data at 0°C refer to the original feed-
stock value and the experimental results are reproducible. As seen,
the TOC increases with temperature, especially at temperatures
higher than 150 °C. Further, we note that without HT, the TOC
value is non-zero because of pulverization. That is, a fraction of the
cells should have been destroyed and their contents released in the
liquid phase without HT. Increasing the temperature beyond 150 °C
resulted in the destruction of the remaining intact cells, and further
increased TOC with the temperature. Above 200 °C, the increase
in the TOC yield ceased, which was likely caused by the complete
destruction of the cells. The corresponding TOC yield was 0.162
mol/mol. This result implies that SS cells are composed of water-
soluble organic and insoluble organic materials. The latter likely in-
cludes cell wall components, and it occupies 0.838 mol-C/mol-C
of total organics.

The process temperature has a strong influence on the TOC
yield in the liquid phase. For this reason, cell destruction in SS fol-
lowing HT may be satisfactorily treated as a type of reaction that
follows Arrhenius’ law. This is particularly reasonable since decom-
position of the cell structure is caused by thermal decomposition
of the cell membrane.

The observations of the present study are consistent with the re-
sults of Everett, (1972), who found that the destruction of the cell
walls during heat treatment released the cell content and that insolu-
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Fig. 2. TOC yields. (a) Effect of temperature on TOC yield. (b) Com-
parison of TOC yields (experiment conditions: 423 and 523 K,
and 600 s).

ble protein was broken down into more soluble compounds (e.g.,
amino acids). The observations are also consistent with the previ-
ous work of Wang et al. [43], who observed that the characteristics
of sludge particles such as surface charge and hydrophobicity were
improved following HT, and that the bound water in the sludge
flocs was released to the bulk water. Imbierowicz et al. [44] reported
that the process temperature had a decisive impact on the rate of
TOC solid conversion into the liquid phase. Indeed, approximately
50-55% of the initial TOC solid was transferred into the liquid phase.
Fig. 2(b) shows a comparison of the present results with those of
Imbierowicz et al. As seen, the TOC yield reported herein is signifi-
cantly lower, especially at 150 and 250 °C (423 and 523 K), than that
reported previously. This difference may be partly caused by the
type of reactor used in each study. This study employed a continu-
ous reactor, whereas Imbierowicz et al. used a batch reactor. Batch
reactors usually require relatively longer times for heating and cool-
ing, during which time the reaction proceeds. In this regard, the
treatment time employed by Imbierowicz et al. was much longer
than that used herein. However, their purpose was to convert the
solid fraction into liquid organics, and they even observed a gas
product. By comparison, we are more interested in the release of
organics following cell destruction.
2. Determination of Reaction Rate Parameters

By assuming a first-order rate equation, the reaction rate con-
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stant of TOC release, or destruction of the SS cells, during HT could
be determined. For many cases, first-order reactions are found to
be effective for such processes. For example, Mohamad et al. [45]
used first-order reaction kinetics to determine the rate constant of
decomposition of mannitol and sorbitol under hydrothermal con-
dition. They employed the least squares method to determine the
reaction parameters, and their first-order reaction model fit the
data well. Determining such reaction kinetics is important for design-
ing an appropriate HT reactor for SS. The model can be expressed
by the following equation, which expresses the change of carbon:

Css=>VCroct(1-v)Csy 0

The subscripts SS, TOC, and Sol indicate the original cell, liquid
phase, and remaining solid, respectively, and v is the fraction of
carbon that is converted into TOC carbon. As shown in Fig. 2(a),
all of the cells are destroyed at 250 °C. The TOC vyield at this tem-
perature should correspond to the value of v, which is 0.162 mol/
mol. Assuming a first-order reaction, the following differential rate
equation can be written:

d[Cys]
dt

=-k [ Css] )
Here, [Cq] is the concentration of Cg. Mass balance gives:

[Css]+[Croc]+[Csal =const=[Css]+[Croc)i+ [Csuli=[Cssl: 3

where the subscript i indicates the initial condition and the subscript t
indicates the total amount of SS. It is also noted that:

[Coul="TCroc] @
Thus,

[Css] = [Css]t_ [CTOC] - [Csol] = [Css]t_ [CTOC] - I_TV[CTOC]

= [Col~(1+ ) [Crocl =il 2Croc)

Substitution of Eq. (5) into Eq. (2) gives:

4(1cl~2Croel) =~ K1Cssli~ Crocl) ©
Namely,

((Croc) =vK([Cxl~[Cooc) )

d ([Crocl [Crocl

L(=roc]) _ ok — p—=roc

dt( [CSS]t) ¥ [Cssl; ®

Noting that the TOC yield is expressed as:

_[Croc]
YTOC_ [CSS][ > (9)

Eq. (8) can be expressed as:

d
d_tYTOC: vk—=kYoc (10)

This equation can be solved as follows:
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vliYTT?CTOC =dt 11)

In(v—Yro0)=—kt+C (12)

Y roc=v—Aexp(—kt) (13)
At t=0, the TOC yield is Yroc

Yroc=V=(V=Yroc, Jexp(—kt) (14)

Assuming Arrhenius behavior, the equation for this reaction rate
constant is:

k=k,exp G{l::r”) (15)

where ky, E,, R, and T are the pre-exponential factor, activation en-
ergy, gas constant, and absolute temperature, respectively.

Yroc=v—(V=Yro, i)eXP(_ koexp(%)t) (16)

The values of the pre-exponential factor and activation energy were
determined to reproduce the experimental data using the least
squares method. In this way, the pre-exponential factor and activa-
tion energy were determined as 3.96x10'°s™" and 115kJ mol ', re-
spectively.

The calculated TOC yield is shown in Fig. 2(a). As seen, good
agreement between the calculated and experimental values is ob-
tained. Fig. 3 shows a parity plot comparing the experimental and
calculated data with the model employing the least square error
(LSE) method. The high coefficient of determination (R’) confirms
that the model provides a good fit to the experimental data.

Goto et al. [46] determined the activation energies of SS and
distillery wastewater decomposition in supercritical water oxida-
tion using a batch reactor. Their values were 76.3 and 64.7 k] mol
for SS and distillery wastewater, respectively. Clearly, the activation
energy for oxidation is lower than that for HT determined herein
(ie, 115k mol ™).

3. Effect of HT Temperature on the Morphological Structure
of Sewage Sludge

The effect of HT on the morphological structure of sewage sludge
is shown in Fig. 4, which compares observation of the original

g 02

3 R?=0.9811

2 o016 |

=

2 012

>

O

o 008

=

pe]

2 004 ¢

L

=3

t_(.U) O 1 1 1 1
o 0 004 008 0.12 0.16 0.2

Experimental TOC yield [mol/mol]
Fig. 3. Comparison of experimental and calculated TOC yield.
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Fig. 4. Effect of HT temperature on morphology structure of active sludge at (a) Original, (b) 130°C, (c) 150 °C, (d) 180°C, (e) 210°C, and

(f) 250°C.

sludge to that after HT. Consistent with the TOC analysis, it is clear
that temperature has a significant impact on the morphological
structure of sewage sludge. The original sludge cells are sturdy and
wrapped in the fibrous matter, as shown in Fig. 4(a). After HT at
130-150 °C, however, the color of the cells begins to fade (Fig. 4(b)
and 4(c)) and some cells appear deformed. At 180 °C, the morphol-
ogy of the sewage sludge starts to degrade, as clearly seen in Fig,
4(d). The cells are completely destroyed at 210 and 250 °C (Fig. 4(e)
and 4(f)). Notably, the cellular changes correspond to the TOC in-
crease in the liquid product at these temperatures (130-250 °C). Imbi-
erowicz and Chacuk [44] observed that the concentration of TOC
increased rapidly at 250 °C (523 K) after 20 min. As noted, their reac-
tion includes the conversion of solid compounds into a liquid prod-
uct, which differs from the present study, where cell degradation
and the release of organic material are examined. In another study,
Bougrier et al. [47] reported that the thermal treatment modified
the characteristics of sludge, including its viscosity and settleability.
In that case, the sludge volume index decreased from 140 mg dm™
for untreated studge to 40 mg dm™ for sludge thermally treated at

170 °C (443 K). Considering the temperature range of their study,
this effect on sludge characteristics may well have been caused by
cell decomposition.

CONCLUSION

The effect of HT temperature (130-250 °C) on the TOC and mor-
phology of SS was investigated for a residence time of 10 min under
5 MPa. HT damaged the SS cell structure, thereby releasing the cell
content and consequently increasing the TOC in the liquid phase.
The cell destruction rate was expressed using a first-order rate
equation, with the Arrhenius type reaction rate constant. The pre-
exponential factor and activation energies for this rate were deter-
mined as 3.96x10"°s™" and 115kJ mol ', respectively. This is the
first rate parameters to be reported for the destruction of SS cells.
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