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RESEARCH

Municipal Sewage Sludge Management in the Slovak Republic—
Actual Status and Perspectives

IGOR BODIK™* and MIROSLAVA KUBASKA

Department of Environmental Engineering, Faculty of Chemical and Food Technology, Slovak University of Technology,
Radlinského 9, 812 37 Bratislava, Slovakia

more than 67,000 kWh,/day.

ABSTRACT: Status of municipal sewage sludge management in the Slovak Republic is
reviewed herein. Eighty-six point nine percent of the Slovak population is connected to
water supply and sixty-one point six of the Slovak population connected to wastewater
collection systems. During 2010 total sludge production in Slovakia was 58,718 ton (TS).
More than 75% of sludge produced was anaerobically digested and about 85% was ap-
plied to agricultural soils. Total volume capacity of anaerobic digestion tanks in WWTPs
is 195,000 m3 with daily biogas production more than 60,000 m3. CHP units were in-
stalled in 21 plants with total electric output at 5.4 MW, and total electric production at

INTRODUCTION

ASTEWATER TREATMENT PLANTS (WWTP) are
Wimportant components of environmental protec-
tion all over the world. Increasing waste and wastewa-
ter production creates pollutant by-products that may
contaminate surface, as well as subsurface water. Or-
ganic pollution in wastewater is partly separated as pri-
mary sludge during the mechanical stage of the plant
and also partially transformed into activated sludge
during the biological part of the WWTP process. All
types of wastewater treatment technologies inevitably
generate sludge. Production of sludge from wastewa-
ter, and the need for treatment of sludge, and subse-
quent need to dispose the sludge has been viewed as
a serious solid waste management problem incurring
financial costs [1,2].

There are many possibilities on how to treat sludge:
aerobic sludge stabilisation, chemical sludge stabilisa-
tion (mainly for small WWTPs), sludge incineration
(used if an available incineration plant is within an ap-
propriate distance), and anaerobic digestion. Anaero-
bic digestion of treatment sludge has received much
attention in recent years as a means of generating bio-
gas that in turn may be used to generate energy with
combined head and power (CHP) units. Operators of
WWTPs are finding adoption of sludge treatment tech-
nology is economically feasible. Many large WWTPs

*Author to whom correspondence should be addressed.
E-mail: igor.bodik@stuba.sk

around the world are shifting operation modus of
sludge management into anaerobic sludge digestion
with biogas and consequently electric energy produc-
tion (e.g., Vienna). Advantage of CHP implementation
is generated electricity that is both directly usable on-
site for energy demands for equipment (e.g., aeration,
pump, mixing) and/or that may be re-sold to the public
economically speaking [3].

Biogas is generally produced in landfills, biogas
plants, and WWTPs by anaerobic microorganisms dur-
ing anaerobic fermentation of organic material. Biogas
produced in WWTPs and in biogas plants for agricul-
tural and municipal purposes is generally used for en-
ergy production both thermal and electric. Thus, due to
increasing interest in renewable energy sources biogas
has become a notable alternative to conventional fuels
used for production of electricity and heat.

Water Management System in the Slovak Republic

Slovak Republic is located in the middle of Central
Europe. The actual number of inhabitants in the Slovak
Republic is about 5.44 million (2011). Total number
of settlements in the country is 2,891. Only 400 settle-
ments have more than 2,000 inhabitants. Total number
of inhabitants living in towns with more than 2,000 in-
habitants is 3.78 million. This represents about 70% of
the population. The rest of the population is spread into
small settlements over the remaining Slovakian terri-
tory. Above all the aforementioned geographical facts,
the high proportions of rural populations create com-
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plicated conditions related to connecting populations
to central water supply systems and for wastewater
treatment systems and also in accordance with docu-
ments of the Slovak Republic into EU from 2004 [4].
Broadly disperse populations is a primary reason for a
centralized water distribution system and wastewater
treatment system review by the EU with Slovak Re-
public member requirements [4].

The number of inhabitants supplied with drinking
water from the public water supply in 2010 reached
4.72 million and represents 86.9% of total inhabitants.
Total length of drinking water pipelines was 28,777
km and represents a specific length of pipeline on
connected inhabitant 6.09 m. There are 2,353 Slovak
Republic individual municipalities supplying drink-
ing water. Ground water resources produced 270 mil-
lion m? of drinking water representing 84.2% of water
derived from surface water resources. Water losses in
pipeline systems represented very high figures (e.g.,
28.5% from total water produced in the Slovak Re-
public). Specific water consumption for households
dramatically decreased from 195 L/cap.d in 1990 to
79.8 L/cap.day in 2011 [4].

Development of public sewage systems lags be-
hind that of public water supply systems. Connection
percentage in the Slovak Republic is relatively low in
comparison to developed countries in Western Europe.
This dates back to long-term neglected development of
infrastructure construction projects during the commu-
nist era for all CEE countries. Number of inhabitants
living in households connected to public sewage sys-
tems reached 3.35 million inhabitants and is 61.6% of
the Slovak population. Total length of sewage system
pipelines was 11,211 km. It represents a specific length
of pipeline on connected inhabitant 3.35 m. Average
water price in Slovakia was 2.31 €/m? for both water
supply and treatment [4].

Wastewater Treatment Plants

During 2011, 616 municipal WWTPs with a total
capacity of 2.1 Mil.m%/day treated 1.32 Mil.m?/day or
62.9% of capacity. The main portion of technological
structures represents mechanical-biological plants with
93.5% of all operated plants. According to require-
ments from EU Directive 91/271/EHS and also accord-
ing to statistical related evidence from Slovak WWTPs
the geographical system of 356 agglomerations with
more than 2,000 p.e. was created from which 284
WWTPs are today still operated. Regarding this num-
ber of WWTPs only 269 plants fulfilled EU Directive

Table 1. Distribution of Capacity Groups of WWTPs
in the Slovak Republic [4].

% Population

WWTP Capacity Groups Operated WWTPs Served
<2000 p.e. 332 15.0
2001-10 000 p.e. 203 41.8
10 001-15 000 p.e. 18 68.5
15 001-150 000 p.e. 58 82.3
>150 000 p.e. 5 92.4
Total 616 61.6

effluent requirements for organic pollution and only 46
plants (more than 10,000 p.e) fulfilled nutrient require-
ments.

The fifty largest Slovak WWTPs have a design
capacity for more than 6.9 million p.e. However, the
true load is greater than 2.8 million p.e. The purpose
for unused high design capacity is a sharp decrease in
the industrial pollution portion of municipal waste-
water load in the past ten-twenty years. Total flow
for the fifty largest WWTPs is more than 800,000
m?>/day which represents 60% of all Slovak WWTPs
flow. The largest Slovak WWTP is Central WWTP in
Bratislava with a treatment capacity of 1.06 million
p.e. and with an actual load of 360,000 p.e. represent-
ing about 15% of total Slovak wastewater load and
flow, respectively.

Sludge Management System in the
Slovak Republic

Sewage sludge is waste, and sludge management in
the Slovak Republic is generally regulated by legisla-
tion valid for waste management respecting require-
ments for acquis communitaire for this area [5]. There
are two basic policy documents used for control of
sludge application onto soils as follows:

e Direct application of sludge into soil according to
Actno.188/2003 Coll. on application of waste water
sludge into soil, and

e Application as of Act no. 136/2000 Coll. in word-
ing of Act n0.555/2004 Coll. on fertilizers (e.g., as
compost or soil-growing medium). In this case the
product is subject to certification.

Amount of sludge produced in municipal WWTPs
is permanently monitored and recorded. Yearly mu-
nicipal sludge production in the last few years is about
54,000-58,000 t (TS) which represents average specific
sludge production at approximately 16.7 kg/p.e.year. In
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Table 2. Sludge Production in the Slovak Republic and the Ways of Its Utilisation [4].

Sludge Production (in tons of dry solids)

Year Total Direct Soil Application Composted Landfilled Incinerated Others
2002 52,149 42,836 0 4,443 0 4,870
2004 53,085 12,067 30,437 4,723 0 5,858
2006 54,780 0 39,405 9,245 0 9,400
2008 57,810 0 38,368 8,676 0 10,766
2009 58,582 0 47,056 2,696 0 8,830
2010 54,760 923 47,140 16 0 6,681
2011 58,718 358 50,111 2,306 0 5,943

Table 2 there are data about sludge production and ways
of sludge utilisation. Approximately, 90% of sludge is
stabilised by anaerobic digestion in 52 WWTPs. The
rest uses aerobic sludge stabilisation technology (low
loaded activated sludge systems). Chemical (lime) sta-
bilisation is rarely used.

According to data in the literature it is evident that
indirect soil application of sludge as compost is the
most frequent way (i.e., about 85%) of sludge disposal.
Formerly, the often used method of direct sludge appli-
cation in soil was extremely reduced according to strict
requirements for sludge quality. Decrease of landfilled
sludge is also evident during the last few years. This
tendency probably will continue.

There are two techniques for regulated application
of sewage sludge applied to agricultural lands:

e Direct application of sludge onto agricultural land
according to Act No.188/2003 on Sewage Sludge
Application onto Agricultural Land, determining
conditions for sewage sludge application onto agri-
cultural and forest land without affecting soil prop-
erties, plants, water, human health, and animals [6].
Sludge application must be approved by the authori-
ty of agricultural land resources protection or by au-
thority of a forest management state administration.
The act with certain hygienic and time limitations
enables agriculture related application on permanent
grass stands. It does not deal with application onto
non-agricultural related lands or sludge use in land
reclamation.

e Application in line with Act No.136/2000 on Fertil-
izers (e.g., compost) regarding soil supporting sub-
stance or growing medium. In this case, the product
made on the basis of sludge is subject to certification
and assessment whether properties of such fertilizer
and its technical documentation are in line with re-
lated technical standards and generally binding legal
regulations.

Incineration of municipal treatment sludge is not
used in Slovakia (on-site incineration of sludge occurs
at two industrial WWTP’s, DUSLO Sala and Slovnaft
Bratislava. There are no suitable incineration capaci-
ties for sludge incineration. There are some newer
ideas about incineration of sludge but only in project
preparation studies. Generally, the attitude (public and
“green NGO’s”) towards waste incineration is very
negative in the Slovak Republic.

Technologies of Sludge Treatment Used in the
Slovak Republic

Aerobic sludge stabilisation technology is operated
predominantly on small WWTP’s with a load capac-
ity below 10-15,000 p.e. There are about 550 small
facilities and only two large WWTPs (Ruzomberok
at 325,000 p.e. and Rimavska Sobota at 32,000 p.e.,
respectively) with this type of system for sludge sta-
bilisation. Yearly production of aerobically stabilised

Table 3. Limits for Application of WWTP Sludges
onto Agricultural Land [4].

Concentration Limit Load Limit

Parameter mg/kg TS g/ha.year
As 20 60
Cd 10 30
Cr 1000 3000
Cu 1000 3000
Hg 10 30
Ni 300 900
Pb 750 2250
Zn 2500 7500
PAH 6.0 -
PCB 0.8 -
AOX 500 -
CFU/g TS

Thermotolerant coliforms 2.108 -
Faecal streptococs 2.108 -
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sludge is approximately 20-25% from total sludge pro-
duction using Slovak municipal sludge. According to
relatively good sludge quality for WWTPs for small
villages and towns without industrial pollution, this
sludge may be applied to agricultural soil directly or
indirectly as compost.

Anaerobic sludge digestion with biogas production
and utilisation is realised on 51 municipal WWTPs
with about 2.6 million connected p.e. About 75-80%
of Slovak treatment sludge is produced from these
plants. The smallest WWTPs with anaerobic sludge di-
gestion are operated in a load range below 10,000 p.e.
(Velky Krtis at 6,000 p.e., Bytéa at 7,500 p.e., Hand-
lova at 9,000 p.e., and Myjava at 9,000 p.e.). Of course,
all these small WWTPs have a design capacity much
higher at 15-25,000 p.e.

All large Slovak WWTPs except the two previously
mentioned are operated with anaerobic sludge diges-
tion under mesophilic conditions. Most monitored
plants are operated under a temperature range between
37-39°C, but there are also some digesters using 35°C
and 42°C. There is no WWTP with thermophilic an-
aerobic sludge stabilisation. However, there are some
ideas for applying this technology on some plants in
the near future.

From a technological point of view Slovak digest-
ers are two-staged reactors with mesophilic digestion
occurring during the first stage. The second stage is op-
erated as an open sludge storage reactor without a tem-
perature controlled regime and also without biogas ex-
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hausting. Most digesters were constructed in 70-80’s
and have a “classic” cylindrical shape (see Figures 2
and 3).

Total volume capacity for digestion tanks in these
WWTPs is about 195,000 m3. The smallest is 600 m?
and the largest is 30,000 m>. It appears specific vol-
umes (SV) for digestion tanks (Litre/p.e.) are relatively
high and this appeared obvious after study of volume
of digestion tanks responding to one connected p.e.
Average value is 74 L/p.e., the smallest value of SV
was measured in the WWTP Banovce n/Bebravou (22
L/p.e.) and the highest value of SV was achieved in the
WWTP Velky Krtis (185 L/p.e.). See Figure 4. There
are 12 plants with specific volumes of digestion higher
than 100 L/p.e. that in most cases assign non-effective
operation of sludge management. Regarding compari-
son to Slovak specific digester volumes, large digest-
ers in European municipal WWTPs are significantly
smaller (e.g., Hague at 30 L/p.e., Berlin Schoner. at 38
L/p.e., Madrid at 33 L/p.e., and others). On the other
hand, the European WWTPs with thermophilic digest-
ers (e.g., Prague, Budapest, Pilsen, and Braunschweig)
have specific digester volumes much smaller at 18-25
L/p.e. [7].

A very important technological parameter concern-
ing economic and energy operation effectiveness of
digestion tanks is hydraulic retention time (HRT) of
sludge in a digestion tank. Average HRT of sludge in
digestion tanks with or without storage tank is about
35 days and varies between 15 to 77 days. Also, these
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Figure 1. Slovak municipal WWTPs with anaerobic digestion.
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Figure 2. WWTP Trnava at 211,000 p.e.

technological parameters similar to specific volume of
digestion tank indicate that most WWTPs are over-di-
mensioned or insufficiently charged. Date in the litera-
ture and operations experience point out that optimal
HRT is approximately 20 days and an increase of this
parameter could cause lower efficiency of organic mat-
ter decomposition [8].

The high retention time in the Slovak WWTPs is
caused by relatively low TS content in the sludge upon
input into digesters at 3—3.5%. These values indicate a
low efficiency of sludge thickening processes or low
interest about energetic/thermal balances of digester
reactors. The low TS content in influent sludge has
important consequences regarding high heat losses
for row sludge heating. Thermal balances for diges-
tion process could be much more effective with higher
row sludge content (4—7%) upon input into digesters
[9]. Two largest Bratislava WWTPs have average TS

200

£

S 150 -

o)

>

ST

5 n_lOO E

o3

o

Lo 50

[

‘S

8

) 0 -
I I R I R e
&a«}%{\o & o é\o é\\o 5‘)‘0 4.@4‘& 3

3 Q;\%' LA M SR>
Q}‘ %’b %Q' Q'b

content of raw sludge after thickening in the range
between 2.5-3.5%. Therefore, the organic load of di-
gesters is also low at 0.7-0.9 kgVSS/m3.day. Twenty
large European WWTPs under operation of VEOLIA
WATER have row sludge concentration on average at
4.8% (Hague at 6.0%, Prague at 5.0%, Madrid at 4.9%,
Pilsen at 4.7%, and more) [7].

Biogas Production in Slovak WWTPs

In the year 2011 more than 60,000 m* of biogas
were produced from Slovak municipal WWTPs daily.
That represents an annual production of almost 22 mil-
lion m? of biogas and theoretically more than 131 GWh
of energy bounded in biogas. There are some plants
with relatively low daily biogas production—below
200 m?/day. However, there are also WWTPs with
3-4,000 m>*/day. The highest biogas production for a
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Figure 4. Slovak WWTP with highest and lowest specific digester volume.
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WWTP is in Central Bratislava at 13,500 m?/day. The
value of specific biogas production (litre of biogas/p.e.
connected) is important to compare biogas production
efficiency among different plants. These data in Slovak
WWTPs varies between 8 L/p.e. (WWTP Topolcany
at 30,000 p.e.) and 46 L/p.e. (WWTP Michalovce at
40,000 p.e. without a CHP unit) with average values
for all examined Slovak WWTPs at 21 L/p.e. Figure
5 displays specific biogas production for 10 WWTPs
with highest biogas production. Values of specific bio-
gas production could be affected by adding external
co-substrates for some plants with the aim of biogas
production increasing.

Regarding comparison to European large WWTPs,
biogas production values are unfavourable for Slovak
plants. Twenty EU plants have on average 28 L/p.e.
(Seafield at 45 L/p.e., Hague at 27 L/p.e., Madrid at 23
L/p.e., and more) which is about 30% higher specific
production than production in Slovak plants. Interest-
ing is that four thermophilic digester operation (Prague,
Budapest, Pilsen, and Braunschweig) created slightly
lower specific biogas production (26 L/p.e.) in com-
parison to mesophilic ones. However, specific biogas
production for the largest Slovak WWTP Bratislava
Central is relatively high at 39 L/p.e. in comparison to
other metropolitan WWTPs: Prague at 25.2 L/p.e.(with
thermophilic digestion), Berlin at 25 L/p.e., Hague at
27 L/p.e., Madrid at 23 L/p.e., and more. [7].

Only 23 of 51 WWTPs have installed equipment
for electrical power production (CHP) with a to-
tal installed output of 5.4 MW,,. Individual WWTPs
have a performance range of 35-1,660 kW,. In 2011
all WWTPs discussed here had daily production of

67,000 kWh of electrical power representing 24.5 GWh
annually. Efficiency of biogas utilisation for electric en-
ergy production was relatively low at 1.2. kWh/m? of
produced biogas in comparison to VEOLIA plants at
2.0 kWh/m3. Some Slovak WWTPs have very low
profitability regarding electric energy production at 0.2
kWh,/m? (Poprad at 115,000 p.e. and PreSov at 85,000
p.c.) because of preferred utilisation of biogas for di-
gester heating in northern/mountain parts of Slovakia.

Energy from self-produced electric sources in Slo-
vak WWTPs was on average approximately 26% with
ranges for individual WWTPs from 2-68%. The high-
est energy autarky was the Central WWTP Bratislava
at 66% (co-fermentation of technical fats) and WWTP
Trnava at 58% (no co-fermentation). Some European
WWTPs with biowastes’ co-fermentation achieve en-
ergy autarky up to 80-100% (Budapest, Braunsch-
weig, Grevesmiihlen) [7].

From a technological point of view, digestion tanks
have a sufficient capacity for a considerable increase in
biogas production [10]. The increase may be achieved
by sufficient choice and dosage of external organic
sources that may provide a significant energy—eco-
nomic contribution to WWTP operations without need
for technological process adaptation (e.g., plant oils,
fats, and organic materials) or with a small techno-
logical process adaptation (food residues, food and
agricultural products and wastes). In cooperation with
municipalities biogas treatment with bio-fuel produc-
tion for public transport seems to be very interesting.
According to information from water companies many
WWTPs have a serious interest regarding installation
of or enlargement of electrical power production.
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Figure 5. Slovak municipal WWTPs with highest specific biogas production.
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CONCLUSION

Development of public sewage systems lags behind
public water supply systems. Connection percentage in
the Slovak Republic is relatively low in comparison to
developed countries of Western Europe. According to
requirements of EU Directive 91/271/EHS and also ac-
cording to statistical evidence from Slovak WWTPs the
geographical system of 356 agglomerations with more
than 2,000 p.e. was created from which 284 WWTPs
are operated today. From this number of WWTPs only
269 plants fulfilled EU Directive effluent requirements
for organic pollution and only 46 plants with more
than 10,000 p.e fulfilled nutrient requirements. Status
of sludge management in the Slovak Republic is com-
parable to other EU countries and in compliance with
EU Directives.

Anaerobic sludge digestion with biogas production
and utilisation is realised for 51 municipal WWTPs with
daily biogas production more than 60,000 m? and with
specific biogas production 21 L/p.e. Increasing utilisa-
tion of external biodegradable waste for biogas produc-
tion is expected in next few years. There are no suitable
incineration capacities for sludge incineration. There are
some new ideas about incineration of sludge but it is
only in the project preparation studies stages. Generally,
the attitude (public and “green NGO’s”) towards waste
incineration is very negative in the Slovak Republic.
Therefore, more dialogue is necessary as well as better
understanding of the waste incineration life cycle.
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Present and Future Sewage Sludge Treatment in Hungary
and its Energetic Utilisation
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ABSTRACT: Average communal water consumption fell below 100 L/person/day in
Hungary. There are 16 sewage treatment plants in Hungary implementing biogas gen-
eration with anaerobic treatment. Eleven of these use it to generate electricity. Generat-
ing capacity is approximately 9.2 MW. It was inescapable that thermal utilisation of sew-
age sludge receive a bigger role opposite recultivation in the future. The proportion of
agricultural utilisation will not decrease. Price levels of sludge utilisation attain or exceed
expenses in Germany without energetic utilisation of sludge.

INTRODUCTION

ISPOSAL and utilisation of sludge generated by

wastewater treatment causes many problems
in Hungary. The National Wastewater Drainage and
Treatment Programme which started in the wake of po-
litical transition and accession to the EU is expected to
reach completion by 2015. A direct consequence of the
programme is a steady increase in sludge generation as
new wastewater treatment plants come into operation.

At the same time there is a downward trend in the
amount of water supplied in Hungary as seen in other
advanced countries. This is the joint result of several
factors: economic crisis, falling industrial production,
increase in water and drainage charges, and greater en-
vironmental awareness. Average communal water con-
sumption fell below 100 L/person/day in Hungary by
the end of the first decade of the twenty-first century.

Quality of municipal wastewater depends on the lo-
cal structure of habitation, degree of industrialisation,
and consumption habits. This, together with variations
in wastewater and sludge treatment, leads to differ-
ences in quality of sewage sludge generated at differ-
ent sites. There are 678 working plants with capacities
ranging from 300 to 260,000 m>?/day. Small-capacity
sites form the majority.

Four hundred currently operating water utilities
manage wastewater drainage greater than 400 million
m? annually. Annual quantity of resulting sludge as-
suming an average of 25-30% dry matter was 700,000

*Author to whom correspondence should be addressed.
E-mail: zsabo.ferenc@enqua.hu

t/year in 2010. Since the opening of the Budapest Cen-
tral Wastewater Treatment Plant in 2011 this figure has
increased to 900,000 tonnes [1].

CURRENT POSITION OF WASTEWATER
SLUDGE UTILISATION

There is a highly varied pattern of wastewater sludge
utilisation and disposal in Hungary. This is because the
country does not have a sludge disposal and utilisation
strategy tailored to local conditions and economic re-
sources. As a result, we see spontaneous emergence of
various solutions which do not take account for eco-
nomic efficiency or future needs.

The fertile land of Hungary is excellently suited to
agricultural production. After taking account of disqual-
ifying factors, the country is estimated to have 3 mil-
lion hectares of land suited for reception of wastewater
sludge. There is a further 4 million hectares of agricul-
tural land suited for wastewater compost use. This is ap-
proximately one third of the land area of the country.

Another positive factor is that sludge generated by
Hungary’s sewage works is of high quality and con-
forms to EU agricultural application criteria [2].

AGRICULTURAL UTILISATION
Direct Agricultural Utilisation of Sludge

Only treated sludge may be applied to the land for
which a licence is issued if the landowner consents.

The simplest form of sludge treatment is storage for
at least six months either thickened at 2—3% dry mat-
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Table 1. Distribution of Wastewater Treatment Plants
in Hungary by Size of Equivalent Inhabitants.

Equivalent Inhabitant Number of Plants  Proportion %

<2000 138 20.4
2001-20,000 341 50.3
20,001-50,000 152 22.4
50,001-100,000 21 3.1
>100,000 p.e. 26 3.8
Total 678 100.0

ter or dewatered at 15-25% dry matter in a watertight
reservoir or tank.

This is frequently the method chosen at small-ca-
pacity sewage works. Typically, sludge is transported
to larger sites with digesters and appropriate utilisation
and dewatering capacity. This arrangement has been
in operation in the Budapest area since the building of
municipal digesters.

Diluted sludge without dewatering is injected di-
rectly into the soil. This eliminates the costs of dewa-
tering the sludge and working it into the soil. Its dis-
advantages are the high cost of transport and the high
water content of the sludge. Because of higher result-
ing from recent changes in fuel prices and ownership
structure (reprivatisation), less and less sludge is being
used this way.

Costs of disposal are between € 288 and 435 per
tonne-dry matter. This is the cheapest mode of agri-
cultural application and all sewage sludge used in this
way (154,000 m?/year) is applied to arable land to sup-
ply nutrients for crops. The strict framework of legal
regulation specifies the quantity of sludge which may
be applied without differentiating between soil types.

Sewage sludge compost still does not have realistic
market price as a source of plant nutrients, and this im-
pedes its use.

Overall share of sludge disposal methods in Hungary 2012

8%

@ Agriculture
40% o
@ Recultivation

O Storage

52%

Figure 2. Wastewater sludge disposal at 650 sewage plants,
205,000 t Dm/year in Hungary 2012.

Some landowners are not motivated to use waste-
water sludge, and although it is organic fertiliser, there
is considerable prejudice against it. This is also a ris-
ing trend in other EU countries. Experience in Austria,
Germany and Switzerland in recent years indicates the
reduction of agricultural application or has acted to re-
inforce a complete ban.

Composting and Agricultural Use of
Wastewater Sludge

Composting of sludge is common in large-capacity
wastewater works. The most economic arrangement is
to set up a composting facility on site to avoid transport
costs. The main problems here are in subsequent use,
but it is a good utilisation procedure if there is a suit-
able agricultural application.

Composting is used for 40% of the sludge produced
each year. However, if there are no buyers for the com-
post the operator has to deposit it or send it for reculti-
vation further adding to costs.

Sludge is the end product of wastewater treatment
and contains valuable nutrients, making proper use of
it is essential. If energetic utilisation is not possible due
to the high capital costs, or insufficient quantities, then
composting is to be preferred. It could be particularly
useful where direct agricultural application is not pos-
sible. Its high phosphorous content in particular makes
agricultural application preferable to recultivation. The
costs of disposal are between € 250 and 350 per tonne-
dry matter. There could be a discussion here of the P
utilisation in agriculture versus chemical extraction
from sludge, wastewater, or ash

Use of Sludge for Recultivation

This is a widespread application for sludge in Hun-
gary. It essentially involves use as “quasi compost” for
covering red sludge and power plant slag storage res-
ervoirs (slurry ponds). The statistics do not reflect the
use of this method because they incorporate it under
composting. It accounts for 52% of all sludge annually.
The disadvantage of this method is the cost of transport
for wastewater works remote in relationship to the re-
cultivation area.

The new Budapest Central Wastewater Treatment
Plant currently disposes of its sludge at such sites.
This alone involves approximately 150,000 tonnes of
28-30% dry matter content per year. Average disposal
cost varies depending on distance from € 190 to € 550
per tonne-dry matter. Recultivation should use less
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Table 2. Digester Characteristics for Wastewater Plants.

Volume of Digester Gas Poduction

City/Plant (m3) (md3/d) Method of Utilisation
Budapest Eszak 2 x 12,000 27,500 Electric power generation to cover the energy requir. of the plant
Budapest Dél 4 x 2,600 és 1 x 2000 27,000 Electric power generation to cover the energy requir. of the plant
Budapest Kézponti/Main 3 x 5800 23,000 Electric power generation to cover the energy requir. of the plant
Debrecen 2 x 4,500 6,500 Electric power generation to cover the energy requir. of the plant
Kecskemét 1 x 2460, 2 db. 1350 3,000 Electric power generation to cover the energy requir. of the plant
Szeged 2 x 4000 4,000 Electric power generation to cover the energy requir. of the plant
Veszprém 1 x 1000, 1 x 1500 2,500-3,300 Electric power generation to cover the energy requir. of the plant
Sopron 2 x 2,200 2,500 Electric power generation to cover the energy requir. of the plant
Szombathely 2 x 2,500 3,000 Electric power generation to cover the energy requir. of the plant
Zalaegerszeg 2 x 1,540 1,000-1,200 Electric power generation to cover the energy requir. of the plant and CNG
for transport
Gy6r 2 x 3,750 6,000~ Electric power generation to cover the energy requir. of the plant
Osszesen 107,500
Kapuvar under construction

valuable material, because the phosphorous content
completely drops out of the cycle of use.

Sludge Storage on the Treatment Plant Site

Storage of wastewater sludge in isolated reservoirs
(“cold digesters™) occurred on the treatment plant site
and serves only to postpone final utilisation. Some 8%
of total sludge is put into storage. This material is not
being used at all at present, and will only assume a
value in future.

Costs of deposition are somewhat higher than agri-
cultural application and lower than recultivation, but this
process unfortunately also entails waste. Costs of stor-
age vary between € 50 to € 130 per tonne-dry matter.

ENERGETIC UTILISATION

Biogas generation is an energetic utilisation in con-
trast with statistical classifications which include this
method as a stabilisation procedure within sludge
treatment. I will deal only with sludges where biogas
is used to generate heat or electric power. The most
widespread use of biogas is to reduce the energy costs
of wastewater plants. Plants which receive sludge
from other sites or waste of high organic content are
self-supporting in energy. Budapest No. 2 Wastewater
Treatment Plant is one of these, and the Central Plant is
50% self-supporting. Exhaustion of traditional energy
sources, the rise and continual fluctuation of oil prices,
and worsening environmental problems have forced
every country in the world to face the issue of renew-
able energy.

In order to increase its EU renewable energy quota,
Hungary will have to use energy content from sludge
wherever possible. After extracting energy from sludge
by fermentation the stabilised sludge may be used to
replace soil nutrients. This is the approach which has
made greatest inroads in sludge treatment in the past 20
years. Extracting energy from sewage sludge requires
considerable capital investment.

Anaerobic treatment is one of the most environmen-
tally efficient technologies. Neither does it restrict re-
use of phosphorous unlike combustion in coal power
plants or use in cement factories. The process also
eliminates methane emissions from sludge and reduc-
es sludge quantity. The process may generate several
different products: biogas, electric power, heating hot
water, propellant, and organic fertiliser. The greatest
barrier to using energy from sewage sludge is the rela-
tively high initial capital cost, not using wastewater
sludge is equivalent to squandering resources. It is also
possible to say that wastewater sludge is equivalent to
grey gold (e.g., Biogas development for the City of Za-
lacgerszeg as fuel for municipal public transport).

Establishing biogas plants based on communal
wastewater sludge is primarily a task for central- and
local-government sectors. Gas or electric power gen-
eration may be used to cover energy requirements for
the plant itself.

ENERGETIC UTILISATION IN HUNGARY IN
THE EUROPEAN PERSPECTIVE

No sludge is incinerated or used in cement works
in Hungary at the present time. This form of use has
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Costs of disposal of communal sludge includig costs for transport
and dewatering in Hungary Euro/tonna-dry matter, 2012

Storage

—J

Recultivation 18-
25% dm.

Composting and
S agricultural use 18-
25% dm.

Agricultural use 6-7
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Figure 2. Disposal costs in Hungary.

received no government support in recent years and
in fact has been out of favour. There are tests, or ex-
perimental operations, in several plants but for various
reasons they have not been expanded. By comparison,
thermal utilisation in Germany has increased from 9%
to 40% of the total in the past 20 years. The proportion
of thermal utilisation attained 53% and recultivation
decreased to half this at 16% in Germany. The propor-
tion of agricultural utilisation did not change at 30%
3]

Causes may be traced to the National Wastewater
Programme which was launched following the coun-
try’s EU accession in 2004 and concerned with devel-
oping municipal drainage and sewage treatment. No at-
tention or resources were devoted to the possibility of
municipalities cooperating to build joint thermal utili-
sation plants. Incineration of small quantities of sludge
would not be economic. A potential opportunity was
construction of the new Budapest Central Wastewater
Treatment Plant, Central Europe’s largest EU-support-
ed environmental project with a nominal capacity of
350,000 m? per day. Digesters were built but without
thermal utilisation.

Comparison of Disposal Costs

Comparing disposal expenses a surprising result

is observed. Price levels attain or exceed expenses in
Germany without energetic utilisation of sludge. The
highest mono-incineration costs don’t exceed € 400
per tonne-dry matter in Germany at the same time the
cost of recultivation is more than € 550 per tonne-dry
matter in Hungary. Regarding comparison of disposal
expenses, data from the Federal environment protec-
tion office was used [3].

SUMMARY

Proportions of agricultural utilisation will not de-
crease. It is the experience in EU countries that tight-
ening regulations stimulate increasing energetic utili-
sation of sewage sludge. The essence of EU energy
policy in pursuit of sustainable development is to make
renewable energy competitive.

There are 16 sewage treatment plants in Hungary
which implement biogas generation with anaerobic
treatment and 11 of these use it to generate electricity.
They use electricity to supply their own needs. Gen-
erating capacity is approximately 9.2 MW. The price
level attains or exceeds expenses in Germany without
energetic utilisation of sludge.

The new Hungarian National Waste Management
Agency now supervises collection, transport, and utili-
sation of domestic waste. Considering that wastewater
sludge is a secondary raw material of no less strategic
importance than domestic waste there seems to be a
good argument of its utilisation to be put under supervi-
sion of new Water Utilities Authority. The Authority is
responsible for setting charges and overseeing invest-
ments. [t would be necessary to carry out an analysis of
present means of utilisation set against developments
in Europe to make a proposal for further action.
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ABSTRACT: Convective drying of two different wastewater sludges is investigated. Ex-
periments are realized in a micro-dryer, for air temperatures of 80°C, 140°C and 200°C,
the air velocity and humidity remaining the same. The product drying kinetics presents,
for all studied cases, three main phases, which are: adaptation phase, constant drying
rate phase and falling drying rate. A comparison between the graphical representation of
the drying curve and the analytical solution of diffusion equation allows determination of
the diffusion coefficient. The value of this coefficient depends on the origin of the waste-
water sludge and the operating temperatures. Physical changes such as shrinkage are

introduced into the mathematical model.

INTRODUCTION

OVEL solutions are required due to world popula-

tion’s increasing demand for water and the non-
availability of this crucial resource in some regions. A
novel technological solution is development of waste-
water treatment plants (WWTP). However, this facility
of interest is at the origin of sludge production which
has to be managed to be valorized at its best organic
and mineral content or energy content. Among prefer-
able solutions, incineration and use in agriculture are
possibilities, with relative importance depending on
location.

Drying is a non-avoidable step for sludge transfor-
mation. It permits decrease of handling costs, trans-
port, and storage by reducing sludge mass and volume,
or its use as a combustible due to increased calorific
value. Several scientific works, with the help of mathe-
matical modeling and simulation, are directed to know
more about fundamental aspects of wastewater sludge
behaviour during drying and as well as understating
parameter influence during this process. It allows for
optimum results for better control.

Léonard et al. [1] studied influence of operating
conditions for temperature, humidity, and superficial
velocity of air on the behaviour of several wastewater
sludge’s during convective drying and after mechani-

*Author to whom correspondence should be addressed.
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cal dewatering. A clear dominance is registered for air
temperature. Determination of coefficients of heat and
mass transfer and water evaporation capacity are also
performed by the authors using drying kinetics results.
The origin of the sludge is found as another parameter
influencing general behaviour of sludge during convec-
tive drying [2]. Shrinkage and cracks are two phenom-
ena that appear during convective drying of wastewater
sludge and evidently observed using X-ray microtomog-
raphy [3—5]. The non-introduction of these phenomena
during modeling and simulation [6—7] may lead to an
over-estimation of heat and mass parameters as found
by Rahman and Kumar [8] for food application.

In a different manner, drying wastewater sludge is
explored using indirect agitated techniques. The prod-
uct passes through three phases from respectively wet-
ted to dried product that are pasty, lumpy, and granular
[9,10]. During application of this methodical influence
of pressure, heating temperature, stirrer speed, and par-
ticle size results are reviewed. Modeling and simulation
permit an observation of variation for several drying
parameters, such as heat transfer coefficient and penetra-
tion resistance [10—12] for the product behaviour.

Experimental results of convective drying for two
different types of wastewater sludge are presented in
this paper. The work is reinforced with modeling and
simulation, allowing determination of the sludge diffu-
sion coefficient. Variations in physical changes of the
product represented essentially by shrinkage are intro-
duced in the model.
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MATERIALS AND METHODS
Sample Preparation

This study focuses on two very different sludges:
an activated sludge (AS) from a WWTP of Grosses
Battes, Liége and a thermolyzed and digested sludge
(TDS) from a WWTP of Bruxelles-Nord, Brussels.
Water to be purified undergoes a primary treatment,
an anaerobic phase, and an alternating aerobic/anoxic
phase to produce AS. Finally, phosphate is precipitated
by ion chloride and biomass and in excess is dewatered
using a belt filter. TDS undergoes the same treatments
except dehydration is carried out by centrifugation. Af-
terward, TDS is subject to a temperature of 160°C and
a pressure of 6 bars for 30 minutes. The sludge is then
flashed and digested to produce biogas.

It is important to note that for (AS) the sludge is
collected after the mechanical dewatering step. The
sample initial dry matter content was close to 14.5%.
Sludge is stored in tightly closed jar before drying at a
temperature of 4°C.

Instrumentation and Measurements

Before drying, sludge samples are extruded in cy-
lindrical shape (diameter = height = 15 mm). Drying
experiments are carried out in a discontinuous pilot-
scale dryer (Figure 1) reproducing most of the operat-
ing conditions prevailing in a full-scale continuous belt
dryer. Ambient air is heated up to the required tempera-
ture by an electrical heating device and may be humidi-
fied by adding steam.

Three operating conditions are controlled through-
out the drying process: temperature (50-200°C), super-
ficial velocity (1-3 m/s), and air humidity (0.005-0.5

L. BENNAMOUN, L. FRAIKIN, T. SALMON, M. CRINE and A. LEONARD

Table 1. Semi-theoretical Fitted Models.

Number Model Equation Name of the Model
1 X* = exp(—k-t) Newton

2 X* = exp(—k.t") Page

3 X*=a+hbt+ct+dt+et* 4th degree polynomial
4 X* = a-exp(—k.t) Henderson and Pabis

K8y ater/Kary air)- Al humidity is checked on-line with
a cooled mirror dew point hygrometer. Initial mass of
the sample is 2.5 g and dynamics of weight over time is
followed on-line via continuous weighing. Data points
are recorded every 30 s. The surface change and prod-
uct surface temperature are registered using the surface
camera and infrared pyrometer, respectively.

MATHEMATICAL MODELING

The mathematical modeling treatment is divided
into two parts. First, experimental results are fitted and
semi-theoretical models are proposed (Table 1). The
analytical solution of the equation of diffusion repre-
sented by Fick’s second law was used as a second ap-
proach. Comparison between the two results permits
determination of the diffusion coefficient.

Semi-Theoretical Models

Experimental drying curves are fitted using Curve-
Expert software. The best models are those presenting
the best correlation coefficient (r) and lowest value of
standard error (¥?). Results show that the 4th degree
model presents better results. However, this model has
no-real physical meaning like the Page model with a
correction factor (n). The Henderson and Pabis model
presents good fitting results and is considered as be-

Surface Temperature

Infrared pyrometer

Surface

‘ ’ Camera

A/

—» Chemney

#:_

Steam
Mixer
Heater

Dry Air

Mass
Balance

Figure 1. Simplified schema for a convective drying system.
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Table 2. Fitting Results of the Different Semi-theoretical Models for Sludge (AS).

Temperature 80°C Temperature 140°C Temperature 200°C
Number Parameters (n x3d Parameters () (x?) Parameters (n (x?)
1 k =0.02932 0.99647 0.02337 k =0.07450 0.99529 0.02754 k =0.08077 0.98904 0.04482
k=0.01769 k =0.04435 k =0.03567
2 = 113480 0.99908 0.01198 = 118455 0.99953 0.00871 = 130239 0.99927 0.01165
a=1.01599 a=1.01062 a=1.02349
=-0.02748 =-0.06395 =-0.06399
3 ¢=0.00033 0.99997 0.00221 ¢=0.00155 0.99989 0.00434 ¢=0.00108 0.99987 0.00508
d=-2.13842 x 1076 d=-1.77418 x 1075 d=3.48503 x 10°°
e =5.96414 x 107° e=-8.65103 x 1078 e=-1.68941 x 1077
a=1.05158 a=1.06258 a=1.10004
4 K= 003077 0.99767 0.01901 K =0.07891 0.99702 0.02204 k= 008836 0.99368 0.03429

ing closer to the diffusion approach. Fitting results of
sludge (AS) are presented in Table 2.

Comparison between experimental results and theo-
retical results based on fitting results for sludge or AS
are displayed in Figure 2. The model displays great
agreement with a small divergence at high tempera-
tures. TDS sludge has displayed the same general af-
finity.

Diffusion Model

Water distribution inside the product is described by
Fick’s law. For the unsteady state and one dimensional
case, the equation of diffusion is written in the follow-

ing form:
X 1) o n OX(y,1)
a Deﬁ( J(ayJ[’v oy } W

Where n takes the value of “0” for a plate, “1” for a
cylinder, and “2” for a sphere.

Considering convective conditions, Equation (1) is
solved by assuming:

[y
[y

Distribution of initial moisture is uniform thought
the solid.

Surface of the solid is at equilibrium with air for a
considered time.

Crank [14] proposed an analytical solution for each
case studied employing multiple dimensional studies
with various conditions applied. In the process of as-
sessing complexity of the proposed solutions, users
may have a tendency to simplify the treated problem
by considering an infinite one-dimensional case. This
approximation does not always provide correct results
as confirmed by Rahman and Kumar [8]. For this study
the sample has a cylindrical shape with an equal di-
ameter and a height of 15 mm. It is evident that the
cylinder cannot be considered infinite.

The analytical solution of the equation of diffusion
for a finite cylindrical shape was also proposed by
Crank [13] and used by Usub et al. [14] and McMinn
and Magee [15]. It takes the following form:

X 20000
X" ZZ ep( (2282 eff} 2)
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Figure 2. Comparison between experimental results and Henderson and Pabis model: (a) 80°C, (b) 140°C, and (c) 200°C.
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With:

B, = 25 ;ll)nr 3)

A, 1s the root of the Bessel function.

For long drying times (X* < 0.6) only the first term
of'the series solution is taken into account, which gives:

D
X*=%exp(—(&? +ﬂ§>j—§”} @)

The plot of the experimental results in term of
In(X*) versus drying time gives a straight line with a
slope:

D ..
il (5)
r

slope =(5.7831+ )

Introduction of Shrinkage

Shrinkage in this study is introduced by calculation
of instant variations of physical sample characteristics
so mass of product may be presented as function of
moisture content as written in Equation (6):

m=(X +1)m,, (6)

The surface and the volume of the particle take the
following form, respectively:

S(X)=27R(X)(R(X)+L(X)) (7)
V(X)=nR*(X)L(X) (8)

Dimensional variations are then easily calculated.
Additionally, in a previous study, it was found that
these variations happen in an isotropic manner [5].
Consequently, variations of product density, shrinkage
(Equation 9), and characteristic dimension (Equation
10) may be followed.

Shrinkage =1-V(X)/V, 9)
-1
2 2

Figure 3 displays a decrease in volume with a prod-
uct moisture content decrease. This decrease takes a
linear form and depends on sludge type. Therefore, as
the final normalized volume of TDS sludge attains 0.4
it is around only 0.55 for AS sludge.

1.00 T y=0.2276x +0.5312
R?=0.9889

090 Sludge AS

0.80 +

= 070 +
S 060 4 y =0.1191x + 0.3663
R Sludge TDS R?=0.9895
050 -+
0.40
030 | : | —y : | |
0.00 1.00 2.00 3.00 4.00 5.00

Moisture content (kg/kg)

Figure 3. Experimental results for volume decrease for AS and TDS
during drying at 80°C.

RESULTS AND DISCUSSION

Experiments are realized under the same constant
operating conditions for the two sludges. These condi-
tions are displayed in Table 3.

AS has an initial moisture near 2 kg/kg (dry basis)
and is around 5 kg/kg for the TDS sludge. Precedent
studies have shown that convective sludge drying pass-
es through three main phases: adaptation phase, con-
stant drying rate phase, and falling drying rate phase
[1-2,6]. Additional studies confirm there is an absence
of the constant drying rate phase when utilizing evapo-
ration rate (kg.s™!) vs. moisture content without intro-
ducing surface variations [7]. As shrinkage occurs with
an important reduction of volume reaching more than
60% (Figure 3), it is more adequate to represent the
evaporation rate per surface unit. Figure 4 representing
results for the two sludges of interest displays a short
first phase of adaptation, a short constant drying rate
period, and a long falling drying rate phase. Using an-
other perspective, it gives information about influence
of operating conditions, and notes particular air tem-
perature as increasing temperature increases evapo-
ration flux rate. Sludge origin is also upsetting flux
evaporation and it is evident to find that TDS with
more initial moisture content has more important
evaporated quantities with higher maximal values of
flux than AS.

Figure 5 illustrates the evolution of surface tem-
perature obtained by infrared pyrometer at 200°C air
temperature. The figure shows that required energy

Table 3. Applied Operating Conditions.

Temperature (°C) Velocity (m.s™') Humidity (kGwater KYdry air)

200 1 0.005
140 2 0.05
80 1 0.005
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Figure 4. lllustration of evaporation flux vs.

for all phases does not serve only to evaporate product
moisture, but also to increase product temperature. The
figure displays a continuous increase of product tem-
perature with a degree in moisture content (i.e., end
of the drying process). Furthermore, origin of sludge
influences temperature increase as seen in Figure 5.
Product temperature of AS sludge that contains less
water is more important than TDS sludge.

Determination of Diffusion Coefficient
The diffusion coefficient is obtained by comparing
fitting results and slope obtained by graphical repre-

sentation of In (X*) versus time. However, a parametric
study done by Rahman and Kumar [8] showed overes-

200

150

100 A

50 -

Sample temperature (°C)

0 1 2 3 4 5 6
Moisture content (kg.kg?)
@ Sludge TDS M Sludge AS

Figure 5. Evolution of surface product temparature vs. moisture
content.
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timation of value for the diffusion coefficient by ne-
glecting shrinkage phenomena or by considering the
sample having an infinite geometry. Consequently, in
this study the sample is simulated with a finite geom-
etry and the solution for the diffusion equation is repre-
sented by Equations (4) and (5) with a recalculation of
sample physical parameters for every time step.

The value of the diffusion coefficient depends on or-
igin of wastewater sludge and operating temperatures.
It has an average mean value of 4.46 10° m?.s™! for
AS sludge and decreases to 3.62 102 m?.s™! for TDS
sludge at the same temperature of 80°C. These coef-
ficients increase to a value of 13.47 10~ m?.s™! for the
AS sludge and 9.67 102 m?%.s~! for the TDS sludge at
200°C.

Figure 6 presents the variation of the mean value of
diffusion coefficient with air temperature. It is written
in the Arrhenius relation and the constant D, and Acti-
vation energy (£) are deduced. Results for both sludges
are provided in Table 4.

CONCLUSIONS

Results have suggested wastewater sludge is affect-
ed by applied operating conditions and in particular the
air temperature and also by sludge origin. Compari-
son between AS and TDS drying results display that

Table 4. Determination of Diffusion Coefficient

Parameters.
Sludge Type Dy (m2.s7") E (kJ.mol™")
As 4.5181 x 107 13.21
TDS 2.3120 x 107 11.97
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Figure 6. Influence of air temperature on mean value of diffusion coefficient, (a) AS and (b) TDS.

TDS attains maximal values of evaporated flux with
a lesser diffusion coefficient. An increase of product
temperature was more important for AS than for TDS.
Diffusion coefficients were less important than those
obtained by Reyes et al. [6] and higher than those ob-
tained by Léonard et al. [16]. To confirm importance
of considering shrinkage and finite geometry on values
of the diffusion coefficient, a calculation without these
parameters is made. Similar to remarks obtained by
Rahman and Kumar [8], results show that not consid-
ering the finite shape of the sample or not taking into
account shrinkage phenomena gives an over estimation
of the diffusion coefficient (e.g., diffusion coefficient
has doubled its value when shrinkage is not considered
with 7.42. 10 m?.s! at 80°C and 22.87 x 10~ m?.s™"!
at 200°C for TDS.
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ABSTRACT: Penetrant liquids are mixtures of solvents and organic compounds used
in industry for non-destructive tests of metallic pieces. However, during the final stage
penetrant liquids are wiped with water leaving a large amount of wastewater. Waste
disposal methods use an absorbent material and dispose of it in compliance with all
local, state, and federal regulations. In this work, radiocatalysis was used as an alterna-
tive method for treatment of penetrant liquid waste. Experiments with penetrant liquids
in different concentrations were gamma irradiated using a cobalt-60 source. For some
samples, TiO, was added as a catalyst and then gamma irradiated. UV spectropho-
tometry and chemical oxygen demand (COD) were used to measure residual penetrant
liquid. Gamma-induced degradation of the penetrant liquid was found to improve when
the catalyst was added and the amount depended on the penetrant liquid concentration.
This study is motivated for potential use of irradiation of semiconductors as catalysts and
as a means of mineralization and purification of organic pollutants in aqueous media.

INTRODUCTION

IQUID penetrant testing also known as dye pene-

trant testing is used to confirm presence of a crack
or flaw in metallic pieces. The basic stages of liquid
penetrant inspection are as follows. The surface to be
inspected is cleaned thoroughly to remove all traces of
dirt and grease. Then a brightly colored or fluorescent
liquid is applied liberally to the component's surface
and allowed to penetrate any surface-breaking cracks
or cavities. The liquid is allowed to soak into the mate-
rial's surface for about 20 minutes. After this soaking,
the excess liquid penetrant is wiped from the surface
and a developer is applied. The developer is usually a
dry white powder that draws the penetrant out of any
cracks by reverse capillary action to produce colored
indications on the surface. These indications are broad-
er than the actual flaw, and they are, therefore, more
easily visible [1].

This water-washable, inspection penetrate process
is used extensively for the non-destructive testing and
inspection of critical aircraft parts for potential fail-
ure flaws. The hazardous properties to consider when

*Author to whom correspondence should be addressed.
E-mail: jaime.jimenez@inin.gob.mx

choosing or designing any system are the liquid's flash
point and toxicity [2].

Penetrants may contain a blend of aromatic and ali-
phatic hydrocarbon solvent(s), refined mineral oil(s),
dye, surface active agent(s), alcohol(s), and hydrocar-
bon propellant(s). The ingredients of the developer
may include 2-propanol, 2-propanone, isobutane, and
talc. The surface penetrant removed from test parts be-
comes mixed with the washing water and is discarded
into the nearest sewage or water disposal system. In
some cases, efforts are made to extract the penetrant
from the washing water to minimize pollution in
wastewater effluents, but this is quite difficult in the
case of readily soluble or easily emulsified penetrants.
Sometimes, hazardous waste generated on site is stored
pending collection by approved waste contractors [3].
Main components of penetrants in their individual
form are not considered highly hazardous materials,
but have a potential risk for occupational and consum-
er exposure through inhalation and skin contact. How-
ever, exposures through inhalation are expected to be
high due to the low vapor pressure.

Given the fact that regulations are dynamic and
analysis interpretations are not foolproof, there are
situations in which the use of environmentally friend-
lier products will not pass the local requirements, and
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the penetrant process effluent must be treated. This is
accomplished most easily at the source of the waste
generation rather than after several different waste
streams have been combined. A number of methods
are available to help meet these regulations: bleach,
carbon filtration, ozone treatment, membrane filtra-
tion, and removal by an absorbent media [4]. Meas et
al. [5] determined that by using an electrocoagulator
with sacrificial electrodes, chemical oxygen demand
(COD) (95%), color (99%), and turbidity (99%) can
be reduced when testing fluorescent, penetrated liquid
for the non-destructive testing of parts. The water was
reused four times.

Heterogeneous radiocatalysis may be considered a
viable alternative for the removal of refractory organ-
ics. It has several important advantages, such as the
complete mineralization or formation of more readily
biodegradable intermediates when complex organic
compounds are treated, the lack of a need for auxiliary
chemicals and residual formation, and the ease of op-
eration and maintenance of the equipment. Research
on heterogeneous radiocatalysis provides information
on the possibilities and efficiencies encountered in the
application of this process for industrial wastewater
treatment for the removal of different types of refrac-
tory organic compounds.

Although the degradation of penetrant liquid waste
can be treated with biological methods, radiolysis and
radiocatalysis were examined as a non-conventional
treatment system, proposed to remove a complex mix-
ture of industrial organic chemical wastewater contain-
ing penetrant liquids.

The radiolysis of pure deaerated liquid water by
y-rays or high electron leads to the formation of free
radicals (€,,, H", "OH) and molecular species (H,,
H,0,). The yields (G, , Gyx, Gy, Gy,o and Gy o))
representing the number of species of each kind formed
by 100 eV of absorbed energy are well established [6].

Hydrogen formation in water radiolysis with sus-
pensions of photocatalyst particles has been studied.
Chitose [7] observed that the yield of H, was found
to be greater for radiolysis in the presence of different
catalysts than in pure water [8]. The reported results
show that relatively low doses of gamma irradiation
have a weak effect on the TiO, crystal structure and
morphology. No changes were observed in the phase
decomposition or the general profile of the X-ray dif-
fraction patterns. The changes in grains size, specific
surface area, and crystallite size were insignificant [9-
12].

The synergy between gamma radiation, UV radia-

tion or high energy electrons, and the presence of cata-
lyst of photocatalyst leads to the conclusion that the
effect of the catalyst enhances the mineralization of the
organic compounds [11,13,14].

MATERIAL AND METHODS

Depleted commercial penetrant liquid, after having
been used in an industry without further purification
or treatment, was used. Depleted commercial pen-
etrant liquid was used without further purification or
treatment. The received sample was stored at room
temperature in dark conditions and, after seven days,
showed three phases: a solid precipitate, a solid that
floats, and an aqueous phase. Solids were separated by
decantation, and it is possible to apply other process-
es for treatment. Only the aqueous phase was used in
the experiment. The sample was a mixture of different
compounds. Generators of residues reported that liquid
waste could contain ethylene glycol as an emulsifier,
polyethylene glycol ether and isocyldiphenylphos-
phate mixed with hydrotreated middle petroleum dis-
tillate, and esters and phthalate as a penetrant.

The initial concentration of individual components
was unknown. Alcohols and ethers do not absorb light
in the environmentally significant range (> 290 nm).
Therefore, these compounds should not undergo direct
photolysis in the environment and show no hydrolys-
able groups, meaning they are not susceptible to hydro-
lysis. The sample, considered a reference, was of high
concentration, and dilutions were prepared with a ratio
of 1:9, 2:8, and 3:7 penetrant liquid concentrate waste
to water. TiO, (Degussa P25) was added as a catalyst
to the dilutions at a rate of 1 g/L, and suspensions were
put in 10-mL glass vials. The gamma irradiation was
conducted with a ®Co source in a Transelektro LG-
01 gamma irradiator. The principal advantages of such
small irradiators are that they are easy to install and
operate, and they provide high dose rates and good
dose uniformity, which are essential for radiation re-
search. These characteristics are achieved by surround-
ing the sample with radiation source pencils such that
it receives radiation from all directions (cylindrical ir-
radiation chamber with length 14 cm and diameter 10
cm). A functional accumulated dose range of 5 to 15
kGy was applied with a dose rate of 27.9 kGy/h using
absolute dosimetric techniques.

After irradiation, TiO, particles were removed by
filtration with a Millipore membrane of 0.45 pum to
provide transparent, non-scattering solutions, suitable
for measurements by UV spectrophotometry. Standard
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Table 1. UV Absorption Measurements of Penetrant Liquid Dilutions at Different Conditions.

UV,;, as DOC (mglL)

No Irradiation and

No Irradiation and

No Catalyst and With Catalyst and

Dilution No Catalyst Catalyst Irradiated at 15 kGy Irradiated al 15 kGy
1:9 126.5 116.7 58.2 21.2
2:8 230.9 191.4 164.4 155.3
3.7 258.5 2445 226.0 212.0

method [15] was used for the determination of UV ab-
sorption at 254 nm (UVA) in a spectrophotometer (Per-
kin Elmer UV/VIS lambda 35, nm, 1 cm quartz cell).

COD was measured according to standard proce-
dure using Hach DRB200 equipment. The technique
involves boiling 10 mL of the sample at 150°C for 2h
in an 8 mol/L H,SO, solution with the introduction of
K,Cr,0; as an oxidizing agent, Ag,SO, as a catalyst,
and HgSO,. The non-reacted CrO;2 is removed by ti-
tration with Fe(NH,),(SO,)(6H,0) using a ferroin in-
dicator [16].

RESULTS AND DISCUSSION
According to standard method [14], UV absorbance
of fulvic acids was used as a reference in determination

of UV-absorbing organic constituents in the samples.
Figure 1 shows the UV spectrophotometry of the first

4.5

dilution using 1 mL of depleted penetrant liquid waste
and 9 mL of water. Figures 1(a) and 1(b) correspond
to the samples without irradiation. It was noticed that
organic compounds were adsorbed in small amounts
by the catalyst. Although UV absorption can be used
to detect certain individual organic contaminants after
separation (e.g., by HPLC), the method used here is
not suitable for detection of trace concentrations of in-
dividual chemicals. It is intended to be used to provide
an indication of the aggregate concentration of UV-
absorbing organic constituents. Several conventional
methods could eliminate components of the mixture,
but the interest was centered on to the hypothesis that
radiolysis and radiocatalysis can work as a degrada-
tion method in industrial residual waste. Organic ad-
sorption in the 254 nm region is lower than in the 373
region. Transitions n — n* are located in the carbonyl
group, mainly aldehydes and ketones. Molar absorp-

v\
4 W~y ﬁ“

Absorbance
N

U

350 400 450 500

wavelength / nm
Figure 1. UV spectra of 1:9 dilution a) no irradiation and no catalyst, b) no irradiation and catalyst, c) no catalyst and irradiated at 15 kGy, d)

with catalyst and irradiated al 15 kGy.
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tivities from these transitions are relatively low and
show an absorbance region of the spectrum in 270-300
nm. Then, this kind of compounds is proposed to be
adsorbed by the catalyst.

The residual organic concentration of the irradiated
samples is showed in Figures 1(c) and 1(d), where, in
both regions, lower absorbance was observed. How-
ever, again, absorbance in region 373 nm was lower
than in 254 nm. From this, several considerations must
be taken into account.

The radiolysis of water appears as follow [11,17]:

H,0—/->H,0* > H"+ OH’ (1)
H,0—>H,0" +¢ ()
H,0" +e¢ - H,0" (3)

H,0" +H,0” - 2H,0* - 2H" +20H" (4

H"+H" - H, )

OH’ +OH® - H,0+0 (6)
OH® +OH® - HO, + H' (7)
H'+0—OH" (8)

HO, + HO, — H,0, + 0, 9)

In the presence of the catalyst, the radiocatalysis can
be represented as follow: [11,17]

X—L5X"  (Active state) (10)

X +H,0>[X —-H,0] (Activated complex)
(11)
[X —H,0] >H" +0" +x+hv (12)

Irradiation of heterogeneous systems often leads to
an effective redistribution of absorbed radiation energy
between contacting phases. The energy of ionizing ra-
diation adsorbed in one phase can be delivered to the
interface and can induce physical and chemical pro-
cesses in the other phase. The energetic efficiency of
the adsorbed molecule radiolysis should be attributed
to the energy absorbed by the molecule directly or in-

directly delivered by the catalyst. This redistribution
from primary energy absorption (i.e., gamma radia-
tion) and the final radiation-induced chemical reaction
event is separated in space and time. The energy migra-
tion between these points is conducted mostly by the
highly energetic secondary electrons, hot carriers, and
thermalized particles or excitations [18].

Ionizing radiation can influence systems in differ-
ent ways. At first, the effect of radiation over catalysts
that result in variations in structural and electronic im-
perfections [18] and the effect of radiation in solution
where electronically excited as a sequence of interac-
tion between ionizing radiation with water and dis-
solved oxygen, thus forming ionized molecules. On
the other hand, the degradation by radiocatalysis is,
conceptually, a combination of radiolysis and hetero-
geneous photocatalysis, two processes that generate
®OH radicals [6,7].

HZO gamma radiation e;q + H+ + H3O+ +OH+H )

(13)

TiO, +hvo —>e +h" (14)
h"+H,0 >OH+H' (15)
" +0OH —OH (16)

It is proposed that radiocatalysis is an exten-
sion of photocatalytic processes that occur with
ionizing radiation, Equation (13). In these pro-
cesses, the energy is absorbed by the catalyst (semi-
conductor) as titanium dioxide, Equation (14),
causing the formation of a pair of electron-holes
(e/h") and the posterior formation of radicals as the
®*OH, Equations (15) and (16) [10,13].

In the case of TiO,, it is commonly accepted that
holes formed by ionizing radiation are transformed
into hydroxyl radicals (*OH) and, in the presence of
dissolved molecular oxygen, €,, is converted into the
superoxide anion (®O"). It is generally assumed that
®OH radicals are the major species responsible for the
mineralization of organic pollutants [20].

Photocatalysis allows the oxidation of almost all
organic and inorganic compounds at room tempera-
ture and pressure up to negligible concentration lev-
els. Therefore, photocatalysis represents a promising
alternate technology for the degradation of environ-
mental pollutants present in water or air and for the
inactivation of microorganisms in water. Since very
few species are refractory to photocatalytic oxidation,
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Figure 2. UV,5, as DOC for sample dilution 1:9 in function of dose applied, a) no catalyst, b) with catalyst.

this technology is considered greatly unselective. This
consideration could be taken also for radiocatalysis.
From this consideration and, possibility, from the
consideration of different adsorptions of organic com-
pounds and the formation of byproducts of degrada-
tion reactions, only an analysis was made as mean UV
absorption at 254 nm (UV,s,). Because many organic

compounds in water and wastewater do not absorb sig-
nificantly in UV wavelengths, there is a correlation be-
tween UV absorption at 254 nm and dissolved organic
carbon (DOC).

When a high gamma irradiation dose is applied,
TiO, particles have no significant effect on organic
degradation. It is probably induced by water decompo-

14

12

10

COD (mg 02/ mL) X1000

6 8 10 12

Dose (kGy)
Figure 3. COD remained after gamma irradiation of penetrant liquid waste residual dilutions; (a) 3:7, no catalyst, (b) 3:7, catalyst, (c) 2:8, no

catalyst, (d) 2:8, catalyst, (e) 1:9, no catalyst and (f) 1:9, catalyst.
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sition products [7,10]. In the present study, the sample
solutions were saturated with air and were not stirred.
A decrease in the oxygen concentration may lead to
some variations in the yields [21].

Doses applied in this study were lower than in previ-
ous studies so the effect of the addition of TiO, could
be monitored. Figure 2 shows that all samples with
TiO, had lower residual organic compounds than the
only-irradiated samples [22].

Another function of TiO, is the catalytic effect due
to the large surface area. This can trap hydroxyl radi-
cals with a lifetime much longer than that of the bulk
solution.

The result of the effects of the doses applied is
shown in Figure 3. When the doses were increased,
although with great variations, in all cases the absor-
bance decreased, which suggests a degradation of the
compounds. A general tendency is that when the dose
is increased, degradation increases for radiolysis, ra-
diocatalysis, or both processes. These results are com-
patible with enhanced degradation observed in radio-
catalysis compared with the absence of a catalyst.

The measures of chemical oxygen demand (COD)
are often applied to monitor the decrease of organic
content. This value represents the total concentration
of substances that can be chemically oxidized into in-
organic products.

In order, Figure 3 presents the results of COD of the
degradation by radiocatalysis. The effect of the dose of
degradation by radiocatalysis was evident in the case
of more diluted samples with a high degradation with
respect to other samples.

In radiolysis, the direct degradation of the compound
occurs with increases in the concentration. Figure 3
shows major degradation of the diluted solution, which
suggests that degradation for ®OH radicals is more ef-
ficient than the direct degradation of the compound.

The radiocatalysis is also higher than that obtained
by radiolysis gamma (see Figure 3). The degradation
achieved was on the order of 30% to 50%. This ef-
ficiency can be increased with a major dose of gamma
radiation and the amount of catalyst or a combination
with other advanced oxidation processes to dispose of
the penetrant liquid waste.

CONCLUSIONS

Based on early studies, the gamma irradiation in
the presence of a catalyst as TiO, improves the gen-
eration of radicals in molecular products enhances the
degradation of organic compounds. The radiocatalysis

improves the degradation of the penetrant liquid waste
at efficiencies of 20% to 44%. The results show deg-
radation mainly for the interaction with ®OH radicals
generated by radiolysis and radiocatalysis. Major deg-
radation was observed with the use of radiocatalysis
gamma irradiation. Efforts involving this technique
can be done in order to improve waste degradation.
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treatment might be necessary.

ABSTRACT: Hydrothermal carbonization at 205°C was evaluated to process waste
whey containing 5.9% of dry matter to a coal-like material and process water. Car-
bonization increased dramatically the heating value, with 15.0 MJ/kg for whey and
25.2 MJ/kg for coal, alongside the carbon fraction, from 38.0% (whey) to 60.4% (coal).
Carbonization brought C/H und C/O molar ratios to typical values for brown coal. HTC
process water showed a low N/P ratio, and could thus be interesting as phosphorus fer-
tilizer. However, elevated concentrations of phenols and cyanides suggest that further

INTRODUCTION

ECENTLY, new strategies are being discussed in
Rorder to implement environmentally clean tech-
nologies, process residuals, and decelerate climate
change [1,2]. A key feature in this context is the correct
management of the biomass both in its natural state and
as residuals.

Titirici et al. recently presented the idea of using the
laboratory analogue for natural coalification to pro-
cess wet biomass to a fuel [3]. This process known as
hydrothermal carbonization or HTC consists of heat-
ing up biomass in presence of water to temperatures
around 180-210°C in a closed vessel and thus allowing
for saturated pressure to build up. The hydrothermal
carbonization includes several reaction mechanisms
and mainly hydrolysis, dehydration, decarboxylation,
polymerization, and aromatization. Although, the de-
tailed reaction characteristics are only known for a few
compounds such as cellulose [4]. Reaction products of
HTC consist mainly of a solid and liquid phase (HTC-
coal and process water, respectively) with only a small
amount of gas (mainly CO,). The HTC-coal typically
shows characteristics of brown coal and may be used
as an energy carrier [4], thus providing an easily stored
fuel with a CO,-neutral balance and in some cases
also as a soil conditioner [5]. A third application of the
HTC-coal is the synthesis of carbon-based materials

*Author to whom correspondence should be addressed.
E-mail: rolf krebs@zhaw.ch

with specific properties [6]. Therefore, HTC can also
offer a solution for the treatment of organic industrial
or agricultural by-products that are produced in large
quantities or generated in isolated areas.

Whey is a by-product of the cheese industry, obtained
from milk after removing fat and casein. The worldwide
production of whey from cow milk is estimated to be
over 100 million tons per year and about 50% of this
in Europe [7]. Whey is a nutritious liquid, containing
whey proteins, lactose, vitamins and minerals as well
as some enzymes, hormones and growth factors. In Eu-
rope, around 25% of the whey is used as supplement in
food products, which usually requires intermediate pro-
cesses such as demineralization, fractionation, delacto-
zation or isolation [7]. Another fraction of whey is used
as pig feed. However, the amount of whey that can be
used for nutrition is limited due to the side effects that
an excess of whey can cause, for instance, pH disorders
and intestinal toxemia. Therefore, whey disposal is often
considered a problem [8]. Furthermore, it is occasion-
ally transported out of the dairy plant for a per volume
charge, which results in high disposal costs.

This study aims at evaluating hydrothermal car-
bonization to process whey to a fuel and process
water potentially useable as a fertilizer. To our best
knowledge this is the first report on the carbonization
of whey; thus the focus is on determining the compo-
sition and properties of the obtained products, namely
HTC-coal and process water, as well as investigating
the energy balance and the effect of different carbon-
ization times.
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MATERIAL AND METHODS
Whey

Whey (3 L, 5.9% dry weight, Figure 1) was col-
lected from a cheese dairy (Unterdgeri, Switzerland)
and kept at 4°C in a glass bottle wrapped in aluminum
foil to exclude light. The carbonization experiments
and the subsequent analyses were performed within 10
days after collection.

Reactor

A 250 mL stainless steel autoclave (ROTH Hoch-
druck-Laborautoklav Modell 1I) with an in-built elec-
trical mantle heating system and magnetic stirring was
used for the carbonization. The reactor was operated in
a room kept at 20°C.

Hydrothermal Carbonization Reactions

A glass cylindrical flask was filled with 150 mL of
whey and a magnetic stirrer and introduced in the reac-
tor. 25 mL of distilled water were added between the
glass flask and the reactor wall to improve heat con-
duction. A total of 7 carbonization reactions were per-
formed in which the autoclave was heated to the target
temperature of 230°C. As a convention, the carbon-
ization time measurement started when the tempera-

Figure 1. Whey from a Swiss cheese dairy. Input material to the
hydrothermal carbonization process with 5.9 % dry weight.

ture reached 205°C and stopped when the reactor was
switched off. The carbonization time for the 7 experi-
ments was 0.08 h, 0.6 h, 2.2 h (three repetitions), 3.8
h, and 5.8 h, respectively. The corresponding pressure
at 205°C was 2.1 MPa. The maximum temperature and
pressure reached in an experiment were 218°C with a
corresponding pressure of 2.6 MPa. After each carbon-
ization the autoclave was switched off and allowed to
cool overnight, which resulted in a final residual pres-
sure of 0.25 to 0.48 MPa. The HTC-coal and the pro-
cess water were separated by centrifugation (10 min,
4400 rpm) followed by decantation. The HTC-coal was
dried in an oven at 60°C, grinded and homogenized in
a swing mill (3 min at 17 Hz), and subjected to further
analyses. Water samples were wrapped in aluminum
foil, stored in a refrigerator, and analyzed within 24
hours after each experiment.

HTC-Coal and Process Water Analysis

HTC-Coal

Elemental analysis (C-H-N-O, precision 0.3%) and
heating value of HTC-coal (precision 120 kJ/kg) were
conducted for the samples carbonized during 0.5, 3.8,
and 5.8h to investigate influence of carbonization time
on composition of biomass. For pH measurement, 1.25
g of HTC-coal were diluted with 20 ml of deminer-
alized water and mixed for 24 hrs. The pH was then
determined by Orion® 920 A pH-meter. Particle size
distribution was achieved by hand sieving dry HTC-
coal in metals sifters (sizes: 50 um, 500 pm, 2 mm).

Process Water

Electric conductivity (EC) and pH-value were de-
termined with multi-parameter digital meter (HQ40d,
HACH LANGE) in a homogenized sample of the pro-
cess water without prior filtering and/or sedimentation.
For further determinations the particles in the process
water were allowed to sediment for approx. 10 min be-
fore pipetting the sample from the upper layer of the
supernatant.

Total phosphorus (TP), total nitrogen (TN), ammo-
nium nitrogen (NH,-N), potassium (K), total phenol,
and cyanide content were determined photometrically
(DR 3800, HACH LANGE). NH,-N and K were ana-
lyzed after sterile filtration (0.45 um glass fiber pre-fil-
ter) using LCK 304 and LCK 328, respectively. TP and
TN (assays LCK 349 and LCK 138, respectively) were
measured in a non-filtered solution. Samples were sub-
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jected to thermal hydrolysis in thermostat (HT 200S)
for 1 hr at 100°C. Phenols (LCK 345) were also ana-
lyzed in non-filtered samples using only glassware and
under exclusion of light. Prior to determination of total
cyanides (LCK 319), pH was adjusted to 7-10 with a
5% sodium hydroxide solution.

The appropriate dilution of the original sample that
would comply with the measurement range of the
method was determined by diluting process water with
ultrapure water (Water HPLC, PH Stehelin), result-
ing in dilutions from 1:10 to 1:1000 which were then
analyzed. Regarding subsequent analyses the dilutions
which gave readings in the lower third of the measure-
ment range of the analysis method were used. These
were 1:10 for cyanide, 1:100 for potassium, 1:500 for
total phenols, total nitrogen and ammonium nitrogen,
and 1:1000 for total phosphorus. Extinction value of
the sample background color was zero for all dilutions.

Carbon Balance

Distribution of carbon in the HTC products was
compiled from the carbon fraction and TOC analyzed
in the HTC-coal and process water respectively. The
gas phase was not analyzed, but the carbon content was
estimated using the ideal gas law. As an example, for
the 0.6 h experiment, the reactor was opened at 79°C
and with 0.34 MPa of residual pressure in a headspace
volume of approximately 100 mL. At 79°C the water
vapor pressure is 0.05 MPa. Assuming that the remain-
ing 0.29 MPa are entirely carbon dioxide, the number
of carbon dioxide moles present in the gas phase is:
n= (P x V)/(R x T); where n is the number of moles, P
is the pressure (0.29 x 10° Pa), V is the volume in the
reactor headspace (100 x 10° m?), R is the ideal gas
constant (8.31 J mol™! K1), and T is the temperature
(352 K). This results in 0.01 moles of carbon dioxide
with 12 g mol™' of C = 0.1 g C in the gas phase. In real-
ity the amount of C in the gas might vary since other
species other than carbon dioxide might be present
(CH,, CO, H,, and traces of CmHn). Although, studies
have confirmed that these are in minor concentrations
in comparison to carbon dioxide (Funke and Ziegler,
2010, and references therein).

RESULTS AND DISCUSSION
HTC-Coal

The products obtained from carbonization of whey
were a black coal-like material (Figure 2) and a black
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Figure 2. Structure of HTC-coal. Representative HTC-coal ob-
tained by the carbonization of whey in scanning electron microscope
(Zeiss® LEO 1455VP) 300-times magnified.

fluid phase or process water, as well as a minimum
amount of gas responsible for the residual pressure in
the reactor. The pH of HTC-coal was 4.9 after carbon-
ization.

The solid yield slightly increased with carbonization
time from 45.8% (0.08 h) to 53.9% (6h), calculated as
the ratio between HTC-coal dry weight and whey dry
weight. This corresponds to an increase from 2.7% to
3.2% of HTC-coal (d.w.) obtained from fresh whey
(Figure 1), with as much increase in the first 2 hours of
carbonization as with additional 3 hours. A reduction
of the solid content after carbonization is expected, as
an important and early reaction during the whole pro-
cess of carbonization is dehydration, during which al-
cohol groups and hydrogen atoms are detached from
the molecules thus resulting in a loss of mass.

Particle size distributions of HTC-coal (Figure 3)
carbonized for 2.2h and 3.8h, respectively, were simi-
lar with 89% of particles smaller than 50um and 11%
smaller than 500 um.

The carbon fraction found in coal increased strong-
ly in the first minutes of carbonization, from 38.0%
(whey) to 60.4% (0.08 h) and again increased only
slightly with further carbonization time, reaching
65.5% after 6 h (Table 1). Oxygen content decreased
from 46.8% in the whey to 21.4% after 6h of carbon-
ization (Table 1).

Similarly, carbonization of whey changed dra-
matically the heating value of the substance from
15.0 MJ/kg for whey to 25.2 MJ/kg after only 0.08 h
of carbonization. Only a mild effect was identified on
heating value as carbonization time increased with a
maximum of 30.1 MJ/kg observed after 4 h (Figure 4).
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' 4

Figure 3. HTC char. Separated and dried output material of carbon-
ized whey after 3.8 h carbonization time.

Degree of carbonization has been previously shown
to increase with increasing severity of the reaction
(i.e., increasing temperature and/or time). Although,
the interaction between these two parameters is still
not well understood [4]. In the present study, the effect
of increasing carbonization time was associated with
a decrease in molar ratios between hydrogen and car-
bon and between oxygen and carbon in the coal: initial
ratios were 1.99 and 0.92, respectively, while final ra-
tios were in the range 1.02—1.16 for H/C and 0.24-0.31
for O/C (Figure 5). These values correspond to natural
brown coal for which H/C between 0.8-0.9 and O/C
between 0.2-0.3 were reported [21]. Furthermore,
geothermal maturity of coal in nature is evidenced by
a progressive decrease of these two ratios [22] which
can be to a great extent explained by dehydration as
part of the carbonization process [4]. It is worth noting
that only 0.6 h carbonization time was enough to bring
these molar ratios into the area of typical values for
brown coal while extending carbonization to 3.8 h and
5.8 h provided little additional change.

These results suggest that whey can be readily car-
bonized. In fact, approximately 72% of the solid con-
tent of whey is composed by carbohydrates (lactose)
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Figure 4. Heating value, % solids and %C in solids for dried whey
and the carbonized whey samples. The experiment with 2.2 h car-
bonization time includes three replicate samples, error bars show 1.

which are highly soluble and amenable for hydrolysis
[7,3]. In this regard the relatively high temperature (ca.
205°C) at which the hydrothermal carbonization was
conducted in this study is probably the dominating fac-
tor in the reaction with time being only a minor factor.

Process Water

The pH of the process water was more acidic than
that of original whey (pH = 4.59) and showed a slight
trend of weaker acidification with longer carbonization
time (i.e., pH = 3.49 for 0.08 h carbonization to pH
= 3.97 for 5.8 h carbonization). The acidic nature of
whey is probably enhancing the HTC reactions while
acidification during the process is in agreement with
previous carbonization experiments [4].

Concentration of all components in the process
water resulting from hydrothermal carbonization was
very high (Table 2). Variation of single parameters
among the different batches was up to 22%, except for
nitrite. Prolonged carbonization time resulted in small
changes in the concentrations of substances (Figure
6). Total phosphorus and nitrogen and ammonium re-
mained stable, so that the N/P atomic ratio remained

Table 1. Elemental Composition of the Whey and HTC-Coal Carbonized at 205°C in
Dependence of Carbonization Time.

Carbonization C H (0] N
Sample Time (h) (% mass) (% mass) (% mass) (% mass)
Whey 0 38.0 6.3 46.8 22
HTC coal fast 0.6 60.4 5.8 249 3.1
HTC coal medium 3.8 63.0 5.4 23.2 3.2
HTC coal slow 5.8 65.5 6.3 214 3.2
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Table 2. Composition of the Process Water Resulting from Hydrothermal Carbonization of
Whey During 2.2 h Reaction Time.

Parameter/Sample Unit 2h17" 2h11' 2h06' Mean st.dev. CV %
EC pS/cm 7140 7209 7043 7131 83 1
pH - 3.75 3.77 3.78 3.77 0.02 0
TOC mg/l 6050 8850 6367 7089 1533 22
DOC mg/l 5925 8017 5867 6603 1225 19
Cyanide mg/l 0.42 0.45 0.47 0.45 0.02 5
Phenols mg/l 318 415 320 351 55 16
Total-P mg/l 259 243 207 237 27 11
Total-N mg/l 443 486 470 466 22 5
Ammonium mg/l 82 100 86 89 9 10
Nitrite mg/l 0.69 0.28 0.34 0.44 0.23 52
Potassium mg/l 1320 1217 1170 1236 77 6

stable at 4.6 and data range from 3.8 to 5.2. Concentra-
tion of phenols and potassium increased from 0.08 h to
0.6 h carbonization time. Subsequently phenol concen-
tration dropped continuously (Figure 7) whereas potas-
sium values remained stable.

The N/P atomic ratio of whey is approximately 6.8
and calculated from [23]. It may be postulated that
phosphorus and nitrogen are preferentially sequestered
into the process water during the early stage of car-
bonization. Elimination of phenols suggests decom-
position due to harsh process conditions or a constant
adsorption on the HTC-coal.

The resulting process water from whey carboniza-
tion is to some extent comparable to process water from
biomass mechanization plants [24,25] and to wash wa-
ter from wood gasification process [26] (Table 3). The
largest differences were in N/P atomic ratio whereas
HTC process water has a low N/P ratio and could thus
be an interesting as a source of phosphorus fertilizer.
Other types of wastewater, especially wash water from
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Figure 5. Chemical composition of whey and HTC-coal. Van Krev-
elen diagram with the chemical composition of whey (black squares)
before and after carbonization (1). Additional experimental data from
carbonized samples comes from [10] and from A. Funke (TU Berlin,
Germany, who provided data for the following references: [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], from which only samples car-
bonized at temperatures between 180 and 230 °C are represented).

gasifiers, have extremely unsuitable ratios. Depend-
ing on the parameter observed it was up to several
thousand times higher than values allowed for drink-
ing water [27], and up to several hundred times higher
than discharge requirements for communal wastewater
treatments plants [28].

Whereas, concentrations of macronutrients suggest
that this water could be used as a fertilizer. Elevated
values of phenols and cyanides suggest that this is po-
tentially toxic water. Therefore, these two substances
should be removed prior to any recycling application.

Carbon Balance

Distribution of the carbon in the HTC products may
be observed in Figure 8. For the three experiments (0.6
h, 4 h and 6 h) the amount of C in the HTC-coal is be-
tween 65% and 75% while the process water contains
21% to 31% of the carbon and only a residual part (2%
to 4%) is calculated to be in the gas phase. It must be
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Figure 6. Process water composition. Changes in composition of
process water in dependence of carbonization time.
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Figure 7. Phenols in process water. Concentration of phenols in the
process water in dependence of carbonization time.

noted that a small part of the C accounted for in the
HTC-coal could actually belong to process water as
after centrifugation there is still part of the water ab-
sorbed in the coal and its C content is eventually found
in the dried coal.

From the point of view of the carbon manage-
ment the small carbon fraction in the gas phase is a
desirable result of the HTC while the relatively high
amount of carbon in the process water poses a new
challenge. A solution of carbon is not amenable for
energy recover.

Energy Balance

A key point in the revaluation of waste products is
the energetic efficiency of the process. Energy invested
in carbonization should be less than energy that can be
harnessed from biomass or that may be saved by modi-
fying traditional treatment of this biomass. Otherwise,
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Figure 8. Carbon balance. Distribution of carbon in the hydrother-
mal carbonization products.

the process does not make sense from an environmental
point of view unless other problems associated to the
biomass (e.g. pathogen activity) are solved by carbon-
ization. Here in this study the energetic efficiency of
the HTC process and subsequent combustion of HTC-
coal was calculated for 1 kg of whey using experimen-
tal data as well as reference data from literature.

Step 1: Heating 1 kg (m) of whey from 20°C to
205°C (AT= 185°C). Heat capacity of whey (Cypey) 1s
4.05J g °C~' [29]. Enthalpy of this step was AH,
=m X Cypey x AT =0.750 MJ kgl

Step 2: Centrifugation of the coal/process water
slurry and decantation of water: this energy is neglect-
ed [10]. After centrifugation a solid phase with 14%
dry weight was obtained (experimental data). The out-
put was therefore 227 g of wet HTC-coal.

Step 3: Drying the 227 g of wet HTC-coal to remove
195 g of water (m) and obtain HTC-coal with 100%

tep 1

Table 2. Composition of the Process Water Resulting from Hydrothermal Carbonization of Whey Compared with
Different Types of Nutrient-rich Wastewaters.

HTC-whey-Process Biogas Process Liquid Cattle Washwater from a
Unit Water (2 h) Water(" Manure® Wood Gasifier®

Electric conductivity mS/cm 7.13 4-12@ 30.5 3.00
pH - 3.77 8.2 7.63 7.21
Total Phosphorus mg/| 237 794 78 0.3

Total Nitrogen mg/| 466 2982 >1810 770
Ammonium-Nitrogen mgl/l 89 1595 1650 374
Potassium mgl/l 1,236 3,724 13,000 16

Total Phenols mg/| 351 - - 182
Total-Cyanide mgCN/I 0.45 - - 0.28
N/P atomic ratio - 4.74 3.8 >23 2560

(DMechanically pretreated process water from biomass methanisation plant Kompogas® [29].

@Graber and Junge-Berberovic [30] and unpublished data.
G)Liquid cattle manure from a dairy farm in Switzerland (2002, unpublished data).

#Wash water from wood gasification process [31], standardised by diluting to 3000 uS/cm.
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dry weight. Assuming that the heat of the biomass in
the reactor can be used to heat up the centrifuged HTC-
coal to 100°C, energy is only necessary to vaporize wa-

ter (AH,porization at 373 K = 2.26 MJ kg™"). Thus the
enthalpy of this step was AH, 3 = m x AH o000 =
0.442 MJ kg

Step 4: Heat obtained from burning the 32 g (m) of
dry HTC-coal obtained. Assuming a lower heating val-
ue of H,=26.4 MJ kg™! (experimental data) the enthal-
py of this step was AH,, 4 = H,* m = 0.838 MI kg".

The final balance of the process was AH, e =
0.750 + 0.442 — 0.838 = 0.353 MJ kg™! that needed to
be invested for whey (dry weight 5.9%) to be carbon-
ized and burned. The energy balance shows that car-
bonizing pure whey to use it as energy vector is not
reasonable. The main reason is the large amount of wa-
ter that needs to be heated (and evaporated) at the be-
ginning and end of the process. However, if the heat of
the reactor content could be reused with an efficiency
of 55%, the balance would be neutral, given that an
additional 0.4 MJ kg~! would enter the calculation as a
gain. The efficiency with which heat can be recovered
largely depends on the infrastructure and technology
used; in this study the heat recovery was not further
investigated with the laboratory-scale reactor. On the
other hand, whey is highly amenable for carbonization
and undergoes a rapid transformation at 205°C. There-
fore, it would be interesting to carbonize it together
with drier biomass, such as agricultural “waste” bio-
mass or domestic organic waste, because it would add
the water required for the hydrothermal process as well
as readily carbonizable carbohydrates.

CONCLUSIONS

Hydrothermal carbonization of organic waste is an
option for its revaluation as an energy vector in the
form of HTC-coal with a higher energy density than
the original product. As seen in this study on the ex-
ample of whey, educts with a high content of water can
be carbonized under relatively mild conditions (205°C)
and extremely fast reaction times less than 0.5 hrs. The
energy balance is only attractive if at least 55% of the
heat in the reactor can be recycled. Otherwise, the high
water content requires a large quantity of energy to be
evaporated. Therefore, further research should also fo-
cus on identifying suitable mixtures of whey with drier
biomass for its carbonization. Substitution of conven-
tional coal with HTC-coal should also receive special
attention as this would imply a net reduction of CO,
emissions since HTC-coal from biomass contains no

fossil carbon. Further experiments in this regard should
also be carried out with the aim of reducing the carbon
fraction in process water since this is virtually lost in
terms of energy recovery. Treating possible toxic con-
taminants in process water from HTC such as phenols
and ammonium as well as evaluating potential nutri-
ent recycling applications for this highly concentrated
phosphorus fertilizer should be also among the next
steps to be taken. Identifying low-cost technologies to
achieve both goals will be an important task in order to
facilitate establishment of HTC technology.
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Preparation of High-Specific Surface Area-Activated Carbon

with Oil-Bearing Mud Residue

YUE MA*, MIAN CHEN and YAN JIN

ABSTRACT: Oil-bearing mud residue is a hazardous waste composed of minerals, min-
eral oil, and water. It is characterized by a high yield and a high content of heavy oil. It
is not comprehensively utilized and is difficult to process. The primary sources are oil
sludge and oil sand from petroleum exploration and development and from petrochemi-
cal production. Oil-bearing mud residue is declared a hazardous waste by Chinese law.
Thus, its treatment and application is a problem requiring an immediate solution for pe-
troleum and petrochemical industries. Using oil-bearing mud residue as feedstock and
NaOH as the activator this study demonstrates production of activated carbon with high
specific surface area. Features of this activated carbon include a specific surface area
up to 2,700 m?/g and even pore size. Average pore size is less than 2 nm and total pore
volume exceeds 2 cm®/g. This method provides a new approach for recycling oil-bearing

State Key Laboratory of Petroleum Resources and Prospecting, China University of Petroleum, Beijing 102249, People's Republic of China

mud residue.

INTRODUCTION

AS an active absorbent material, activated carbon
is used widely and in great demand. However,
specific surface area and total porous volume of con-
ventional activated carbon are usually 800—1,500 m?/g
and 0.5-1.0 cm?®/g, respectively, and are far below de-
mands for environmental protection. Currently, acti-
vated carbon with high specific surface area is used as
an energy storage medium for hydrogen, natural gas,
and electricity; as electrode material for electrochemi-
cal capacitors; as an efficient adsorption agent for poi-
sonous gases; as a filler for chromatographic columns;
as catalyst carriers, and more in cases where conven-
tional activated carbon is not sufficient. Consequently,
research and development into high-specific surface
area-activated carbon processes have increasingly at-
tracted attention from scientific and technical research-
ers [1,2,3,4]. Developed countries such as Japan and
the United States have successfully produced activated
carbon with a specific surface area of more than 2000
m?/g at a price of 85-1 million RMB/ton with petro-
leum coke and coal tar as feedstocks. Its demand in
China depends primarily on import availability. In
addition, research into preparation of this material is
still in the early stages of experimentation and inves-

*Author to whom correspondence should be addressed.
E-mail: mayue0327@163.com

tigation. Feedstocks include petroleum coke, coconut
shell, bamboo, and more [5,6,7]. Preparation of high
specific surface area-activated carbon using oil-bear-
ing sludge as a feedstock has not been published in lit-
erature around the world.

Oil-bearing mud residue is a hazardous waste. Its
primary components are minerals, mineral oil, and
water. Characterized by a high yield, high content of
heavy oil, it is less comprehensively utilized and dif-
ficult to process [8,9]. Its primary source is oil sludge
and oil sand from petroleum exploration and develop-
ment and from the petrochemical production industry.
Using oil-bearing mud residue as feedstock and NaOH
as the activator a method is provided to produce ac-
tivated carbon with high specific surface area. This
method both disposes of oil sludge and re-uses waste.

EXPERIMENTS
Experimental Materials and Instruments

This study analyzes the reaction of oil-bearing
mud residue and A.R. level NaOH from the Beijing
Chemical Plant. Experimental instruments employed
include an SRJX-4-13 box resistance furnace (Bei-
jing ever light medical equipment Co, LTD), an indoor
static pyrolysis oven (constructed on-site), a Quantax
200x Flash 5000-10x X-ray energy spectrometer (FEI
Hong Kong, LTD), a Quanta 250 scanning electron mi-
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croscope with a tungsten filament (Bruker AXS Cor-
poration, Germany), a NOVA-2000e fully automatic
specific surface and porosity analyzer (Quantachrome,
USA), and a STA449F3 simultaneous thermal analyzer
(NETZSCH-Geritebau GmbH, Germany).

Experimental Procedure

High-specific surface area-activated carbon is pre-
pared using airtight dry distillation and high-temper-
ature activation. Experiment procedures were as fol-
lows:

1. The oil-bearing mud residue is mechanically dehy-
drated.

2. Ata specified temperature and under a nitrogen
barrier, the dehydrated residue is dry-distilled at a
carbonizing temperature of 320-500°C.

3. The carbide is de-ashed to remove its ash content.

4. The de-ashed carbide is mixed with the activator,
and the mixture is activated at 320-900°C under
the nitrogen barrier.

5. The activated products are ground, washed to neu-
tral and dried at 120°C.

Sample Characterization

After desorption at 150°C and 1.33 Pa in the surface
area and porosity automatic analyzer (NOVA-2000¢)
for 4 hrs. The N, adsorption isotherm of the sample
is measured. Then, specific surface area and pore
size distribution are determined using the BET method.
Sample components are analyzed qualitatively with as-
sistance of 200x Flash 5000-10x X-ray spectroscopy.
The microstructure of the sample was viewed using
a Quanta 250 scanning electron microscope in tung-
sten filament mode.

RESULTS AND DISCUSSION

Effect of Preparation Parameters on the
Performance of Activated Products

Preparation of activated carbon can be divided into
two stages: (1) Carbonization of feedstock. The pur-
pose of carbonization is to obtain carbonized material
with an initial porosity and mechanical strength. This
material is suitable for activation which is virtually py-
rolysis of the organic matter in the feedstock including
thermal decomposition and polycondensation [10] and

(2) Activation of the carbonized material. This is the
key process during preparation of activated carbon. It
is a series of complex chemical reactions between the
activator and carbonized material. Activation is char-
acterized by formation of new pores based on initial
pores, extension of the initial pores, and merging and
connection between pores [11]. Effects of carboniza-
tion of feedstock and activation parameters on perfor-
mance of activated products are discussed below.

Influence of Carbonization Temperature

Composition of oil-bearing mud residue is compli-
cated. Analyses of mud residue from oilfields display
the following ranges (W/W) in composition: 15-30%
oil, 60-70% water, and 10—15% residue. Preparation of
activated carbon requires a set carbonization tempera-
tures. Thus, water, organic matter, and volatile matter
in residue may be removed during carbonization result-
ing in carbonized material with an initial porosity and
mechanical strength ready to be activated. The thermal
gravimetric curve of the oil-bearing sludge from an
oilfield is obtained by a STA449F3 simultaneous ther-
mal analyzer as displayed in Figure 1.

Data in Figure 1 display that the process of carbon-
ization occurs in three stages: volatilization of wa-
ter and light oil (40-140°C), thermal decomposition
(140-410°C), and polycondensation (410-500°C).
When temperature exceeds 500°C, the weight loss of
feedstock is small indicating the carbonization pro-
cess stops. Change of iodine adsorption in carbide as
a function of carbonization temperature is displayed in
Table 1.

Data in Table 1 show that when the carbonization
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Figure 1. Thermal gravimetric analysis curve of oil-bearing sludge.
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Table 1. Effect of Carbonization Temperature on
Adsorption Performance of Carbide.

Carbide
Carbonization Carbon Content, lodine Adsorption,
Temperature (°C) w% mg/g
450 45.2 300.6
500 46.6 357.4
550 46.0 291.0
600 45.8 256.3

temperature exceeds 500°C, despite slight decrease in
carbon content, the iodine adsorption value is dramati-
cally reduced. This implies that an increase in carbon-
ization temperature will damage the internal structure
[12], affect initial pore formation, and reduce adsorp-
tion performance. Therefore, appropriate carboniza-
tion temperature must be determined for each type of
oil-bearing mud residue.

Effects of Activation Heating Mode
Activation heating modes tested are as follows:

(a) Continuous heating from room temperature to ac-
tivation temperature (i.e., feedstock is placed into
pyrolysis furnace at room temperature);

(b) Rapid heating from room temperature to activa-
tion temperature (i.e., feedstock is placed directly
into high temperature pyrolysis furnace); and

(c) Pre-activation at low temperature and activation
at high temperature. After one hour activation at
800°C [m(NaOH)/m(C) = 2] the effect of the heat-
ing mode on specific surface area of the activated
product is measured. Results are displayed in
Table 2.

Data in Table 2 show that activation mode (c) is the
only method that yields a product with high specific
surface area and good data stability and repeatability.
That is because the rapid heating of modes (a) and (b)
cause the NaOH to dehydrate rapidly. The system then

Table 1. Effect of Heating Mode on Specific Surface
Area of Activation Product.

Specific Surface Area (m?/g)

Heating Mode First Time Second Time Third Time

a 2176 1853 2201
1326 1589 1477
2720 2780 2755

expands causing uneven thermal conductivity. Thus,
the activator and carbide cannot fully contact to re-
act well leading to poor repeatability and low specific
surface area. Before heating to activation temperature
mode (c) pre-activates at 320°C and the activated prod-
uct has good repeatability and reliability. It may be be-
cause 318°C is the melting point of NaOH, such that
NaOH is completely dehydrated and the reactants are
well distributed. Thus, no expansion phenomenon oc-
curs at that point.

Influence of Activation Temperature

Using the condition m(NaOH)/m(C) = 2 and activat-
ing for 1 hr, the relation curve between temperature and
specific surface area of activated carbon is displayed in
Figure 2.

Optimum activation temperature is approximately
800°C as displayed in Figure 2. If the activation tem-
perature is too low the activation reaction cannot be
completed and if it is too high the reaction will be ex-
cessively aggressive causing pore walls to burn to the
point of collapse and thus reducing specific surface
area. Therefore, there is an optimal temperature for ac-
tivating this reaction.

Influence of Activation Time

Effect of activation time on specific surface area

of activated carbon for conditions m(NaOH)/m(C) = 2

and activation temperature 800°C was analyzed. Re-
sults are displayed in Figure 3.

The optimal activation time is approximately 1 h. As

the activation time increases, the specific surface area

of activated carbon first increases and then decreases.
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Figure 2. Effect of activation temperature on specific surface area
of activated carbon.
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Figure 3. Effect of activation time on specific surface area of acti-
vated carbon.

As the reaction time and depth increase, the number of
micropores increases before the specific surface area
reaches its maximum value. When the specific surface
area reaches its maximum, the number of micropores
also reaches its maximum. If the activation time is ex-
tended past this maximum, the micro-pore walls will
fall down, and large numbers of micropores will melt
into mesopores and macropores, resulting in a decrease
in specific surface area [13].

Influence of Alkali/Carbon Ratio

The effect of m(NaOH)/m(C) on specific surface
area of activated carbon at an activation temperature of
800°C for 1 hour is measured and the results are dis-
played in Figure 4. As m(NaOH)/m(C) increases, the
specific surface area of activated product increases sig-
nificantly. However, when this ratio reaches 2, the sur-
face area changes slowly and shows a tendency to de-
crease with continued increase of the ratio. Carbonized
material and amorphous carbon in the cracks are acti-

3000 +
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2400 -

specific surface area/m?g
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Figure 4. Effect of m(NaOH)/m(C) on specific surface area of acti-
vated carbon.

Figure 5. Scanning electron microscope picture of carbide.

vated first, and a microporous structure is formed. As
the amount of NaOH increases, both the reaction speed
and the number of micropores in the carbonized mate-
rial increase, thus increasing the specific surface area.
As m(NaOH)/m(C) continues to increase, the reaction
between excess NaOH and intervals of the carbon atom
layer of the formerly generated microporous structure
cause the carbon material to over-ablate and pore size
increases; thus, specific surface area decreases slightly.

Analysis and Discussion of Scanning Electron
Microscope (SEM) and Porosity

The micro morphology of the activated carbon sur-
face is viewed using a scanning electron microscope
(SEM). The features of its surface morphology before
and after activation are displayed in Figures 5 and 6,
respectively.

Figure 6. Scanning electron microscope picture of
uct.

A e

activation prod-
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Table 3. Oil-bearing Sludge Adsorption Characterization of Carbonization and Activation Product.
Specific Average Total Pore Micropore Mesopore Large Pore Micropore
Surface Area Pore Size Volume Volume 0-2 nm Volume 2-35 nm Volume >35 nm Proportion
Sample Name (m2/g) (nm) (ml/g) (ml/g) (ml/g) (ml/g) (%)
Activated products 2780 1.66 213 0.74 0.39 0.368 49.4
Commercial activated carbon 941.2 2.123 0.1234 0.0380 0.082 0.0034 30.8

The image displayed in Figure 5 reveals a flaky
surface for the oil-bearing mud residue that is nearly
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