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Residual sludge disposal costs may constitute up 50% of the total cost of
operation of a WWTP, and contribute approximately 40% of the total
greenhouse gas (GHG) emissions associated with it.

After appropriate treatment, sludges are mostly disposed of in landfill,
agriculture (including composting), or incinerated.

Landfill Directive 99/31/EC set restrictions for bio-degradable municipal
wastes disposed in landfills; in addition, national legislations of some EU
Member States have set very strict limits for organic matter or total organic
carbon (TOC) contained in disposed sludge, prohibiting de facto its
landfilling.

Sewage Sludge Directive 86/278/EEC concerning beneficial use of sludge
on soils, seeks to encourage safe use of sewage sludge in agriculture,
regulating this form of disposal to prevent harmful effects. EU countries
have set more stringent requirements for heavy metals in sludge.
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u LandFill

Compost and other applications
H Agricultural use

2 (17 Belgium, Germany, Luxembourg, Metherlands and Austria, 2005, Czech Republic, reland, Latvia and
| Slovakia, 2007, Greece and Switzetland, 2006; taly, Cyvprus and the United Kingdom, 2005; France and
Hungary, 2004, lceland, 2003, Sweden, 2002 Finland, 2000; Denmark and Portugal, nat available.

Source: Eurostat (eny_watob)
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IS mcmeratlon the best so\lutlon7

(.
\ o
Thermal processingof sludge is a convenient anet-efﬁmentak)roach for the
disposal of waste url sludge. It can take diffeérent forms, for example:

= Go-firing in power plants and heating plants with coal
= co-firing in cement kilns

w

-

L v = large part of the energy.recovery-must occur-locally (heat), onIy a fractlon

“ (20-25%) can be transferred easily (electricity) -8

miprocess residual (ashes) are hazardous wastes and must be dlsposed of
accordingly ; \.ﬂ_




Pyrolysis can‘be a goodaln\emat‘.ive

good alternative to ¢fassical incineration is pyrolysis, tRe t rmaI\de_Qradatlon of
ganic material in.axygeflsdeficient atmosphere, It tragSiorms_biontass into

@ducts-such as bio%ail (N.LMJ/I_(Q), syngas (~6-Mdikg) and biochar (18 MJ/kQ)
| thesgysub-products have high-energy content!

Slow pyrolysis Flash pyrolysis Gasification Fast pyrolysis
Temperature >400°C 800-1300°C, 800-1200°C 500-1200°C
under pressure
Heating rate AC < 1°C/sec AC>1000/s AC < 1°C/sec 10<AC <300 °C/sec
Residence time >7 min. < 0.5 sec >15-20 min. <20 sec
Products 35% biochar 60% biochar 85-95% syngas 50-70% bio-oil
(by mass) 35% syngas 40% volatiles 5-15% char 10-30% biochar
30% bio-oil traces of bio-oil 15-20% syngas
Vapour separation Usually not Yes No Yes

Heat recovery Usually not Usually yes Yes Yes

Exhaust To atmosphere, Controlled Controlled Controlled
as is, or combusted

Energy generation From exhaust From volatiles From syngas From syngas
combustion

Use Mostly developing Maximization of biochar Maximization of Maximization of
countries (charcoal) production. syngas. biooil.
Limited substrates Applicable to a wide Applicable to a wide
applicability variety of feedstocks variety of feedstocks.

~\\ Classes"Of_,pyron"s'is m_chesse_s (elaborated from: Motasemi and Afzal; 2013 Zhang etal., 2017)
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~But:microwave-assisted pyrolys¢§could
be a better alternative!

Conventional Microwave

Heating source

~ MAP technalogy presents
“Several advantages overs - Cavity
conventional pyrolysis,
Including:

Cavity

= uniferm internal heating for
material particles, since
electromagnetic energy IS
directly. converted into heat at
molecular level;

= ease of control due to Its instantaneous response;

= simple set-up, facilitating its adaptation to large-scale industrial
processes;

» reduced need forifeedstock grinding;

= low cost; as'microwave is a mature and energy-efficienttechnelogy.

-

ol Energy
Material Heat transfer sonversion
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Sewage Sludge Biochar characteristics

Sewage sludge contains valuable nutrients such as nitrogen,
phosphorus, organic matter and essential trace elements
that can improve soil physical properties and, as fertilizers,
Increase crop yields.

The concomitant contents of heavy metals and other toxic/
dangerous compounds (micropollutants, pharmaceutical
compounds), however, may affect soil-plant systems and
threaten human health.

It has been shown that pyrolytic conversion of sewage
sludge Is advantageous over conventional incineration
concerning fuel economy, nutrient recovery, and control of
heavy-metal emissions.




Characteristics of biochars produced from different
sewagessludges at different temperatu %: \('t ¢
\ | h %.\” N \;\ - B’ N

Surce Zielinska et al., 2015 Luetal., 2013 Agrafioti et al., 2013 Aunes etal., 2013 Authors
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Type of Municipal WWTPs (4) municipal WWTPs (3)| municipal WWTP Municipal WWTP municipal WWTP
sludge

Pyrolysis Traditional slow Traditional slow Traditional MAP Monomodal Microwave-
process assisted

Sample/ Orig. | 500 | 600 [ 700 | Orig. | 300 | 600 [ Orig. | 300 | 500 | Orig. 300 800 [ Orig 270 500
Temp. °C

Yield - 45-54 | 43-51 | 40-49 - n.d. n.d. - 58.1- | 27-31 - 91 77 - - -
(% dry w.) 64

Ash 55.8- | 64-73 | 63-77 | 68-79 | n.d. n.d. nd. | 259 n.d nd. | 555 55.8 63.3 | 52-55 | 54-57 | 58-61
content (%) | 61.3

Carbon 21.6- | 18.9- | 18.4- | 18.1- | 23.8- | 21.7- | 15.2- | 379 | 39.7 9.8 19.9 22-25 | 20-22 | 17-21
(C, %) 262 | 26.6 | 27.7 | 27.8 | 33.2 | 31.5 26

(O+N)/C 0.32- [ 0.25- ] 0.15- [ 0.09- | nd. | nd. | nd. | nd. | nd. n.d. 1 - - -
0.66 [ 0.29 [ 0.28 | 0.21

Sinicro - 7.1- | 2.8- | 14- - 4-6.7 | 6.3- - 10.5-18| 4-90 | 16.64 | 50.06 | 64.6 - - -
(m?g™) 194 | 7.7 | 277 18.2 7

(Micropore

surf.)

pH 7.01- | 7.08- | 80.5- | 12.2- | 6.08 | 6.2 9.6 5.9 6.0 11.6 | 6.13 6.42 6.6 7.2- 7.3- 7.5-

7.39 | 725 | 114 | 13.1 | 745 | 7.55 | 7.88




Yield
An increase in pyrolysis temperature generally results in a decrease in
biochar yield (as % dry weight), due to the volatilization of organic fractions.

pH increase with increasing pyrolysis temperature is typically observed for
biochars derived from sewage sludge and other feedstocks.

Carbon and inorganic constitutents

Most studies on sewage sludge pyrolysis show a reduction C percentual
¥ changes in the produced biochars compared to the original feedstock. C
" losses are likely due to increased volatility of C during pyrolysis.

Sewage sludge susually contain high concentrations of silica, although it is
difficult to exactly predict ash content in biochars, based on the mineral
components content of original sewage sludge. Regardless of pyrolysis
temperature, the percentage of ash in biochar is higher than in the
feedstock, and moreover an increase in temperature will cause an increase
in the percentage of ash in pyrolyzed sewage sludge.




Phosphorus, Nitrogen

The P content of sewage sludge is further concentrated (by about 40-
100%) when pyrolysed at temperatures above 600°C. This indicates that
phosphorus is associated with the inorganic fraction of the sludge.

N content of the sludge is decreased in biochar when process temperature
IS increased, due to volatilisation of nitrogen during pyrolysis through loss of
the NH,-N and NO-N fractions, as well as the loss of volatile matter
containing N groups.

Porosity

Sewage sludges are practically nonporous. As a result of pyrolysis, a
material with a more developed surface is obtained from the feedstock. The
increase in surface area can vary widely, between 6 to almost 40 times.




Metals
Sewage sludge contain high concentrations of metals, which accumulate in
the biochar with the increase of pyrolytic temperature. Also the stability of
heavy metals in biochar increases with pyrolysis process temperature,

| therefore their leaching potential is greatly reduced.

Luetal., 2013

Authors

Source Zielinska et al., 2015

(note different data units)

Sample/Temp
°C

Original

500

600

Original

300

600

Original

270

Fe (% d.w.)

1.1-6.8

2.4-11.5

2.37-
12.5

0.8-
23.2%

18.6-
37.6*

0.06-
43.2*

2.2-4.9

2.8-7.3

Si (% d.w.)

2.5-5.8

4.8-9.1

5.1-9.4

2.8-53

3.6-8.6

P %dw)

3.4-4.9

5.4-9.6

5.3-9.2

20-
28.4*

29.5-
42.6*

35.5-
57.6*

3.6-4.5

4.72-7.18

S dw)

1.5-3.8

1.37-4.6

1.2-3.97

0.7-1.1

0.5-0.67

0.43-0.57

1.65-
4.02

1.88-4.5

Al (% d.w.)

1.8-2.5

2.3-33

2.6-3.7

26.2-
31%*

38.1-52*

50.8-
55.2%

1.98-
2.75

2.17-2.94

Mg (% d.w.)

0.57-2

0.9-3.3

4.1-6.3*

8.2-11*

9.3-14.5*

0.8-2.3

0.85-2.87

K (% d.w.)

0.5-0.8

0.8-1.2%*

1.6-2.1*

2.6-2.8%

0.6-0.95

0.7-1.1




BeneﬂCIaI uses of biochar: current and
potential appllcatlohs\ D ‘

In biologit wastewateF\treatment processes; sorption.to biosolids is one
of the primary removal pathways for many hydrophaebic chemicals.

Industrial and non-domestic_effluents may-also cause’ the sludge to
containimany. toxics in addition to organic material.

Land application of sewage sludge was widely usedin view of its soil
\conditioning properties. \Macronutrients in sewage sludée serve as a
‘source of plant nutrients and the organic constituents provide beneficial
soil'conditioning properties.

Its heterogeneous natlire and variability, however, require knowledg\e,of
Its compositionpriorito such <applications. Uninfermed- sludge soils
amendment may distur‘b“se‘il properties, especially when eontaining high
comc\entrations of_mg_talsar{d toxic constituents, which may accumulate




Beneficial uses of biocharu.current and
potential appllcatlohs\ ?

X
“Masds batance studle\s\ onantibiotics show that, while wastewater
treatment as a whole results in reduction of compounds mass of about
90%, approximately 84% is.due to sorption on sewage sludge, without

further significant removal under methanogenic conditions in sludge
" digesters.

“Analysis of'sludge samples shows that pharmaceuticals accumulate in
wsewage sludge from WWTPs in concentrations up to 100 ng/g. This
indicates that even good removal rates obtained in the aqueous phase
| (i.e. determined by comparison of influent and effluent wastewater
lconcentrations) do not actuaIIy imply degradation of the compounds to

the same extent.




Beneficial uses of biocharicurrent and
potential applications™s. W

“soillamehdment with bioehar.eliminates thése problems, as:

- Inorganic compounds (incl. metals) are deeply adsorbed into
biochar granules, and ‘are only minimally leached, in addition
biochar may have the capacity of adsorbing additional metals
present in the soil;

“Organic compounds ' (incl. pharmaceuticals and other CECs) are
mostly destroyed during the pyrolysis process, so they are not
transferred to the soil by the biochar.

'SOME SPECIFIC APPLICATIONS ‘OF BIOCHARS:

(‘ .
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Agricultural uses

Biochar improves:

U the yield of Some crops

T&nitrogen fertlllse?s\use eff|C|ency by improving the chemical
properties of soil

O soil cation exchange capacity (CEC) by up to 40% and.soil pH by up
to one pH unit, with improvement|of plant available nutrlents and
carbon.sequestration

U soil quality, as it enhances soil aeration, increasing water holding
capacity and environmental conditions for;the growth and
development of plant root systems

-

Difference between plants-grown.in regular and biochar-\
amended soil (darker soil on the right).




Remediation and restoration of
contaminated soils

Demonstrated potential for reducing

organic-and inorganic €gntaminants present

in soils in mobile forms: increasing the

organic fraction content of soill, its pollutants ;
adsorption properties are increased, and Functionst groups |
therefore its capacity to reduce their

O Ca(Ily/Ca®, K(I)/K*, Mg(11)/Mg?, Na(I)/Na*
@ H,0

bioavailability, resulting in a reduced risk. @ o0 coy
Biochars obtained at h|gh tempera’[ures Conceptual illustration-of the possible

mechanisms.of Pb adsorpti&n on

(“activated”) will have the highest organic biochar (from L et al, 2012).
.contaminant remediation potential.

Water and wastewater treatment

Likewise biochar can be a proper adsorbent to remove

pollutants from agueous solutions. Adsorption efficiency

of brochar is influenced by Its properties, dosage,
weompetitive'anions, and solution temperature and pH.




Carbon sequestration

Biochar contains a considerable fraction (roughly 1/4'to 1/3) of the
carbon-initially contained in sewage sludge.

The half-life of C in 'sails is in excess of 1000.yr, indicating that soil-
applied biochar will make not only a lasting contribution .to soil
properties and quality, but also that it will be removed from the
atmosphere and sequestered in the soil for millennia!

Substitution of fossil fuels with crop-derived bio-oils could raise some
ethical and sustainabilityiissues (i.e. foodcrops use competition), waste
sludge is by all means an available and obligatorily disposable by-
product of wastewater treatment, that may itself constitute, if not
properly disposed of, an environmental problem.

Processing of urban sludge with pyrolysis not only allows recovery of
valuable products, but also improves the characteristics of
environmental’eompatibility of the final resulting solid fraction.




OTHER USES

Biochar for catalyst production

Biochar can also wark as catalyst for conversion of syngas into liquid
hydrocarbons by Fischer—Tropsch synthesis’and be a good precursor
for producing heterogeneous acid catalysts (solid acid catalyst) for
esterification/transesterification of vegetable oils/animal fats for
biodiesel production.

Biochar as gas adsorbent

CO, capture and storage is a promising strategy to reduce GHG-CO,
emissions. For effective capture and removal, high CO, selectivity and
adsorption capacity are required, in addition to adsorbent medium
long life, ease of regeneration, and low cost. Biochar-based activated
carbons have shown adsorption capacity similar to the highest
reported for carbon materials.




Biochar immicrobial fuel cell (MEC) systems

Biochar can also be used as low-cost anode matesial |\m|cr bl5| fuel
cells (MFC), a technology that can simultaneouslyremove.or anic
matter from wastewater and soil, with direct-generation of electricity.
Electrode materials used in MECs are normally granular activated
carbon or graphite granules, which average cost ranges from $500 to
$2500 per ton. Biochar was found to be a promising alternative source
material for MFC construction.

Biochar-based supercapacitors &

Supercapacitors are energy storage devices that can store energy
from renewable sources, due to high-power densities, long cycle lifes;
and quick charge/discharge capabilities. The preferred raw materials. "
for making supercapacitors is carbon material with high specifie
surface area and parous structure. Recently, biochar was used for - «
fabrication os.supercapacitors, indicating that its use of biochar is
promising thanks to flow cost and satisfactory performance. |

-

\\ y - -




Conclusions®

\
Sewage sludge pyrolysis biochar may be an additional Important
resource for reuse IQz\;lgrlculturaI and many-other environmental or
industrial appllcatlons

Feedstocks utilized for biochar proeduction, as wellas the productlon
process itself, influence biochar characteristics.

Literature shows that pyrolysis processes affect quality and quantity
of the praduced biochar, and thus its environmental behavior. Among
these, pyrolysis temperature has the largest effect on biochar quality,
as its increase decreases hiochar yield, N content, increasing at the -
same time biochar’s pH, specific surface area, carbon content,
available nutrients and heavy metal stability.

Generally speaking,biochar produced at low temperatures is suitahle

for agricultural"uses;ywhile the one produced at higher temperatures

has greater effectivenesssifnadsorbing contaminants present.in-soils.
. '\

o




Increased sewage sludge biochar_’_e.x_ploitat\}on%ﬁ provide new
“incentives for agriculture improvement and investmengdevelopment,
offer farmers additional sources of income, help in}carbon '
sequestration,.increase crop and land yield~and groductlwt}/ improve
sustainable land use in agriculture, and provide hcentlges for

municipal solid waste (MSW) and sludge treatment research and
—development as welk,

The use of waste biomass for biochar production/is notionly
economical but also highly beneficial. Initially, expected-benefits
mainly-included soil improvements, energy production and climate
change mitigation, however, as research on possible uses picks up
momentum, their range seems to expand exponentially: Despite this
justified. optimism, however, anumber of research gaps and
uncertainties still exist that need more specific, relevant
investigations.

Biochar characteristics vary widely according to original, individual
feedstock types and pyrolysis processing conditions.

Definition of\a stanardized protocol for biochars properties
characterization-would help researchers in matching best spec:|f|c

uses and production pro(cesses
’ |

|




...but, wait!Hl




A few slots are still available at:

Lake Como School of Advanced Studies, Summer School 2017 on

A‘ﬁ A M
onﬂ'rm cturers

Dr. James Barnard
Prof. Andrea G. Capodaglio,
=i “ . Prof. Maria Loizidou,
] b B Prof. Gustaf Olsson,
“prof. David Vaccari,
* ““Prof. Grietje Zeeman,

For info: rmst.lakecomoschool.org (or ask me)




