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Saratoga Biochar Sofution’s (“SBS”) feedstock treatment process uniquely destroys traces of PFAS, VOCs,
pathogens, microplastics, and other contaminants commoniy found in biosolids. The SBS Facility is
designed to remediate traces of contaminants found in biosolids and shall not accept biosolids with high
levels of PFAS contamination or any other hazardous waste. The SBS Facility will be limited to receiving
biosolids and unadulterated wood as per the solids waste handling permit.

The SBS Facility helps avoid traces of harmful compounds from being released into the region’s air,
water and soil from current biosolids disposal methads which do treat PFAS and other contaminants
commoniy found in biosolids. The $BS Facility will uniquely remediate biosolids while also reducing GHG
emissions associated with current biosolids disposal practices.

Contaminants such as PFAS are separated and removed from the solids in SBS’s pyrolysis process, After
separation, such contaminants exist in a gaseous/oil state commonly referred to as syngas. The syngas
is iImmediately pushed into a muiti-staged thermal oxidizer and combusted at 1600-1800 degrees F
which is hot enough to break the carbon-fluorine bonds that hold those compounds together, and
quickly enough to avoid the elements from reforming other compounds. Thermal oxidation is staged to
control nitrogen-based emissions (i.e., N2O, NO;, etc.) which provides greater thermal control of the
thermal oxidation process,

Recent comments made by Moreau and regional residents/stakeholders have indicated a fair amount of
canfusion about how PFAS will be remediated in the SBS process. Such uninformed comments have
shown up in the media, and in statements of concern made directly to Moreau. Here are several
examples of this confusion:

Anzlogies have been drawn to an organic dairy farm in Maine that experienced PFAS
contamination several years ago by directly land applying biosolids that came from a WWTP that
had an unusually high level of PFAS in its wastewater which came from an upstream
manufacturing facility which used an unusually high level of PFAS in its product manufacturing
processes. SBS pracesses biosolids into Carbon Fertilizer™ specifically to avoid the direct fand
application of biosolids. There is no direct correlation between the PFAS contamination
occurrence in Maine and SB5's process.

- Several PFAS studies have been cited where biosolids were thermaily treated at much lower
temperatures than SBS will use (i.e., torrefaction), and where there was no follow-on process of
thermal oxidation of syngas and advanced air cleaning technologies such as in the $BS treatment
process. SBS utilizes a pyrolysis process, not torrefaction. Torrefaction does not reach the time
and temperature required to separate the traces of PFAS and other contaminants from
biosolids. SBS also utilizes a multi-staged thermal oxidation process to remediate PFAS and
other contaminants separated by the pyrolysis process in a way that produces renewable energy
to dry the biosolids. There is no direct correlation between such research and SBS’s procass.



Several PFAS remediation studies have been cited where the treatment technology involved
direct incineration of the solids. Incinerators directly combust biosolids solids to achieve the
highest level of PFAS remediation from current biosolids disposal methods. However,
incineration doesn’t get all the PFAS as PFAS is designed to stick to solids and is less available for
destruction. Pyrolysis provides a pathway for separating the PFAS from the solids into a gas
where it is more vuinerakle for destruction and can he fully remediated. There is no direct
correlation between that research and SBS’s process.

The attached science and engineering research articles and letters support SBS's assertion that the
expected outcome of PFAS remediation is reai. Moreover, the NYS DEC verbally set the expectation with
SBS during an air facility permit application review call heid May 3, 2022, that stack emissions test
requirements for permit compliance wili contain provisions for residual PFAS testing. Even without such
a permit compliance mandate from NYS DEC, SBS commits to stack testing for PFAS as well as mercury
and dioxins, regardless. SBS has repeatedly stated that it remediates “the PFAS problem;” thus we shall
proudly demonstrate our success.

Attachments:

1. Letter from Tristan R. Brown, J.D., Fh.D., Director of the Bioeconomy Development Institute, Associate
Professor, Department of Sustainable Resources Management, SUNY College of Environmental Science & Forestry,
Syracuse, NY

2. Letter from Kathleen Draper, US Director, ithaka institute for Carbon Intelligence, Co-Author: “BURN:
Using Fire to Cool the Earth” and “Terra Preta: How the World's Most Fertiie Soil Can Help Reverse Climate Change
and Reduce World Hunger”

3. "Pyroiysis System Effectively Destroys Toxic PFAS"
Blocarbon Research and Development, CHAR Technologies, 1td.

4, "Pyrolysis and gasification at water resource recovery facllities: Status of the industry”
Water Environment Research, February 24, 2022,

5. “Addressing the Impacts of PFAS in Biosolids”
Water and Wastes Digest, September 10, 2021.

6. “Potential PFAS Destruction Technology: Pyrolysis and Gasification”
US Environmental Protection Agency, January 2021

7. “Removal of PFASs from biosolids using a semi-pilot scale pyrolysis reactor and the application of biosolids
derived biochar for the removal of PFASs from contaminated water”

Environmental Science Water Research & Technology, Royal Society of Chemistry {Environ. Sci.: Water Res.
Technol,, 2021, 7, 638)



May 5, 2022

To the Town of Morean,

My name is Tristan Brown, J.D., Ph.D. I am Director off the Bioeconomy Development Institute
and Associate Professor in the Sustainable Resources Management department at the SUNY
College of Environmental Science & Forestry in Syracuse, NY. My Ph.D. was in Biorenewable
Resources & Technology. I am writing this letter in support of the Saratoga Biochar Solutions
project and to provide an important scientific perspective on the project as it relates to PFAS
mitigation.

The Saratoga Biochar Solutions project will employ the thermochemical processing pathway
pyrolysis to convert biosolids from water resource recovery facilities (WRRF) such as
wastewater treatment plants to biochar. Biochar is a solid product this is produced when biomass
is decomposed via high temperatures in an oxygen-free environment. The pyrolysis process
drives off the biomass’s hydrogen and oxygen content to yield carbon-rich biochar. Importantly,
pyrolysis is not an incineration process, as combustion cannot cccur in the pathway’s oxygen-
free environment,

The pyrolysis of biomass feedstocks provides multiple critical benefits, including the removal of
carbon dioxide from the atmosphere (so long as the biochar produced is not combusted), the
building of below-ground carbon (when soils are amended with biochar), and the production of
fossil-free fertilizer. These benefits all align closely with the goals that New York has established
under the Climate Leadership and Community Protection Act (CLCPA), and biochar is explicitly
referred to as an important component of the CLCPA’s implementation in the draft Scoping Plan
that was released by the Climate Action Council in December 2021.1

The Saratoga Biochar Solutions project offers an additional benefit to those listed above in the
form of per- and polyfluoroalkyl substance (PFAS) mitigation. These so-called “forever
chemicals™ accumulate in animals and enter the human food chain, ultimately ending up in
human sewage. (PFASs can also be taken up by plants, although natural plant exposure is
limited.} The biosolids that are produced by WRRFs are frequently applied to cropland as a
fertilizer. While these biosolids are treated to neutralize pathogens, their PFAS content is not
normally removed, and cropland that is amended with biosolids in this way can produce food
crops that in turn contain PFASs.2

The conversion of biosolids to biochar, as the Saratoga Biochar Solutions project will do, greatly
reduces the contamination of cropland by PFAS. It does this in two ways. First, the pyrolysis

! New York State Climate Action Council (2021). “New York State Climate Action Council Draft Scoping Plan,”
December 30. Available on the Web at: https://climate.ny.gov/-/media/Project/Climate/Files/Draft-Scoping-
Plan.pdf {accessed May 5, 2022),

2 Ghisi, R., T. Vamerali, and S. Manzetti {2019). “Accumulation of perflurinated alkyl substances (PFAS) in
agriculturai plants: A review," Environmental Research 169: 326-341, February. Available on the Web at:
bitps:/ fwwwestiencedirect. cum/science/article/abs/pii/$001 3935118305577 (accessed May 5, 2022).




pathway operates at very high temperatures (up to 1000 degrees Fahrenheit or greater) and
destroys the PFASs in the biosolids being pyrolyzed. Recent tests have found up to 96% of the
biosolids’ PFAS content to be destroyed during the pyrolysis process.* Second, whereas
biosolids that are applied to cropland are capable of being absorbed by plants, allowing the
former’s PFAS content to be accumulated in the latter, biochar is inert and strongly resistant to
microbial degradation for periods of up to thousands of years,* meaning that any PFASs that
survive the pyrolysis process will not find their way into the human food chain in the same
manner as those from non-pyrolyzed biosolids do.

The Saratoga Biochar Solutions project therefore provides an important human health benefit in
addition to its pronounced climate benefits. Biosolids contain PFASs, and those PFASs will
continue to enter the human food chain so long as they are landfilled or applied to cropland. By
instead destroying and otherwise mitigating the biosolids’ PFAS content while converting the
biosolids into a safer form of fossil-free fertilizer, the Saratoga Bicchar Solutions project will
greatly contribute to efforts to prevent the contamination of New York State’s food supply by
PFASs.

Regards,
\.‘:.j' \3\ \:"'_"-* ‘;‘?‘:;:':_. .

Tristan R. Brown, J.D., Ph.D.

Director of the Bioeconomy Development Institute
Associate Professor

Department of Sustainable Resources Management
SUNY College of Environmental Science & Forestry
Syracuse, NY

Trbrol00zesf.edu

2 williams, T.0., et al, (2021). “Removal and transformation of PFAS from biosolids in a high temperature pyrolysis
system — A bench scale evaluation.” WEF Residuals and Biosolids Conference 2021.

4 Rawat, J., ). Saxena, and P. Sanwe! {2019). “Biochar: A sustainable approach for improving plant growth and soil
properties,” in Biochar — An Imoerative Amendment for Soil and the Envirenment. Available on the Web at:
https://www.intechopen.com/chapters/65070 (accessed May 5, 2022).
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May 11, 2022
To the Town of Moreau:

My name is Kathleen Draper. | have been involved with the biochar industry for over a decade. i am the US Director for
the Ithaka Institute for Carbon Inteiligence, a non-profit, open-source organization focused on the use of biochar in
climate farming and agroforestry, and other industrial uses as well as the Board Chair of the International Biochar
Initiative. | frequently write and teach about a wide variety of biochar topics including the use of pyrotysis for sewage
sludge. {https://www.biochar-journal.org/en/ct/81)

As a longtime advocate of using simple technology to solve complex prablems, | am in support of the Saratoga Biochar
Solutions project under review in your community. | am aware that Saratoga Biochar will pyrolyze biosolids from
wastewater treatment plants to a biochar carbon fertilizer. This is an excelient cutcome because the pyrolysis of
biomass feedstocks removes carbon dioxide from the atmosphere and, where the biochar product is used as fertilizer or
soil amendment, allows for the re-carbonization of agricultural soils.

The Saratoga Biochar project also offers a unique benefit in per- and polyfluoroalkyl substance (PFAS) mitigation. These
“forever chemicals” bloaccumulate in animals and to a lesser extent plants and enter the human food chain, ultimately
ending up in human sewage. Biosolids are currently and frequently applied to cropland as a fertilizer and although they
are pre-treated to neutralize pathogens, their PFAS content {along with other potentially harmful compounds) are not
removed.!

Saratoga Biochar offer great potential to safely reduce cropland contamination by PFAS and other biosolids undesirabie
contaminants, as pyrolysis operates at very high temperatures and destroys such compounds in the biosolids being
pyrolyzed or separates them into a more vulnerable gaseous state where they are readily destroyed by much higher
temperature thermal oxidation. Recent tests have found biosolids’ PFAS content is destroyed during the pyrolysis
process.’ Moreover, hiosolids that are applied to cropland are capable of being absorbed by plants, allowing their PFAS
content to be accumulated in crops. Alternatively, biochar is inert and strongly resistant to microbial degradation for
periads of up to thousands of years, meaning that any PFASs that survive the pyrolysis process will not find their way
into the human food chain in the same manner as those from non-pyrolyzed biosolids do.?

The Saratoga Biochar Solutions project provides an important human health benefit in addition to its very pronounced
climate benefits. Biosolids contain PFASs, and those PFASs will continue to enter the human food chain so long as they
are applied to cropland. By instead destroying and otherwise mitigating the biosolids’ PFAS content while converting the
biosolids into a safer form of fossil-free fertilizer, the Saratoga Biochar Solutions project will greatly contribute to efforts
to prevent the contamination of New York State’s food supply by PFASs.

Sincerely,

on.§ Do

Kathleen Draper

US Director, Ithaka Institute for Carbon intelligence

Co-Author: “BURN: Using Fire to Cool the Earth” and “Terra Preta: How the World’s Most Fertile Soil Can Help Reverse
Climate Change and Reduce World Hunger”
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1. Ghisi, R, T. Vamerali, and S. Manzetti (2019). “Accumelation of perflucrinated alkyl substances {PFAS} in agricultural plants: A
review,” Environmental Research 169: 326-341, February.
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What are PFAS?

=ai- and polyfluoroalkyl substances (PFAS) are a series of manufactured chemicals found

in fabrics and materials with non-stick and fire-resistant properties such as carpets, food
packaging, Teflon, and fire-fighting foarn. When PFAS-containing products are produced and
disposed of, PFAS compounds can end up in soils, groundwater, and surface water, where they
accurnulate and persist as non-biodegradable, toxic compounds. It has been estimated that
95% of the general population have been exposed to PFAS in their lifetime, risking adverse
health effects including cancer, iver damage, and immune system disorders [1], [2].

There are more than 4,000 types of PFAS compounds, the maost highly produced being
perflucrooctanoic acid (PFOA) and perfluorcoctanesulfonic acid {PFOS). These compounds
are so damaging that, in 2000, the United States phased out the production of PFOS, and
in 2006, eight global companies began phasing out both PFOA and PFOS [1]-[4].
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How do we combat toxic PFAS compounds?

The US Environmental Protection Agency (EPA) has set a lifetime health advisory to

a maximum of 70 ppt (parts per trillion) in drinking-water for both PFOA and PFOS
combined [1]. There are currently no US EPA regulations for managing PFAS in biosolids,
yet there is concern that PFAS from land-applied biosolids can affect surrounding ground
and surface-waters, Therefore, in waste materials (e.g., biosolids and sewage sludge/
effluents), PFAS compounds must be destroyed before the waste can be safely disposed
of. PFAS molecules are structured as a string of carbon (C} and fluorine (F) atoms with
attached functional groups of oxygen {O), hydrogen (H), nitrogen (N), sulfur {S), and
phosphorus (P). Flucrine compounds are extremely chemically stable, and thus difficult to
break down; viable remediation methods must be both effective and economical 0§, [21, [4).

PFAS compounds become volatile (can vaporize out of solids) at elevated temperatures

(> 600 °C), therefore, high-temperature technologies have been proposed to effectively
remove PFAS compounds from waste materials, The most explored destruction technology
is high-temperature incineration (> 1000 °C). However, this method is often expensive and
introduces other environmental concerns; during combustion, the PFAS ca rbon-fluorine
(C-F) bond is broken, but hew compounds of HF, CF4, and CyFg are formed, which are
dangerous greenhouse gases [5], [6]. As an alternative to incineration, pyrolysis has been
recognized by the US EPA as a promising, cost-effective method of PFAS destruction [7].




What is pyrolysis?

Pyrolysis is a tharmochemicai conversion (st o of upgrading biomass 'wastes'
{iincluding PFAS-containing biosolids and sewage studge) inte valuable products of
biochar and pyrogas by heating the biomass to elevated temperatures (500 - 850 °C) in
an oxygen-free environment (to avoid incineration reactions). Pyrolysis reduces the solids
content by ups o 90%, making for easier product trangport and disposal Furthermnore,
the solid biochar product has many value-added applications including soil amendment
and carbon sequestration. Pyrogas is produced with biochar, which can be used both to
provide heat for the pyrolysis process and upgraded to produce envircnmentally friendly
renewable natural gas (RNG) or green hydrogen {H;) (Figure 1).

ioch or ‘biocarbon’ is the solid component piod NI during VT ;.‘._;_,s'"\ of
biomass It is a flakey, c.harcoal Ilke matenal with a high carbon coment 1he carbon
within biochar is incredibly stable (cannot degrade or release into the atmosphere),
making biochar a perfect option for soil amendment and carbon storage.

SHOCharl,

Pyrogas: Pyrogas (also called synesthetic gas or ‘syngas’) is the non-condensable gas
produced alongside biochar during pyrolysis. Pyrogas contains hydrogen (M2}, methane
(CH4), carbon monoxide {CO), carbon dioxide {CO;), and other hydrocarbons. Pyrogas
has value as an energy source; a portion of the produced pyrogas can be used to
internally heat the pyrolysis system, while t he remainder czn be upgraded inig et
RNG (>98% CHy) or renewable green Hs



CHAR's high-temperature pyrolysis system for PFAS elimination

To safely use biochar in land-applications and prevent groundwater ieaching, the toxic
PFAS compounds must be removed. (n the high-temperature, oxygen-free pyrolysis
environment, the PFAS compounds are volatilized out of the solids, and are destroyed
from the vapour phase through a hydrodeflucrination (HDF} pathway during which the
C-F bond is converted into a carbon-hydrogen (C-H) bond, where the hydrogen is supplied
from the steam-reforming reaction (steam from the moisture in biomass can react with
pyralysis vapours to produce hydrogen) [8].

CHAR Technologies Ltd. (CHAR), in partnership with Western University's Institute for
Chemicals and Fuels for Alternative Resources (ICFAR), has demeonstrated the destruction of
PFAS from biosolids using its high-temperature pyrolysis (HTP) technology. The bench-scale
HTP systemn, which operates as a continuous, mixed bed reactor, processed biosolids from
three sites (referred to as Site-], Site-2, and Site-3) across the US under pyrolysis temperatures
of both 500 and 700 °C. Twenty-eight PFAS compounds were targeted for analysis in the
inlet (biosolids) and outlet (biochar + pyrogas at Site-3) streams of the system. The total
reduction of PFAS from the biosolids was calculated via a mass balance of PFAS-bound F

The biosolids entering the system had on average, a total PFAS concentration of 36 ppm
(mg of PFAS compounds/kg biosolids), with PFOS accounting for 50% of the total PFAS-
bound F. Asummary table of detected PFAS is shown in Table 1. Under 500 °C, PFAS-
bound F was eliminated from the solids in Site-1 and reduced by more than 99.3% in
Site-2 and Site-3. Even further reduction was achieved at 700 °C, under which PFAS was
undetected in Site-1 and Site-3 and reduced by >99.8% in Site-2. PFOS was eliminated
from the biosolids at both pyrolysis temperatures.

At 500 °C, although >99% of PFAS-bound F was eliminated, some of that which remained
included F in PFOA, which had not been detected in the original bicsolids. This could be
either because: (1) there was PFOA in the biosolids, but its concentration was not high
enough to be detected until the mass reduction in converting biosolids to biochar, or (2)
PFAS precursors transformed during pyrolysis to form low concentrations of PFOA, which
has been suggested to occur in PFAS-containing water resource recovery facilities (WRRF)
[B]. Either way, the higher pyrolysis temperature of 700 °C eliminated 99.8% of PFAS-bound
F from the solids, including elimination of PFOA.
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For the Site-3 biosolids, the presence of PFAS was also measured in the exiting liquid
fraction (condensate and bio oil}, and pyrogas to obtain a full picture of the fate of PFAS

in all product streams. PFAS-bound F was reduced by a total 84% at 500 °C and 87% at

700 °C from the original biosolids feedstock. The higher temperature evidently had a
greater ability to both volatize and destroy the PFAS compounds. Most of the reimaining
PFAS existed in the gas phase; 96% and 100% of remaining PFAS-bound F was attributed to
pyrogas after pyrolysis at 500 °C and 700 °C, respectively. Understanding how PFAS exists
in the pyrogas is crucial to understanding its transformation during pyrelysis but does not
pose a high environmental concern; a fraction of the gas will undergo scrubbing treatment
and then remain in the pyrolysis system for heat recovery, while the fraction that leaves the
system wiil undergo scrubbing, in addition to either high temperature upgrading (into
RNG or hydrogen) or thermal oxidation, each of which will further decompose the gaseous
PFAS compounds. In another study, thermal oxidation at 1050 °C aliminated »99.99% of
PFAS compounds from the gas phase {9].

After PFAS elimination via pyrolysis, the biosolids, now ‘biochar’, is considered “Class A
Exceptional Quality™ under US EPA 40 Code of Federal Regulations (CFR) Part 503.32(a)
as they meet quality standards for pathogen reduction and metal limits. The biochar is
suitable for land applications including soil amendment, agricultural nutrivion, and
carten seguestration [10], M}

Pyrogas

For process heat
and clean energy

production
CHAR %
! , Technologies’ = ~
Dry B'“__"t'_':t_ls High Tempature
bl TSR Pyrolysis
Biochar
Soil Amendment
 Sequesters carbon
Improves soil health
Improves plant growth

Figitire I: CHAR's HTE systern can destr y PFAS from blasolids and praduce value-added pyrogos and biochar
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Summary

CHAR has demonstrated PFAS elimination from three biosolids samples using its high-
temperature pyrolysis technoiogy; PFAS compounds were eliminated from the solids at
>99% after pyrolysis at 700 °C. Further studies wil| be conducted at CHAR's larger-scale HTP
demonstration unit at temperatures up to 800 °C to illustrate the value of 3 full-scale project in
eliminating PFAS from waste feedstocks and creating value-added products.

PFAS Parameter (ppb)

6:2 Fluorctelomer sulfonic acid (82 FTS) BOL ‘BDL BOL BOL BOL BDL
&2 Fluorotelomer sulfonic acid (62 FTS) BDL BDL BDL BDL BDL BDL
42 Fluorotelomer sulfonic acid (42 FTS} BDL 8DL BDL BDL BDL BDL
10:2 Flucrotelemer sulfenic acid (1022 F) 15 BDL BDL. 12 BDL BOL
Perfluorobutane sulfonic acid {PFBS) BDL BDOL BDL BDL BDL BDL
Perfiuorohexane sulfonic acid (PFHxS) 3.8 BDL BOL 36 BDL BDL
Perfluoratridecanoic acid (PFTTDA) BDi. BDL BDL | BDL. BDL BDL
Perflucroactane sulfonic acid (PFOS) 13.7 BDL BDL 16,6 BDL BDL
Perflucropentane sulfonic acld {PFPes) BDL BOL BDOL BDL BDL BDL
N-Et PFO suifonamide (EtFOSA) 8bL BDL BDL BDL B0DL BDL
N-Et PFO sulfonamidoethanol {(EtFOSE) 6.3 BDL 80L 4.8 BDL BDOL
N-Et PFO sulfonamidoacetic acid (EtFOSAA) 29 BDL BOL 32 BDL BDL
N-Me PFO sulfonamide (MeFOSA) 80L BDL BDL BbL aDL BDL
N-Me PFO sulfonamidoacetic acid (MeFOSAA) 3.5 BDL BDL 25 BDL BOL
N-Me PFO sulfonamidoethanol (MeFOSE) BODL BOL BDL BDL BDL BDL
Perflucrcheptane sulfonic acid (PFHpS) BDL BDL BDL BOL BDL BOL
Perfluorooctane sulfonamide (FOSA) BDL BDL BDL. BDL BDL BDL
Perfluorodecane sulfonic acid (PFDS) BDOL BOL BDL BDL BDL BDL
Perflucrobutanoic acid (FFBA} BDL BDL BDL BDL BDL BDL
Perflucrodecancic acid (PFDA) BDL BDL BDL BOL BDL BDIL.
Perflucrododecancic acid (PFDoDA) BDL B8DL 8DL BDL BOL BDL
Perfluoroheptanoic acid {(PFHpA) BDL BDL BDL BDL BDL BOL
Perfluorchexanoic acid (PFHxA) 16 BOL BDL 1.8 0.26 015
Perflucrononanoic acid (PFNA) LT BDL BDL BDL BDL BDL
Perflucrcoctanoic acid (PFOA) BDL BDL 8DL BDL 0.18 BOL
Perfluorapentanoic acid {PFPeA) BDL BDL 80L BDL BDL BOL
Perfiuorotetradecanoic acid (PFTelA) BDL 8DL BDL BDL BDL BDL
Perfluoroundecanoic acid {PFUnDA} 1 s BDL BDL 8DL _BDL BOL

*BD(. = Below detectable lirmit
Toble T: Megsured PRAS in biosolids, blochar, and pyrogos after pyrolysis at 500 °C and 700 °C
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Summary

PFAS Parameter (ppb)

82 Fluorotelomer sulfonic acid |

i BDL BOL BOL BOL BDL BDL B0L
p T T
6‘? Fluoratelomer suifunic acid BOL Brn. om BOL BOL 012 BDL
(&2 FTS) !
S Fluortsiuere sutfoenie aci! i -
o mm T RS | s BDL BDL BOL BOL BDL BDL
i ¥y 1 |
}%.22%u°mm’°me' sulfonic acid L2 BOL. BDL BDL BDL ADL BDL |
Berfiucrobatana sulfcnin aod REEE) B, B B 3oL BDL BDL BDL i
Paslluaroiearnz sulfonic acid ey L
DTG} BOL 0,45 3. BOL B0 BDL 8L
| Perfluorotndecanoic acid (PFTIDA] BDL BDL B ZInIN B0 fa, BDL
E i
! Perfiucrcociane sulfonic acid (PFOS) ! 2656 3L B, BOL 20 E DL
i
| Parfuoropentane sulfonic acid i L
ii [PFPeS) i st BDL BDi. BDL BiL 800 BOL
| N-Et RO suifonamids {ELFOSA) arA BOL RN BDL BDL oL BDL
i
i ;I;tn-r‘x_} suifonandesihizng! BL BDL abL B, BDL Bl BT,
HEDt el
| MNL-Et BRO sulfonamido i
- acetlc acid
: (ELFOSAA) 53 B BDL BDL apL BOL B0,
! N-Me PFO sulfonamide (MeFOSA} BDL A, Fii B BDL BOL BDL
] i
N-te PFO sulfonamicoacetic acid . -
IMEFOSAA) L 9 80L BODL BiJ. 800 BOL. BEDL ‘
N-Me PFO sulfonamidosthanot X . - c
{MeFQSE) [E{nIR BOL BDL Bid, BOL BDOL [ |
I
Perfluorohaptane sulforic acid oy Eiri . i
BEHPS) i BDL Bt RHCS E BOL o BDL
Perfluorcoctane sulfonaride {FOSA) BOL oL BDL a0, B, BOL BDL
Petiuoradecane suifonic said [PRNS) By : BOL BDL BDL BDL BOtL
E B s oiiitanion acid [PFRA] a0l BDL BDL, BOL B BDL BOL
rarfluae etz Sk ader (RRDLE) B BOL B BEL 20 0.042 i !
i |
Perfluorododecancic acid (PFDoDA) ' BDL BDL ani BOL BDL 801 BDL |
!
boRerflucrohentanale acid PRHRA) l [ELN BDL P R} BDL BDL BDL
i Parfluarchexanoic scid (PFH) | 2.2 0.39 19.49 BDL B 144 b i
i Sariucrononsn e cold BEEe) I BDL BOL .68 B BDL 121 BOL
l Perfiuorsioinnes soid {0708 I BDL 023 245 Bt BOL 0.61 BDL
Perfluaropentanoic acid {PFReA) L D 30 %94 BOL RO 104 BOL
Perflucrotetradecanocic acid (PFTeDA) i Bl TN s, 8DL BDL a0 BDL.
Perflusroundecanoic acid (PFURDA] | 1.8 [Eine 0.457 BDL 8oL o.zm BEL

*BOL = Below detectable limit.
Table I Measured PFAS in biosolids. biachar, and pyrogas after pyrelysis at 500 °C and 700 °C
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Practitioner Points

» Pyrolysis and gasification systems are re-emerging in the wastewater
industry.

» Direct coupling of thermal oxidizers and other modifications offered by con-
temporary systems aim to overcome past failures.

* Process conditions when coupled with a thermal oxidizer will likely destroy
most organic contaminants, including PFAS, but requires additional
research.

» Three full-scale facilities recently operated, several in construction or design
that will provide operating experience for widespread technology adoption
consideration.
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INTRODUCTION

Wastewater treatment operations generate a solid by-
product requiring further processing before beneficial use
or disposal. The wastewater industry often refers to the
material collected as sewage sludge; however, after
further processing to meet federal and state requirements
for beneficial reuse, the sludge becomes classified as bio-
solids (WEF, 2021),

In 2019, the United States Environmental Protection
Agency (USEPA) estimated that 4.75 million dry tonnes
of “biosolids” were produced in the United States
(US) (USEPA, 2021a) by water resource recovery facilities
(WRREF), processing over 3.8 megaliters per day. Roughly
51% of “biosolids” in the US were land applied to recycle
the nutrient content and enhance soils. Other practices
included reuse or disposal in landfills (22%), incineration
(16%), and the remaining 11% using surface disposal sites
or other management practices,

Shifts in acceptable land-use practices, regulations,
and public concern for unregulated chemicals have
disrupted historical sludge and biosolids applications in
the US. For example, increasing population density, regu-
lations, and general aversion to reuse of human waste
products have strained the acceptance of sludge or
biosolids land application practices (Collins, 2019;
Siaughter, 2013). Simflarly, a reduction in number
(USEPA, 1994) and difficulty in permitting new landfills
has led to recent increases in iandfill tipping fees in more
populated regions of the US (EREF, 2021). In addition,
increasing public interest in per- and polyfluorcalky! sub-
stances (PFAS) and emerging pollatants has further com-
plicated traditional sludge and biosolids practices (Boxall
et al, 2012; Kinney et al,, 2006; Navarro et al, 2018;
Sepulvado et al, 2011; Walters et al, 2010; Winchell
et al, 2022), forcing many municipalities to reconsider
end uses.

Pyrolysis and gasification systems are emerging in the
wastewater market as thermal treatment processes that
could significantly reduce the mass of sludge or biosolids,
reducing requirements for off-site transportation and pro-
vide a means for removing or destroying, considered the
complete defluorination regardless of carbon oxidation
exient, PFAS and other emerging pollutants (Horst
et al,, 2020; Patel et al, 2020; USEPA, 2021c; Winchell,
Ross, et al,, 2021). Pyrolysis processes sludge or biosolids
in the absence of oxygen, typically at high temperatures

(Winchell, Ross, et al., 2021). Gasification is similar but
includes substoichiometric oxygen levels and operates at
higher temperatures than pyrolysis (Winchell, Ross,
et al, 2021). During pyrolysis, sludge or biosolids
undergo thermochemical conversion into products rep-
resenting all three phases—gas, liquid (aqueous or non-
aqueous), and solid {char) (Liu et al., 2017). i controlled
streams of a pasifying medium (eg., air, oxygen, or
steam) are introduced into the process, the pyrolysis
products will be further refined into a lighter-molecular
weight, non-condensable off-gas, also called product gas
or syngas (Basu, 2013). The off-gas can be combusted on-
site or transferred to remote users as an energy source
(Basu, 2013; Han et al., 2019) and as a cleaning step prior
to releasing the subsequent “flue gas™ after the oxidation
process to the environment (USEPA, 202ic). Pyrolysis
and gasification processing trains show promise for
wastewater utilities because PFAS and other emerging
pollutants may be removed, and in some cases destroyed,
through these high-temperature processes (USEPA,
2021b; Winchell, Ross, et al, 2021). Stll, the efficiency
has yet to be documented (Winchell, Ross, et al,, 2021).
This potential benefit, coupled with the reduction in
mass requiring subsequent handling, has driven interest
in pyrolysis and gasification as an alternative to histori-
cally proven incineration systems (Patel et al., 2020;
USEPA, 2021b, 2021c).

This paper provides a current description of pyrolysis
and gasification technologies, focusing on US applica-
tions. An overview is provided that summarizes the his-
torical challenges for full-scale implementation and
recent advancements in technology deployment. The
documented fate of various unregulated chemicals,
primarily PFAS, is compiled, and gaps in current
understanding are identified through these process trains.
This information offers professionals working in the
wastewater industry an objective introduction to these
technologies for potential applications.

PYROLYSIS AND GASIFICATION
OVERVIEW

Pyrolysis and pasification have long gamered interest for
their ability to convert difficult-to-handle organic feed-
stocks into gaseous or liquid fuels that can more easily be
stored and used in conventional combustion applications
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(Bridle & Skrypski-Mantele, 2004; Haug & Lewis, 2024;
Kroll et al,, 1983). Additionally, these techniques can pro-
cess the solid phase materizl into a carbon-rich product,
called char or biochar, with unique and valuable proper-
ties for agricultoral and industrial applications
(Callegari & Capodaglio, 2018). For example, coal has
been gasified since the 18th century, when it was used to
produce town gas for street lighting and is still gasified
today to produce raw materials for chemical manufactur-
ing (Basu, 2013). Pyrolysis is also used at commercial
scale to generate chemical feedstocks, renewable fuel ofl,
and commercial char soil amendments from various feed-
stocks, inchuding woody biomass, agricultural residue,
and energy crops {(Han et al,, 2019).

Pyrolysis and gasification have also received strong
interest as 2 thermochemical treatment alternative to
incineration (Liu et al, 2020; Safferman et al., 2017:
USDOE, 1997; USEPA, 1985), While these technologies
can achieve mass reduction comparable to incineration,
they require less combustion air and consequently
produce less flue gas needing treatment (Winchell
et al, In Review). Further, pyrolysis and gasification
allow for intermediate treatrnent, or conditioning, of the
off-gas to remove or recover particulates and acid
pases before energy-producing combustion processes
(Asadullah, 2014).

Thermal reactions

Numerous thermal reactions are involved with pyzolysis,
gasification, and combustion, and a high-level overview
of these reactions is presented here. For a more detailed
treatment, the reader is directed toward Basu {2013),
Boateng (2020), and Higman and van der Burgt (2008)
for reviews of the process fundamentals of biomass pyrol-
ysis and gasification.

Pyrolysis

When considered as a standalone process, pyrolysis is the
thermochemical decomposition of an organic feedsiock
into a carbon-rich char and a hydrocarbon-rich off-gas. A
portion of the off-gas can be condensed into non-aqueous
(oil or tar) and aqueouns phase liquids. Fyrolysis is a
prerequisite step to generate the combustible char and
off-gas products from solid or heavy liquid fuels for sub-
sequent oxidation {partial or complete) in gasification or
combustion processes (Basu, 2013). The process is con-
ducted in the total, or near-total, absence of air or oxy-
gen, typically at temperatures between 300°C and 850°C,
with the lower end of the range representing the

LR TR PSS

transition from torrefaction (Basu, 2013; Bridle &
Pritchard, 2004). The off-gas contains a diverse mixture
of compounds, including hydrogen (Hy), methane {CH,),
carbon monoxide (CO), carbon dioxide (CO.), acetylene
(C,H,), ethylene (C,H,), ethane (C,Hg), propane (C;Hs),
benzene (CgH,), and others (Basu, 2013; Liu et al., 2017).
The vield of the different products depends on several
factors, including feedstock heating rate, catalysts,
maximum temperature (or pyrolysis temperature), and
residence time and heat distribution in the reactor
(Boateng, 2020). The heating rate is often used to distin-
guish broad categories of pyrolysis (Basu, 2013). Slow
pyrolysis is the term used to characterize systems
operating at lower heating rates (with corresponding
vapor residence times on the order of minutes) which
favors char production (Basu, 2013; Boateng, 2020). In
fast pyrolysis, residence times are on the order of seconds.
In addition to primary feedstock decomposition, second-
ary decomposition, or “cracking” of the larger molecular
weight condensable gases into lighter non-condensable
gas, can occur with extended vapor residence times and
higher temperatures (Gao et al., 2014; Han et al., 2019).
Secondary cracking can be promoted via the reaction of
vapors with heated char, sludge ash, or metallic catahysts
(Lin et al,, 2022, 2021). Pyrolysis produces a range of
products influenced by these environmental conditions
including all three material phases—solids, liquids, and
gases. Numerous review papers have documented the
yield distribution of sludge or biosolids pyrolysis products
at various processing parameters with the overall trend
being that as pyrolysis temperature increases, the biochar
yield (typically between 30% and 50%) decreases with a
corresponding increase in pas production (Chen
et al,, 2014; Gao et al, 2014; Hossain et al,, 2011; Jin
et al,, 2016; Lu et al,, 2013; Paz-Ferreiro et al., 2018; Song
et al, 2014; Yuan et al, 2015). The pyrolysis energy
reactions will depend on the processing conditions and
type of biosolids (Hessain et al., 2009) but often result in
a net energy requirement (Daugaard & Brown, 2003;
McNamara et al, 2016). As such, the process typically
requires supplemental energy for feedstock heating,
vaporization of moisture from the feedstock, and reactor
radiant heat loss (Ponsa et al., 2017).

Gasification

Gasification advances thermochemical transformations
beyond those in pyrolysis by reacting char and volatile
vapors with a gasifying medium (such as air, oxygen
[0;], or steam [H,O0]). Gasification refines gaseous
products of pyrolysis into 2 lower molecular weight fuel.
Specificafly, the full and partial oxidation of pyrolysis
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products yields CO and CO,, which are then reacted with
steam, elemental hydrogen, and carbon (C) in a final
reductive (or gasification) zone to generate an off-gas
consisting ‘mainly of CO, H, and CH, (Ahmad
et al,, 2016; Ofadejo et al,, 2019). The gasifying medium
feed rate and reactor operating temperature control the
extent of oxidation, heat release, and limits ash agglomer-
ation and heat production to support endothermic reac-
tions, reactor radiation losses, and latent and sensible
heat demands to maintain reactor temperatures at
approximately 800-1,000°C (Ahmad et al, 2016;
Basu, 2013). A summary of some of the primary reactions
within a gasifier is provided (Reactions 1-5) (repurposed
from Basu, 2013),

C+0:—CO;+heat  AH=—394kI/molC(Klass,1998)

(1)

C+1/20; »CO+heat AH=-111k]/molC

{Higman & van der Bugt, 2008)
(2)

CO+H,0—C0;+Hy+heat AH=—41kI/molC  (3)

(Knoef, 2005)

C+2H; — CH,+heat AH = —75kJ/mol C(Klass,1993)

(4)

C+COz4-heat—2C0 AH= +172k1/mol C
(Higman & van der Bugt, 2008)
(s)

Contemporary systems

Contemporary pyrolysis and gasification systems treating
sludge or biosolids must address operational issues asso-
ciated with systems from the past. Today, active installa-
tions have addressed historical shortcomings by
simplifying the process, repurposing demonstrated tech-
nology components, and improving system controls per
the following discussion.

Historical lessons

Sludge and biosolids pyrolysis and gasification systems in
operation or under development today in the US

represent the evolution of the technology from its initial
application in the early 1970s. To the authors' knowledge,
the first commercial-scale use of pyrolysis or gasification
with sludge was deployed at the Central Contra Costa
Sanitary District (Brown and Caldwell, 1976) when the
WRRFs two multiple hearth furnaces were run in
oxygen-deficient conditions during facility startup in
1975. Later, two 36-dry tonnes per day (dtpd) multiple
hearth furnaces were installed at the Arlington County,
Virginia Advanced Water Treatment (AWT) Facility in
1983 capable of incinerating or gasifying sludge by limit-
ing combustion air input and oxidizing the off-gas in an
afterburner with waste heat recovery (Kroll et al., 1983).
Full-scale operation of these furnaces demonstrated that
gasification of sludge was possible. However, both
WRRFS ultimately operated the systems in incineration
mode due to the additional complexity and cost of
maintaining the afterburner and heat recovery systems,

In a similar timeframe, the city of Los Angeles con-
structed an extensive sludge gasification system with
three trains, each with a capacity of 120 dipd. The system
was noted ¢o have operated for 10 years until being
decommissioned due to difficulties with the Carver-
Greenfield drying process and other considerations
(Haug & Lewis, 2014).

Several lessons learved at a pyrolysis plant in
Australia were identified (Bridle & Skrypski-
Mantele, 2004). First, the upstream solids processing per-
formance must be verified as the sludge quality varigbil-
ity required a capital upgrade of the dryer process.
Operators of the pyrolysis system benefit from an indus-
trial background to reliably manage the system, including
all related processes. Tubes in the off-gas condensing
equipment fouled and were replaced with a direct spray
systern. Regardless, the downstream oil-water separator
still required monthly cleaning, The authors noted other
issues with char handling and emergency venting that
required ancillary equipment modifications and
replacement.

A more recent gasification example includes the
160 wet tonnes per day (wipd) system at the city of San-
ford, Florida; the facility, owned by Maxwest Environ-
mental Systems, Inc,, was operated from 2009 to 2014
(Snyder, 2015). While initial operational issues required
costly modifications that ultimately led to the facilitys
closure, the modifications did result in a technology con-
figuration that achieved stable operations, albeit for a
limited time. Specifically, the dryer and dried praduct
delivery system were changed from batch to continuous
feed fo stabilize process loading and off-gas production.
The gagifier reactor was also changed from a fixed bed
updraft configuration to a fluidized bed to improve heat
transfer and temperature control. Discussion with a
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technology provider familiar with the facility’s operation
also identified system shutdown as an additional chal-
lenge (McGolden, 2021). The unit had to be shut down
with product retained inside to protect the uninsulated
steel floor from exposure to high temperatures. This
resulted in air intrusion and “burn out” of the product,
reaching high temperatures that would melt the resulting
ash into slag that required chipping out before starting
up again,

KORE Infrastructure completed a 6-year demonstra-
tion test of biosolids pyrolysis in 2014 at the Los Angeles
County Sanitation District's Joint Water Pollution Con-
trol Plant in Carson, California. The project'’s primary
finding was that system maintenance and rehabilitation
requirements during operation were primarily associated
with hydrogen sulfide corrosion from the pyrolysis off-
gas (Wirtel, 2021). High levels of hydrogen sulfide were
observed in the pyrolysis off-gas and KORE Infrastruc-
ture noted that their plans for future, permanent
installations will include a detailed pyrolysis off-gas char-
acterization and materials selection assessment to
address hydrogen sulfide corrosion potential.

Logan City Council (2021) in Queensland, Australia,
recently conducted a biosolids gasification demonstration
project at the Loganholme Wastewater Treatment Plant
between January and August 2020. During the project,
12 test runs of a multiple hearth gasifier manufactured by
Pyrocal Pty Ltd. were operated at a dried-biosolids feed
rate of 480 kg/h (74% of maximom capacity at 650 kg/M).
Ower the longer duration runs (100 h), system throughput
was reduced due to soot and tar build-up in the air mani-
folds. However, the soot and tar readily burned off when
the feed was paused, and an automated burn-off
sequence is planned for future operation at full scale.
Additionally, the pyrolysis off-gas’ non-sticky carben and
dust carryover overwhelmed the original spray absorber
scrubber and barrier filter located after the directly
coupled thermal oxidizer. As a result, the system was
modified to include a Venturi device at the front of the
scrubber instead of the barrier filter, In addition, a wet
electrostatic precipitator (WESP) is planned for inclusion
at full scale for improved dust control.

Newer generation pyrolysis and gasification systems
have incorporated these lessons learned into their design
and operation by improving construction materials, sim-
plifying design of energy recovery systems (i.e., using air
and hot water mediums in lieu of thermal oil or steam),
and integrating demonstrated technology components
(i.e., dust control and product feeding subsystems) with
modero instrumentation and controls to improve reliabil-
ity (McGolden, 2021; Mooney, 2021; Villa, 2021), While
substantial progress has been made in these systems, fur-
ther evidence of successful operation over the long term

FhH et BN

is required before they can be considered proven at com-
mercial seale.

Active installations

As discussed previously, application of sewage sludge or
biosolids pyrolysis and gasification has been limited so
far in the US. At the time of writing, the authors identi-
fled three commercial-scate facilities in operation
processing shudge in the US (Table 1),

All the systems noted in Table 1 consist of three core
unit processes, schematically represented in Figure 1.
The first process dries the sludge or biosolids to the
desired moisture content. The system then processes the
dried product through the thermal reactor where pyroly-
sis and, if intended, gasification occur. Finally, the off-gas
from the thermal reactor is combusted in a thermal
oxidizer for energy recovery and air emissions conirol.
Sub-unit processes include product feeding, residual char
handling from the thermal reactor, and energy recovery
systems. The following discussion and later technology
comparison section discuss these processes in more
detail.

Moisture reduction

The existing facilities demonstrate two approaches to
reducing moisture—a critical preparation step in sludge
or biesolids pyrolysis or gasification. The Ecoremedy and
Bioforcetech facilities use a discreet upftont drying step.
The Ecoremedy technology uses a single-pass rotary
drum dryer to produce a dried pellet meeting Class A
requirements under the USEPA biosolids regulations
40 CER. § 502 (Ecoremedy, 2021; USEPA, 1993), The
Bioforcetech pyrolysis facility uses batch-fed biodryers to
reduce moisture content through heating, applied via an
initial, exothermic composting step, and subsequently
from an auxiliary hot  water sysiern (BioForceTech
Corporation, 2022). The Aries Clean Technologies gasifi-
cation facility takes a different approach by using wood
waste and scrap tire feedstocks as bulking agents to
reduce the moisture content of the blended feed, which
allows for the recovery of additional energy from the gasi-
fication of the bulking agents (Rulseh, 2018). Tradition-
ally, thermal drying can be a costly, complex, and energy-
intensive process (WEF, 2018), and the use of bulking
agents represents an opportunity to eliminate this step.
However, feedstock blending with a downdraft gasifier
limits bipsolids content to approximately 10% of the
blended feedstock mass, which requires ongoing coordi-
nation with third-party suppliers (Rulseh, 2018).
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TABLE® Commercial pyrolysis and gasification facilities currently processing sludge in the United States
Maximum energy Reported mass
Location Technology vendor ~ Commissioned Rated capacity prodaction outpuat
Morisville Ecoremedy Fluid Lit 2019 32 wipd (27% total 2640 MI/h heat in 24 wipd
Munieipal Gasification™ solids) process air for
Authority, (Ecoremedy, 2021) thermal drying
Pennsylvania®
Silicon Valley BioForceTech 2018 14 wipd of dewatered, 320 MI/h heat in hot L1 wipd
Clean Waler Carporation digested biosolids water for drying
Authaority, RioDryer and {20% total solids)
California Pyroly=zis
(BioForceTech
Corporation, 2022}
City of Lebanon, Arles Clean 2016 29 wipd of blended 420 kW of eleciricity 1.5 wtpd
Tennessee Technologies waste wood, scrap from flue gas driven
Downdraft tires, and dewatered, organic Renkine
Gasification digested biosolids cycle generator
{Rulseh, 2018)

*System demenstration Tecently completed, and equipment decomnmissioned.

Pyrolysis FIGURE 1 Pyrolysis and
gasification process schematics
iltustrating the various sub-
Processes and differentiating use

Flue Gas I of a gasifying medium, air for
r Off-Gas
Available Heat
Feed .
Siudge Drying Pyrolysis |-— Char
Gaslfication
Flue Gas
Avaiiable Heat Off-Gas

Feed Fartial . .
—»1 Drying —» L Gasification — Char

Sludge Cambstion
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Each of these facilities processes a sludge that has
undergone aerobic or anacrobic biological freatment
before drying, Minimizing or eliminating upstream stabj-
lization presents an opportunity to increase the emergy
density of the feed sindge, especially for feedstocks
containing primary sludge from wastewater treatment.
However, stabilization provides equalization in flow and
loading to thermal drying processes. In addition, it safe-
guards the system from high levels of odors, internal
product adhesion, and reactor fouling, which have been
associated with dryer operations with unprocessed
primary siudge (WEF, 2018). Consequently, advance-
ments in drying technology and system design will be
required to reliably apply pyrolysis and gasification to
unstabilized sludge.

Thermal reactor

A variety of therma) reactor types exist for pyrolysis and
gasification, A brief description of reactor types applied
to wastewater sludge and biosolids at a commercial scale
is provided here. The reader is referred to Gao et al. (2020},
Patel et al. (2020), and Basu (2013) for a more
comprehensive discussion of reactor types and processing
parameters. Landen {2018) completed a survey of approx-
imately 200 biomass pyrolysis and gasification manufac-
turers worldwide and identified four primary reactor
types used by manufacturers operating at least five sys-
tems at commercial scale (10,000 tonnes capacity per
year) globally. A summary of the findings, updated with
mote recent technology installations, is provided here.

Landen (2018) identified three reactor concepis for
biomass pyrolysis relevant to sludge or biosolids: a heated
reactor with an auger, a reactor with a heated auger, and
a rotary kiln. The study also identified multiple reference
installations of batch kiln reactors used to produce char-
coal from wood biomass; however, the baich process
included a high operational and footprint demand that
can be prohibitive for WRRFs.

The heated reactor with auger, as manufactured by
PYREG GmbH and packaged by BioForceTech Corpora-
tion, uses a double-wall reactor where hot exhaust from
direct combustion of the pyrolysis off-gas is passed
through the outer chamber to heat the wall of the inner
chamber (BioForceTech Corporation, 2021). The
feedstock is transferred alang the inner chamber via a
shafted screw auger and absorbs heat from the wall while
undergojng pyrolysis. KORE Infrastructure manufac-
turers a pyrolysis system with a similar concept, where
two horizontal augured reactors are operated in series
inside a chamber heated externally with hot flue gas from
the pyrolysis off-gas burner (Kore Infrastructure, 2021},

Frro-trtrr i i

Feedstock characteristics are required to be kept within a
specific operating range to absorb heat evenly along reac-
tor walls to guard against material stress and ash agglom-
eration from localized hot spots.

ETIA Ecotechnologies alternatively uses an electyi-
cally heated, shaftless screw auger to convey and
heat biomass along an insulated reactor, improving
the sgystern’s capacity for temperature control but
eliminating the ability to meet prosess heat demands by
direct combustion of the pyrolysis off-gas (ETIA
Ecotechnologies, 2021).

The third reactor type transfers biomass along an
externally rotated kiln with an external heating chamber.
CHAR Technologies Ltd, is one representative manufac-
turer of this rotary kiln pyrolysis system that uses multi-
ple pyrolysis off-gas burners to provide process heat at
controlled rates to the heating chamber and requires off-
gas cleaning prior to combustion in the burner system,
creating the potential for tar condensation and associated
reduction in heating value of the offgas (CHAR
Technologies, 2021). However, the rotary kiln eliminates
the need for moving parts in the hot zone of the reactor
and the associated concern for material stress and wear.

Green Waste Energy employs a different technology
using a tower reactor that introduces the feedstock at the
top, which falls and undergoes pyrolysis treatment
(Green Waste Energy, 2021). Treated off-gas recycles to
burners installed on the tower jacket to satisfy heat
requirements, Landen {2018) established that 2 critical
feature of all pyrolysis reactor types is their ability to
minimize or eliminate contact between pyrolysis off-
gages and biochar to preserve characteristics of the latter,

In contrast to the indirectly heated pyrolysis reactor
systems described above, gasification derives its process
heat from the limited combustion reactions conducted
within the reactor, Consequently, gasification systems are
less dependent on reactor surface area, a feature that
Landen {2018) identified as a limiting factor for scaling
up pyrolysis reactors.

The introductory location of the combustion air, or
gasifying medium, is critical for heat distribution within
the reactor and is a primary differentiator between gas-
ifier reactor configurations (Basu, 2013). The feedstock
and gasifying medium enter the reactor from opposite
ends in updraift gasifiers. The pyrolysis process is allowed
to advance to separate off-gas from char, which then con-
tacts with combustion air. As the oxygen is depleted, the
gas moves toward the feedstock entrance, transferring
sensible heat and undergoing reductive, gasification
reactions.

Landen (2018) identified the moving grate gasifier,
manufactured by Ecoremedy LLC, as a promising reactor
type, in which combustion air is injected beneath a grate
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used to advance biomass through the process. The air is
injected in several zones, each of which can be modeled
as individual updraft gasifiers to control system tempera-
ture and char oxidation.

The gasifier manufactured by Pyrocal Pty Ltd. uses a
multiple hearth reactor that transfers biomass by rotating
rake arms and introduces combustion air in the fina]
zone where the hot gases pass up through the reactor
(Logan City Council, 2021), In downdraft gasifiers, the
feedstock and oxidizing medium are introduced at the
reactor entrance to promote immediate contact with
pyrolysis off-gas, promoting pyrolysis off-gas cracking
and tar reduction.

A similar concept is employed in fluidized bed reac-
tors where the air and feedstock are reacted together in
an inert fluidized bed to promote mixing and heat trans-
fer. The design subjects the gas stream to gasification
reactions as it travels toward reactor zomes where the
oxygen has been consumed. The fluidized bed reactor
allows for operation at larger scale, as evidenced by the
current development of two large fluidized bed gasifica-
tion facilities by Aries Clean Technology in urban centers
in the US (Aries Clean Technologies, 2021).

Energy recovery

Energy recovery is currently employed in pyrolysis and
gasification faciliies that process waste streams. The
energy recovety step is typically achieved through onsite,
direct-combustion of the off-gas instead of processing it
for use offsite chemical or fuel production. Product
conditioning to produce an off-site chemical or fuel (most
commonly a bio-oil from pyrolysis and syngas from
gasification) is a highly complex field of study. Special-
ized knowledge is required to design and operate these
systems (Han et al., 2019).

One concern of pyrolysis and gasification is the
resulting condensable fraction (aqueous or non-aqueous)
of the off-gas, commonly referred to as tar, that forms as
a liquid in low-temperature zones of a reactor and down-
stream gas handling equipment (Ponsa et al., 2017). Tar
is a viscous liquid that can plug downstream passages
and energy conversion equipment, including gas engines
{Basn, 2013). Tar production can be minimized through
reactor design and off-gas cleaning; however, off-gas
cleaning processes impart an operational and parasitic
energy demand which can result in difficult to treat waste
streams (Basu, 2013).

Alternatively, tar production can be induced under
controlled conditions for energy recovery (Gao
et al., 2020; Haghighat et al., 2020; Hossain et al., 2009;
Kim & Parker, 2008). However, handling of the liquid

material introduces unique challenges. The higher oxy-
gen content in biomass feedstocks compared to fossil
fuels results in a bio-oil product that is less energy-dense,
potentially unstable in combustion applications, corro-
sive, and increasingly viscous over time (Basu, 2013).

Thermal oxidizers {direct combustion) employed at
the three existing, commercial-scale facilities combust raw
off-gas from pyrolysis or gasification directly before tar has
a chance to form (BioForceTech Corporation, 2022;
Ecoremedy, 2021; Rulseh, 2018). Thermal oxidizers miti-
gate operation risks and convert all the chemical energy
stored in the condensable and non-condensable fractions
of the off-gas (Niessen, 2002). The heat from thermal oxi-
dation can be transferred through heat exchangers to pro-
cess air, hot water, steam, or drive an organic Rankine
cycle (ORC) generator, which is used at the Aries Clean
Technologies facility. A schematic of the sequential pro-
cesses occurring with pyrolysis and gasification followed
by direct combustion is provided in Figure 1.

The defining question for the energy balance of each
system is whether the available heat recovered from com-
bustion js sufficient to meet the demands for upfront dry-
ing and internal heat sinks. As conventional thermal
drying has historically required a large amount of fuel,
drying with pyrolysis and gasification requires a relatively
high level of conversion efficiency to achieve autothermal
operation (WEF, 2018).

A conceptual relationship between the efficiencies
required for converting chemical energy in slhudge or
bicsolids to meet the heat demands of conventional
and developing high-efficiency dryer technologies
(e.g., biodryers) is presented in Figure 2, While unreacted
carbon in char limits recoverable heat, as well as various
other heat sinks, direct combustion of pyrolysis and gasi-
fication off-gases, theoretically, can exceed the heat
needed for drying; however, the net impact has not yet
been quantified, as operational data from full-scale facili-
ties are not yet publicly available. Future work is required
to assess operational data to measure and verify critical
process variables and energy performance indicators,
such as percent available heat recovery from feedstock, to
verify suceessful operation.

Operating conditions

Given that these technologies are emerging in the
wastewater markeiplace, several equipment suppliers
were surveyed to document operating conditions, Table 2
summarizes the information collected based on the
dewatered solids characteristics footnoted. The unit feed
rate ranged broadly with capacities capable of handling
solids output from most WRRFs with a single train.
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FIGURE 2 Net percent heat recovery from
feed sludge chemical energy required to reduce
pyrolysis or gasification feedstock moisture to
10%. Assumes (a) thermal efficiencies for
dryerms of 3.0 and 1.5 kJ-heat/g-water,
respectively (BioForceTech Corporation, 2022;
WEF, 2018); (b) input sludge higher heating
wvalue of 23.8 kI/g-volatile solid (Niessen, 2002);
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and (c) volatile solid contents of 65% and 80% - STABRIZED
for stabilized and unstabilized dudge, !
respectively (WEF, 201%) 0 | UNSTARILIZED
| HGHEFFIOENCY
o] ORYING ..

Percant of Feed Siudge Heating Value Required to Reduce
Pymolysis or Gasification Feedstock Moisture to 10 Parcent

Diyer operation varied the most between vendors
compared to the other unit processes. Solids residence
time in the dryers refiected the operating temperatures
(ie., increasing time with lower temnperature). Supplier
2 differed the most from others based on the biologically
diiven heating concept resulting in the highest emergy
efficiency but the longest solids residence time. Overall,
divers required the bulk of the energy recycled in the
process.

Thermal reactor operation values were more consls-
tent across the suppliers surveyed. Target operating tem-
peratures ranged over 300°C, but vendors noted the value
must be medified depending on the off-gas and char pro-
ducition goals. Gas residence times also appeared
supplier-tailored and ot technology-dependent as some
operated at approximately 1s while others approached
10 s, Suppliers reported similar solids residence times
except Supplier 1, which processed up to six times longer,
Pyrolysis systems did require recycled energy o maintain
operating temperatures where the pasifiers used the heat
reteased from internal partial combustion.

Each supplier provided the thermal oxidizer to
destroy poliutants and liberate heat from  the
hydrocarhon-rich off-gas combustion. The suppliers oper-
ated at similar temperatures and residence times, except
Supplier 1 exceeded the temperature range provided by
the others. This high temperature is conceivable given
the relatively low stoichiometric air requirement, which
acts as a heat sink.

The resulting char characieristics in Table 2 ace an
example only, Bach supplier can change their process to
shift the char to either more or less carbon-rich
depending on the site-specific poals. For example, Sup-
plier 1 typically converts the feedstock to ash compared

Molsture Content of Feed Siudge

to Supplier 2 who intentionally produces a char product
with high carboen content. A higher carbon char reduces
the amount of heat released during the thermal
conversion and can lead to supplemsntel fuel require-
ments but provides a potential means for long-term
carbon sequesiration in the char product (Callegari &
Capodaglio, 2018; Patel et al., 2020; Racek et al., 2020).
Alternatively, a lower carbon char reduces the mass of
residual product needing 1o be managed,

Char

During pyrolysis and gasification, off-gas production
incresses as temperatures increase, while char yields
decrease (Song et al, 2004; Yuan et al, 2015). Sludge-
and biogolids-derived char have been widely studied for
their beneficial rense potentiad, primarily as soil amend-
ments for tuxferass and agricultural crop applications
(Callegari & Capodaglio, 2018). Char is 2 bheneficial soil
amendinent; however, properties important to soil gual-
ity, such as pH, cation exchange capacity, and nuiri-
ents, can vary widely and are dependent on feedstock
and pyrolysis temperatures (Al-Wabel et al., 2018).
Additionally, while char can be described as a material
derived from sludge or biosolids, as defined in USEPA's
biosolids regulations 40 CF.R. §503 (USEPA, 1993), it
may be a lengthy process for producers to receive
recognition of char as an Exceptional Quality or Class
A biosolids product from regulators and use it as a soil
amendroent.

Char from a range of feedstocks, including siudge and
biosolids, has been shown to have a liming effect on soils,
improve water bolding capacity, and inveease crop
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TABLE 3 Chemical properties of sludge- and biosolids-derived char
Biosolids/ Land Application
Parameter® Unit  sladge 300°C 400°C 500°C 600°C 790°C Limits BQ/Ceiling
pE™ 44-12 53-73 4985 6.5-9.9 8.1-12 8.4-12
Susface Area™  mi/g 2218 5.3-20 0.1-23 3.2-52 12-27 27
Carbon®£d wt%  21-38 23-27 20-23 18-21 20-21 20
Nitrogen® - wEE  3.0-5.4 3.3-6.1 2438 13-3.1 1527 0.91-1.2
Phosphorus™ ™ wtg 1552 3.54.1 3.4-43 3.6-6.1 45 4.9
Potassium™*®7  wt% 008075 011075 02-090 0JI3-10 02613 17
Sulfur*H wL%  0.67-5.2 06245 06147  050-59  0.55-0.87 6.2
Zinc™ mgfkg  306-2,580  321-1417 986-2,572 411-2,822 1,090-3368 L090-2,175  2,800/7,500
Copper™ mglkg 115-1,218  152-1,150 213-1,551 138-1674 209-1,607  227-1,500  1,500/4,300
Lead™ mgkg 203,740 115-4,410 834900 93-5120  111-5250  132-5200  300/840
Nickel*o8 mg/kg 23112 50-182 95-165 35-292 101-219 103-195 420/420
Cadmium™ mg/kg BDL-169 26-197 28225 32235 129 3.2-123 39/85
Arsenjc™ohd mg/kg <3-26 <3-27 <3-31 <3-32 35 <3-37 41/75
Selenium® mg/kg <66 <6.6 <6.6 <6.6 <6.6 <6.6
Chromium®™ ™ mg/kp  20-449 79-108 61665 61-1,065  106-1,374  B3-103
Manganese®™  mgfkp  55-748 58-494 536-731  80-1,076 1,383
Cobalt™*/ mglkg 2120 16-22 19-25
Reference(s) b b, fij cd fhi b-d, £ i i USEPA {1993)
*Showing range of reported valwes for blosolids/sludge and different pyrolysis temperstures. BDL = below detention limit. BQ = exceptional quality.
bde Figueiredo et al. (2019).
“Hossain et al. (2011).

4Tin et al, (2016).

®Khan, Chao, et al. (2013).
L.z et al. (2013).

EMéndez et al (2012).

bsong et al (2014).
YYuan et al. (2015).
IChagns et al. (2021).

nutrient availability (Jeffery et al, 2011; Jellali
et al., 2021; Racek et al., 2020). Increasing pyrolysis tem-
peratures increase sludge- and biosolids-derived char pH,
surface area, pore-volume, total phosphorus (TP), and
potassium (K) concentrations and decrease nitrogen
(N) concentrations (Table 3). Therefore, tarpeting specific
char characteristics could be achieved by using select
ternperatures. For example, land applying biosolids-
derived char (produced at 300°C and 500°C) at
15-tonnes/ha to a moderately acidic soil increased pH,
TP, and corn grain yield and did not result in an accumu-
lation of heavy metals, indicating that char could be a
suitable replacement for mineral fertilizers (de Figueiredo
et al, 2019, 2020). Sludge-derived char (produced at
600°C) applied at 1.7-tonnes/ha was also beneficial to
moderately alkaline soils, increasing TP and K concentra-
tions and corn yield while decreasing the uptake of
metals (Xie et al., 2021),

In char, nutrients, such as N, phosphorus (P), X, and
sulfur (S), follow different fate pathways during thermal
processing. Up to 40% of the N in bicsolids can be lost to
the gas phase, primarily as ammonia and hydrogen cya-
nide, at temperatures up to 800°C (Chen et al., 2011; Wei
et al., 2015). Similarly, Hossain et al, {2011) found that up
to 40% of S volatilized with increasing temperatures, P
and K, however, become concentrated in char on a mass
concentration basis as biomass is lost (Table 3; Lu
et al., 2013; Yuan et al, 2015). TP concentrations in
biosotids-derived char increased by 40% to 50% at 700°C,
indicating P was associated with the inorganic fraction of
biosolids (Hossain et al., 2011; Yuan et al., 2015).

The pyrolysis and gasification of sludge and bicsolids
volatilize a small portion of heavy metals in the feed-
stock; however, the remainder is concentrated in the char
due to the loss of biomass (Chanaka Udayanga
et al., 2018). Pyrolysis of sludge and biosolids resnlts in a
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reduction of leaching and bioavailability to plants relative
to the feedstock (Jin et al,, 2016; Lu et al., 2016), Méndez
et al. (2012) demonstrated that studge pyrolysis decreased
the plant-available and mobile forms of nickel (Ni), zinc
(Zn), copper (Cu), and lead (Pb). When blended with
agricultura} soil, the leaching of Cu, Ni, cadmium (Cd),
and Zn from char was lower relative to raw sludge. This
enhanced sorption is attributed to the large surface area,
porous structure, and complexation with surface func-
tional groups and has also been shown to reduce the
uptake of polycyclic aromatic hydrocarbons (PAHs) by
plants and remove micropollutants, including metals,
hormones, and pharmaceuticals and personal care prod-
ucts (PPCPs) from wastewater (Khan, Wang, et al., 2013;
Kimbell et al., 2018; Tan et al., 2015; Tong et al., 2019).

Char has agronemic value, mainly due to the carbon,
nuirients, and liming effect when blended with soils.
Char has also been shown to have carbon capture and
sequestration benefits that are being investigated
(Callegari & Capodaglio, 2018; Patel et al., 2020). Char
may also be used directly in wastewater treatment, taking
advantage of its contaminant sorption properties (Xie
et al,, 2021); however, Tong et al, (2016) found that the
sorption capacity of biochar for triclosan in secondary
effluent was suppressed due to the presence of total
suspended solids and other organic constituents. Racek
et al. (2020) noted that char from organic material is too
valuable for land application and can be used to store vol-
atile nutrients, as an absorber for removing odor, insulat-
ing material in the building industry, energy storage in
batteries, and filters for landfills. Because of the potential
value of char, several pyrolysis system suppliers indicated
that they would manage char at no cost, and one indi-
cated the potential for profit-sharing.

Air emissions

Pyrolysis and gasification technologies include a gas-
phase output that requires treatment to mest air emis-
sions regulations. WEF (2009) provided a general over-
view of the permitling process for sewage sludge
incinerztors which would generally apply to pyrolysis
and gasification systems. Pyrolysis and gasification tech-
nologies are not classified under the USEPA (2011) Sew-
age Sludge Incineration Rule, 40 CFR. § 60, but each
installation requires a site-specific applicability deterrai-
nation ruling from the USEPA. However, recent action
by the USEPA may lead to the promulgation of future
regulations (USEPA, 2021b) for these technologies.
Contemporary air pollution control systems can be
configured to meet regulatory emissions limits. System
suppliers have a wide array of air pollution control
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equipment options fo meet emission criteria. Potential
equipment for use with pyrolysis and gasification systems
is covered in depth in combustion-based references
(Niessen, 2002; WEF, 2009). The pyrolysis facility cur-
rently operating in the US and the gasification facility
that recently completed its trial operation both employ
similar air pollution control equipment to meet regula-
tory limits and prove system performance for future
applications. In either case, the thermal oxidizer com-
busts the off-gas from the thexmal reactors, converting
organic pollutants to CO, and H,O at high efficiency
(Niessen, 2002). Subsequently, wet scrubbers collect par-
ticulate and acid gases. The gasification facility uses a
cyclone upstream of the wet scrubber to capture particu-
lates. Before atmospheric discharge, an activated carbon
filter provides the final cleaning step—mercury (Hg) and
trace organic compound removal

By cperating at substoichiometric oxygen levels, pyrol-
ysis and gasification technologies offer a unique opportu-
nity to minimize nitrogen oxide (NOyx} emissions. In
contrast, other common pollutants require air pollution
control processes to meet regulatory limits (Winchell
et al, In Review). Thermal- and fuel-bound mechanisms
produce NOx in thermal processes, with the former being
insignificant at temperatures less than 1,093°C when
processing WRRF sludge or biosolids (WEF, 2009). The
fuel-bound mechanism requires oxygen in the presence of
N in the sludge or biosolids to produce NOy. Fuel-bound
N primarily converts to N; and ammonia (Basu, 2013).
Pyrolysis and gasification systems may also sequester some
N in the char (Tables 2 and 3), limiting NOx emissions.

UNREGULATED CHEMICAL
REMOVAL AND DESTRUCTION

The potential for pyrolysis and gasification to provide
onsite destruction of PFAS and other emerging pollutants
in shudge or biosolids warrants industry interest. The sig-
nificant reduction or complete removal of these
chemicals from sludge- or biosolids-detived char may
assist WRRF land application or beneficial reuse pro-
grams. While some work has been advanced to fully elu-
cidate these chemicals’ fate and transformation products
in the residuals, ofls, and gases from thermal treatment
technologies to enable proper management, additional
research is needed.,

PFAS

Significant emphasis has been placed on PFAS in sludge
and biosolids due to their ubiquitous detection
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throughout the environment and recalcitrant nature
(Winchell et al., 2022). Kim et al. (2015) conducted pyral-
ysis expetiments with wastewater solids at laboratory
scale at 300°C and 700°C, finding no significant change
of PFAS in the biochar. By contrast, Kundu et al. (2021)
demonstrated removal of all measured PFAS species in a
municipal biosolid sample to non-detect levels in char at
temperatures ranging from 3500°C fo 600°C. Xiao
et al. (2020) investigated the thermal stability of several
PFAS on granular activated carbon (GAC) in various
reducing atmospheres. The study observed that more
than 80% of perfluorooctancic acid (PFOA) and
perfluorocctanesulfonic acid (PFOS) adsorbed on GAC
was converted to fluoride ions at temperatures exceeding
700°C, and concentrations of both compounds were
reduced by more than 99.9%. In a recent study, at temper-
atures of 500°C, Willlams et al. (2021) found, in
unreviewed research, three of 28 targeted PFAS species,
of nearly 8,000 compounds in the PFAS family
(USEPA, 2020), could be detected, all at less than 0.5
parts per billion (dry weight), or pg/kg, in the resulting
biochar and the 28 PFAS were removed to non-detect
levels at 700°C. While this study showed promise for a
handful of the PFAS that are potentially present in sludge
or biosolids, further study is meeded to validate PFAS
removal at full-scale as it is expected that the feedstock
size, char hold time at pyrolysis temperature, and char
porosity may impact heat diffusion through the feedstock
and overall PFAS removal rates. Thoma et al. (2021) pres-
ented the first PFAS removal results from a full-scale
pyrolysis system processing dried biosolids, This research
analyzed 41 PFAS in the dried biosolids and biochar. The
study measured 21 PFAS ranging in concentration from
2 to 85 ug/kg in the dried biosolids. No PFAS were
detected in the biochar, resulting in 81.3% to 99.9%
removal when using the method detection limit concen-
tration. The researchers identified hydrogen fluoride
(HF), tetrafluoromethane (CF,), and hexafluoroethane
(CzFe) in the flue-gas after the thermal oxidizer but dis-
agreement in results of different test methods and
potential contamination prevented the authors from
making definitive conclusions. Indirect measurements of
the gas-phase PFAS in the drain from the wet scrubber
used for air emissions contro] erratically detected PFOA
but all samples contained measurable amounts of per-
fluorooctane sulfonamide (PFOSA) with the latter not
co-identified in the dried biosolids. The authors hypothe-
sized the PFOSA detection may have resulted from the
more sensitive analytical method applied to the scrubber
water compared to the dried biosolids but needs further
investigation, In addition to the transformation through
pyrolysis or gasification processes, the boiling point data
for PFAS suggest they are retained with the solids

through the prerequisite drying step:; however, some
transformation between compounds has been hypothe-
sized by comparing the feedstock and dried product (Kim
Lazcano et al., 2020).

Williams et al. (2021) analyzed the pyrolysis off-gas
stream for 31 specific PFAS in a bench scale setting. They
found that the limited detection resulted in a combined
mass removal efficiency of 84.4% and 95.6% of measured
PFAS, including that found in the char at the two
experimental temperatures. Pyrolysis and gasification pro-
vide opportunities to thermally decompose PFAS, which
has been demonstrated in oxygen-deficient conditions at
temperatures as low as 600°C (Taylor & Yamada, 2003;
Yamada et al, 2005). And, while the formation of
elemental hydrogen and resulting thermal cracking
reactions in a gasifier may enhance the destructive poten-
tial via hydrodefluorination, the presence of several
organcfluorine transformation products, including simple
perfluorinated compounds, have also been jdentified in the
off-gas (Yamada et al., 2005). Further analysis of the extent
to which transformation products are present is required
to assess the efficacy of pyrolysis or gasification as a
standalone treatment option. Further, many of the smaler,
perfluorinated by-products require higher temperatures for
degradation than the parent compounds (Winchell, Ross,
et al, 2021). Thus, generating substantially more mobile
PFAS transformation products in the off-gas is a risk,

The direct combustion of pyrolysis and gasification off-
gases provides a promising opportunity to fully oxidize
PFAS transformation products with subsequent removal
of the hydrogen fluoride in downstream air pollution con-
trols. The direct combustion systerns used with pyrolysis
and gasification to date include thermal oxidizers such as
those permitted as the best available control technology
(BACT) for PFAS treatment from emissions at the Saint-
Gobain Performance Plastics (SGPP) and Chemours
industrial facilities (Beahm, 2019; Focus Environmental
Ing., 2020). These facilities are required to maintain a min-
imum combustion temperature of 980°C with initial resi-
dence times proposed from 0.75 to 12s. Initial stack
testing at Chemours suggests these operating conditions
meet the 99.99% destruction efficiency of specific PFAS as
mandated by permit (Focus Environmental Ine., 2020). In
addition, targeted and non-targeted PFAS analyses of
pyrolyzer/gasifier off-gas and thermal oxidizer five gas uti-
lizing fluorine balance techniques such as total organic
fluorine {TOF) can be conducted to verify destruction
(Winchell, Wells, et al., 2021), Therefore, developing and
validating laboratory-scale pyrolysis or gasification and a
direct combustion system with commercial-scala applica-
tions could provide the industry a valuable tool to evaluate
various operating parameters at a smaller scale and
teduced cost.
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Other chemicals

Unregulated chemicals, including PPCPs, steroids, hor-
mones, and other emerging poliutants, have been
detected In wastewater effluent, sludge, and biosolids
(McClellan & Halden, 2010; Patel et al, 201%
USEPA, 2009). Some of these chemicals can be fully or
partially degraded by conventional wastewater treatment
processes, but others remain in the effluent or partition
te sludge and biosolids (Kinney et al, 2006; Luo
et al, 2014; Spongberg & Witter, 2008; Walters
et al., 2010). Sorption potential was identified as a pri-
mary factor governing chemical persistence in biosolids
(Heidler & Halden, 2008). PPCPs with log K, values
greater than 5.2 or log K, values greater than 4.4 were
predicted to have the greatest persistence in biosolids.

PPCPs frequently detected in biosolids include tri-
clocarban, triclosan, miconazole, tetracycline, d4-epi-
tetracycline, norfloxacinh, ciprofloxacin, doxycycline,
paroxetine, and ofloxacin (Guerra et al, 2014;
USEPA, 2009). McClellan and Halden (2010} determined
mean concentrations of 72 PPCPs from 110 biosolids
samples and identified triclocarban, triclosan, ciproflaxa-
cin, ofloxacin, 4-epitetracycline, tetracycline, minocycline,
and diphenhydramine as having the highest concentra-
tions. In 2016, however, the US. Food and Drug
Administration issued a fingl rule establishing that 19
specific ingredients, including triclosan and triclocarban,
were no fonger generally recognized as safe and effective,
prohibiting companies from marketing soaps as
antibacterial if they contain one or more of these ingredi-
ents. Brose et al. (2019) reported that companies promptly
removed these compounds from products with a 70%
decrease in triclosan and triclocarban in per capita influ-
ent loading into seven WRRFs from 2012 to 2017. There
was a corresponding 70% decrease in triclosan and an 80%
decrease in triclocarban concentrations in biosolids.

Most studies evaluating the ability of pyrolysis to
remove unregulated chemicals have been conducted using
temperatures below 600°C. For example, Mercl et al. (2021)
tested 69 pharmaceuticals from 27 drug classes in bio-
solids, They found that pyrolysis at 420°C resulted in con-
centrations for all pharmaceuticals below detection limits
in the char. Similarly, Mofko et al. (2021) reported that
temperatures as low as 400°C were sufficient to transform
amifriptyline, caffeine, carbamazepine, diclofenac, dosn-
lepin, hydrochlorothiazide, ibuprofen, metoprolol, and
saccharin to bhelow detection limits. Ross et al, {2016)
reported that pyrolysis removed the antimicrebials tricle-
san and triclocarban to below the quantification limits at
300°C and 200°C, respectively. They also found that
nonylphenol, an endocrine-disrupting compound, was
removed at 600°C. Endocrine disruptors and hormones
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were effectively removed from biosolids with pyrolysis at
temperatures as low as 400°C, with removal efficiency
increasing with temperature (Hoffman et al., 2016; Mo¥ko
et al,, 2021). Ni et al. (2020) tested pyrolysis at tempera-
tures between 150°C and 500°C and recommended at least
450°C to remove microplastics present in biosolids. PAHs
and polychlorinated biphenyls (PCBs) were removed with
pyrolysis; however, temperatures over 600°C were
required to achieve removal efficiencies greater than
99.8% (Mokko et al, 2021). Kimbell et al. (2018) demon-
strated that pyrolysis of biosolids at 500°C and higher
resulted in approzimately 6-log removal of antibiotic-
resistant genes. These studies suggest that pyrolysis is a
practical treatment pathway for transforming unregulated
contaminants. As discussed previcusly, the emerging pol-
lutants of interest in the sludge or hiosolids wili likely be
retained through the upfront drying step due {o evapora-
tive cocling; the process temperature is often maintained
below 80°C.

The fate of emerging pollutants during the thermal
treatment of sludge and biosolids is not fully understoed,
Although studies have shown that thermal treatment
effectively transforms many unregulated chemicals from
the solid phase, there is a lack of data regarding concen-
trations of these chemicals and their transformation
products in the resulting oils and off-gases. Studies have
suggested that PPCPs, PAHs, PCBs, endocrine disruptors,
and hormones either volatilize or decompose due to thejr
physicochemical properties (Mosko et al., 2021; Ross
et al, 2016). Ross et al. (2016) found that compounds
with higher vapor pressures were more likely to volatilize
while compounds with lower vapor pressures had longer
retention times and were more likely to be ransformed;
reductive dehalogenation was suggested as a mechanism
for the transformation of triclocarban. Hu et al. (2020)
investigated the concentration of 16 PAHs in pyrolysis
products from different sewage sludges. They found that
most PAHs were formed during pyrolysis and mainly
ended up in the oil and off-gas with higher temperatures,
promoting more significant PAH formation in the oil.
Like the fate of PFAS through pyrolysis, the coupling of a
thermal oxidizer leads to extensive destruction of the vol-
atilized PAH compounds, but further research must be
completed to verify this finding.

CONCLUSIONS

The suppliers surveyed as a part of this work prove that
the interest in pyrolysis and gasification technologies to
process WRRF sludge or biosolids continues despite his-
torical challenges. The quintessential benefit of these
technologies is reducing the amount of mass requiring
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subsequent management or disposal. This mass also has
properties supporting beneficial reuse applications if reli-
able markets can be adequately developed. Potential
transformation or destruction of emerging pollutants
such as PFAS also increases their attractiveness to WRRF
facilities looking for proactive solutions or hedging
against future regulations. The processes identified can
utilize the energy present in the sludge and biosolids to
satisfy the thermal requirements.

While promising, these technologies are just entering
the US market. Of the suppliers surveyed, three have a
single system that can be considered full scale, while the
others are in construction or pilot scale development.
These suppliers have zlso noted several additional full-
scale facilities in construction or development, indicating
the industry will soon have several examples to evaluate.
Detailed evaluation of these facilities for several years
after startup is recommended to determine whether
operation and maintenance requirements, retiability,
performance, energy recovery, and other aspects gener-
ally warrant widespread adoption of the technology.
Nevertheless, with the current pyrolysis and gasification
installations and those being planned, the wastewater
treatment industry has three high-temperature alterna-
tives for studge or biosolids processing.
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ADDRESSING THE IMPACTS OF PFAS IN BIOSOLIDS

An overview of regutations, treatment & challenges surrounding PFAS in biosolids

In recent years, per- and polyfluoroaliyl substances (PFAS) (https://www.wwdmag.com/contaminants/pfas-



101-forever-chemicals-drinking—water) have become a topic of public concemn, particularly when discovered in
drinking water supplies. PFAS are a family of more than 3,000 man-made chemicals that have been
manufactured and used since the 1940s. This large class of fluorosurfactants have unique chemical and
physical properties, which make them extremely persistent, as well as mobile, in the environment.

The carbon-fluorine {C-F) bond in PFAS is the strongest bond in chemistry which does not break down
naturally in the environment. Long-chain PFAS, specifically perfluorooctane sulfonate (PFOS) and
perfiuorooctanoic acid (PFOA), have besn phased out since 2002. Many replacement compounds are poly~
fluorinated and could degrade into precursors of long-chain legacy compounds. The prevalence of PFAS in
the environment has raised concerns about the possibility of their adverse health impacts. An illustrative
example of a PFAS molecule is shown in Figure 1.

Advertisement

PFAS in Biosolids

PFAS compounds are not directly generated at water resource recovery facilities (WRRFs), but rather enter
WRRFs from other sources. Examples include through wastewater generated at industrial facilities that
produce or process PFAS, through leachate from landfills that contain PFAS-laden wastes, through municipal
wastewater with background levels of PFAS and through contaminated storm water, among athers. According
to the Interstate Technology Regulatory Council (ITRC), typical treatment methods at WRRFs do not remove
or desfroy PFAS, and a portion of those compounds may partition to sludge. Figure 2 describes the PEAS
fate and transport at a typical WRRF.

Comimon sludge treatment (https:IMww.wwdmag.comlsludge-dewateringlwhat—activated—sludge) processes,
such as lime treatment, digestion, thermal drying, and composting do not reduce PFAS in sludge. Therefore,



PFAS are present in both plant effluent and in biosolids at U.S. WRRFs. The most common PFAS
compounds in sludge are PFOS (<10 to 1,100 ng/g dry welght) and PFOA (1 to 240 ng/g dry weight). As
expected, the concentration of PFAS in biosolids is higher at WRRFs that serve industrial customers.

In 2004, a North East Biosolids and Residuals Association (NEBRA) survey showed that approximately 55%
of wastewater solids are recycied to soils as biosolids, about 30% are landfilled, and about 15% are
incinerated. Each of these management options may lead to environmental releases of PFAS. For example,
PFAS may transport from landfilled solids to groundwater (unfined landfills) or leachate (lined landfilis). Low
temperature incineration may cause PFAS to be transferred from the solid matrix to the air. PFAS may also
be released from land applied biosolids to the soil matrix, groundwater
(https:/iwww.wwdmag.com/groundwater?type=All&page=1) or surface runoff
{htips:/iwww.wwdmag.com/industrial-water-wastes-digest/asphalt-company-fails-protect-river-runoff).

However, the fate and fransport of PFAS from biosolids is dependent on several factors. The type and
concentration of PFAS must be well understood since the compounds are known to have varying physical
and chemical properties. Site characteristics, such as soil properties, weather patterns, plant uptake, and

biosolids application methods, impact environmental transport of PFAS. Agencies such as the U.S. EPA
Office of Research and Development, the Water Ressarch Foundation (WRF), and several others are
investing in research to improve knowiedge of PFAS transport and provide guidance to regulators.

FIGURE 1. PFAS molecule
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PFAS Regulations & Impacts on Biosolids

In 2018, the EPA published Drinking Water Health Advisories for PFOA and PFOS at a combined level of 70
parts per trillion (ppt). In February 2019, EPA issued its PFAS Action Plan that included a goal to move
forward with a regulatory determination for PFOA and PFOS limits in drinking water. Many states adopted
their own regulations, typically at levels below the 70 ppt health advisory level. Implementation of drinking
water limits have impacted biosolids (https:ﬂwww.wwdmag.oomibiosolids-management?type=All&page=0)
beneficial use programs at WRRFs.

At the federal level, regulations have not been promulgated for PFAS in biosolids. The state-spacific
regulations and guidelines involve concentration limits of different PFAS compounds in drinking water,
groundwater, and, in a few cases, surface water, Only Maine has imposed a limit on three PFAS compounds
in biosolids.

As of July 2021, there is no EPA approved method for sampling PFAS in biosolids. Meanwhile, drinking water
limits have been imposed on biosolids due to the fear that PFAS may migrate to groundwater. Despite the
lack of clear guidance, active investigation of biosolids treatment technologies for PFAS removal is underway.

Advertisement

Treatment Alternatives for PFAS in Biosolids

Several treatment and mitigation options can be considered when addressing PFAS in biosolids. While
source reduction is the most cost effective and efficient solution, existing and emerging technologies are
avalilable. It is anticipated that future regulatory action will streamline research and development of
technologies to reduce PFAS from biosolids. Treatment alternatives include the following.

Source Reduction. The strength of the C-F bond increases the ability to bioaccumulate and not readily
degrade. Therefore, the easiest and most cost-sffective method to reduce PFAS in biosolids is to mitigate
discharges to the WRRF. This could be achieved via 1} reduction of point source discharges from industry;
and 2) reduction in background concentrations via drinking water treatment. Both can be achieved through
regulatory action, such as setting a PFAS limit via Industrial Pretreatment Programs (IPP), or selting drinking
water limits.



Incineration. As of July 2021, thermal destruction is the preferred treatment technology to remove PFAS
from biosolids, since high temperatures are nesded to break the C-F bond. Incineration is the combustion of
residual solids to ash and combustion gas and is commonly used for the destruction of persistent organics
from hazardous waste. The EPA is actively investigating the time temperature regimes needed to remove
PFAS via biosolids incineration. Packaged dryer-incinerators are also available for on-site biosolids
destruction and waste heat recovery at WRRFs. A combined dryer-incinerator could be an energy efficient
method to destroy PFAS while generating an end product {ash) that has lower mass and volume. However,
incinerator systems are expensive and must meet stringent air permitting requirements. A photograph of a
biosolids incinerator stack is shown in Figure 3.

Several emerging sludge treatment technologies exist that could meet the goal of reducing biosolids disposal
costs and PFAS mitigation. Emerging technologies include pyrolysis, gasification, and supercritical water
oxidation and are described in more detail below.

Pyrolysis/Gasification. Pyrolysis is the thermal decomposition of materials at high temperatures (greater
than 450 to 500°C) in the absence of oxygen. The process involves treating dried sewage sludge in a closed
pressurized high-temperature reactor vessel. The final products include pyrolysis gas (H2+CQ+CO2+cthers),

bio-oil and biochar. The benefit of pyrolysis is that it further reduces the mass of feedstock and products can
be used for energy production (gas, oil} or agricultural land application (biochar). The disadvantages of the
technology are that it is relatively unproven with sludge in the U.S., that it is has a higher cost than other
thermal technologies, and that the operating temperatures (450 to 600°C) are lower than the combustion
temperatures of most PFAS compounds (greater than 1,000°C). There are ongoing studies however, that are
evaluating pyrolysis for its PFAS destruction potential.

Gasification is the thermal decomposition of materials at high femperatures in the presence of low oxygen
levels. Process temperatures are typically higher than pyrolysis, and the products are limited to syngas and
biocharfash. Pyrclysis and gasification have been claimed as methods to reduce PFAS from biosolids.
However, further research on fluorine mass balance is needed to understand how PFAS degradation
products partition to products.

Supercritical Water Oxidation. Supercrilical water oxidation (SCWQ) refers to the process that leverages
supercritical water for complete oxidation of organic compounds in sludge. In the presence of oxygen,
arganics can be converted to clean water, inert gases, mineral salts and reusable heat.

There are several benefits to SCWO. First, nearly 98% of the incoming solids are reduced in seconds.
Second, the process can be fed with sludge at 10 to 15% solids. Third, the carbonaceous end product is
carbon dioxide, the nitragenous end praduct is N2 (temperature is foo low for NOx), and the sulfurous end
product is CaS04 {temperature is too low for SQx), so air permitting concerns are minimal. Finally, the
system has been shown to break the C-F bond in PFAS.

The drawback of the system is that there are no known commercial installations at WRRFs. Additionally,
there are likely high energy demands to start the system (though the reaction is self-sustaining after startup).
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Biosolids Cost Impacts of PFAS

A collaborative team, including CDM Smith, NEBBRA, WEF and NACWA, completed the Cost Analysis of the
Impacts on Municipal Utilities and Biosolids Management to Address PFAS Contamination. The research
team survayed WRRFs, biosolids management companies, and end use facilities (incineration, composting,
tandfills, farms) to estimate the cost and operational impacts from pending or active PFAS regulations.

When the study was published in 2020, the results showed that in areas where PFAS regulations have been
implemented, biosolids management costs have increased by an average of 37%. As more data from those
same surveyed facilities has been collected in 2021, the management cosis at WRRFs with PFAS regulations
have increased to an average of 72%. Some of the states which have seen the greatest impact include
Arizona, Michigan, Maine and New Hampshire.

The rapid cost increases have been atfributed to reduced land application availability due to PFAS and to the
use alternative high-cost disposal sites such as landfills.

Meanwhile, cost impacts have been minimal at WRRFs that manage their own biosolids, do not rely on
beneficial reuse, and/or at WRRFs located in areas without PFAS regulation. These results clearly show that
local, state, or federal PFAS regulations have a significant impact on the costs of biosolids management.

Summary

Many WWRFs in the U.S. are proactively evaluating solutions to mitigate PFAS. Source reduction is the most
cost effective and efficient solution, and several WRRFs in New England are working are considering PFAS
limits on industry. Additionally, it is anticipated that drinking water limits will reduce the background
concentration of PFAS that enters WRRFs.

In areas with already limited land application or landfill capacity, such as New England, WRRFs are currently
evaluating incineration as’a viable disposal option. However, in these areas, incineration capagcity is lacking,
which drives up costs. As a result, WRRFs are evaiuating methods to reduce the total mass of biosolids that
must be managed, such as sludge drying. Implementation of sludge drying offers the potential to produce a
low volume, Class A biosolids product that could be cost-effectively transported to states with less strict land
application requirements. Several WRRFs in the Midwest are also considering sludge drying to regain control
and flexibility in their biosolids management programs.

To date, there are few known installations of emerging technologies such as pyrolysis, gasification and
SCWO. Itis anticipated that future regulatory action will streamline research and development of



technologies to reduce PFAS from biosolids.
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POTENTIAL PFAS DESTRUCTION TECHNOLOGY:
PYROLYSIS AND GASIFICATION

In Spring 2020, the EPA established the PFAS Innovative
Treatment Team (PITT). The PITT was a multi-disciplinary
research team that worked full-time for 6-months on
applying their scientific efforts and expertise to a single
problem: disposal and/or destruction of PFAS-
contaminated media and waste, While the PITT formally
conciuded in Fall 2020, the research efforts initiated under
the PiTT continue.

As part of the PITT's efforts, EPA researchers considered
whether existing destruction technologies could be applied
to PFAS-contaminated media and waste. This series of
Research Briefs provides an overview of four technologies
that were identified by the PITT as promising technologies
for destroying PFAS and the research underway by the
EPA’s Office of Research and Development to further
explore these technologies. Because research Is stil!
needed to evaluate these technologies for PFAS
destruction, this Research Brief should not be considered
an endorsement or recommendation to use this
technology to destroy PFAS.

Background

Various industries have produced and used per- and
polyfluoroatkyl substances (PFAS) since the mid-20th
century. PFAS are found In consumer and industrial
products, including non-stick coatings, waterproofing
materfals, and manufacturing additives. PFAS are stable
and resistant to natural destruction [n the environment,
leading to their pervasive presence in groundwater, surface
waters, drinking water and other environmental media
(e.g., soll) in seme localities. Certain PFAS are also
bioaccumulative, and the blood of most .S, citizens
contains detectable levels of several PFAS {CDC, 2009). The
toxicity of PFAS is a subject of current study and enough is
known to motivate efforts to limit environmental release
and human exposure (EPA, 2020).

To pratect human healith and the environment, EPA
researchers are identifying technologies that can destroy
PFAS in liquid and solid waste streams, including
concentrated and spent {used) fire-fighting foam, biosolids,
soils, and landfill leachate. These technologies should be
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Figure 1. Biosolids beneficial use,

readily available, cost effective, and produce little to no
hazardous residuals or byproducts. Pyrolysis and
gasification have been Identified as promising
technologles that may be able to meet these
requirements with further development, testing, and
demonstrations.

Pyrolysis/Gasification: Technology Overview

Pyrolysis is a process that decomposes materiais at
moderately elevated temperatures in an oxygen-free

environment. Gasification is similar to pyrolysis but uses

small quantities of oxygen, taking advantage of the
partial combustion process to provide the heat to
operate the process. The oxygen-free environment in

pyrolysis and the low oxygen environment of gasification
distinguish these techniques from incineration. Pyrolysis,

and certain forms of gasification, can transform input
materials, like biosolids, into a biochar while generating
hydrogen-rich synthetic gas (syngas}.

Both biochar and syngas can be valuable products.
Biochar has many potential applications and is currently
used as a scit amendment that increases the soil's
capacity to hold water and nutrients, requiring less
irrigation and fertilizer on crops. Syngas can be used on-
site as a supplemental fuel for biosolids drying
operations, significantly lowering energy needs. As an
additional advantage, pyrolysis and gastfication require
much lower alr flows than incineration, which reduces

Ly
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the size and caplital expense of air pollution cantrol
equipment.

Potential for PFAS Destruction

PFFAS have been found in effluent and solid residual
(sewage sludge) streams in wastewater treatment plants
{WWTPs) {Sinclair and Kannan, 2006; Schultz et al., 2006;
Yu et al., 2009; EGLE, 2020; Malne PFAS Task Force, 2020},
prompting increasing concern over managment of these
materials. In the United States, WWTP solids have typically
been managed In one of three ways: {1) treatment to
biesalids followed by land-application; (2) disposal at a
lined landfill; or {3) destruction {burning} in a sewage
sludge incinerator. WWTP solids are rich in nutrients and
the most commaon U.S. practice is ta aerobically or
anaerobically digest it to produce a stabilized biosolld
product that can be land-applied as fertilizer (EPA, 1994;
EPA, 2019). This is done because the nutrients in biosolids
deliver nitrogen, phosphorous, and other trace metals that
are benefidial for crops and solil {Figure 1).

Some states are beginning to test biosolids for PFAS
contamination and to prevent land application if
concentrations exceed state-specific screening levels. An
increase In rejected biosolids may lead to an increased use
of Incineration or landfilling of wastewater solid residuals,
with increased cost burdens to communitles. Currently,
approximately 16% of wastewater solids are incinerated
{(EPA, 2018}, This increased amount of incineration could
introduce additional costs and other environmental
considerations.

New options for the treatment of PFAS-impacted WWTP
salids may be found in non-incineration thermal processes,
such as pyrolysis and gasificatlon. These approaches may
show promise to reduce PFAS loadings from biosollds, in
some cases without destroying the beneficlal use potential
of the material. Gasification may also become an attractive
alternative to sewage sludge incineration for reduction of
WWTP solids to inert ash, with potential uses as input
material in cement production and fine aggregate
applications (Lynn et al., 2015).

The high temperatures and residence times achieved by
pyrolysis or gasification followed directly by combustion of
the hydrogen-ich syngas stream in a thermal oxidizer (or
afterburner) could potentially destroy PFAS by breaking
apart the chemicals into inert or less recalcitrant
constituents. However, this mechanism, as well as
evaluation of potential products of incomplete destruction,
remaln a subject for further investigation and research, It is
possible that this combination of processes may be more
effective at PFAS destruction than some lower temperature
sewage sludge incineration processes.

The end products of both gasification and pyrolysis result
in material volume reductions of aver 20% compared to
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the input solids, making transport and use or disposal
more energy efficient and lessening the environmental
impacts (e.g., lower landfill leachate PFAS loadings
compared to biosolids disposal).

Limitations and Research Gaps

Pyrolysis and gasification of biosolids are emerging
treatment technologies. in the United States, one
biosolids pyrolysis company is permitted for operation
with three similar biosolids systems units operating in
Europe (PYREG, 2019}. Several biosolid gasification
projects are [n development in the United States, but
long-term operation on this feedstock has yet to be
commercially demonstrated.

Pyrolysls and gasification represent a significant financial
investment compared with direct biosolid land
application alternatives, and there are a number of
challenges and data gaps with these technologies.
However, if these issues can be overcome, these systems
could provide effective means of ireating PFAS in WWTP
solid residuals and PFAS-impacted biosolids.

Next Steps

The pervasiveness and resistance to degradation of PFAS
have become a motivating factor to identify methods to
safely manage these substances to prevent
bioaccumulation within humans or the environment.
Identification and validation of safe and effective
approaches to reduce PFAS levels in blosolids is an
important research area for EPA.

In August 2020, EPA researchers conducted a field test at
a WWTP employing pyrolysis. The purpose of this
limited-scope field test was to improve understanding of
target PFAS levels in the pyrolysis-produced biochar
compared to the input material. EPA researchers are
currently analyzing samples collected during the field test
and expect to publish the results in a peer-reviewed
scientific journai in 2021.
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This study focuses on the conversion of biosalids to tiochar and its further use in adsorbing per- and
pohyfluoraalkyl substances (PFASs) from contaminated water. In particular, this study aims to (a) Investigate
the performance of a semi-pilot fiuldised bed pyrolysis unit In converting biosolids into biochar, [b)
examine the ability of the pyrolysis-combustion integrated process to destruct PFASs present in biosolids
and {c) study the application of biosolids derived biochar for removing PFASs from contaminated water,
The semi-pliot fuidised bed pyrolysis unit demonstrated stable temperature and oxygen profiles in the
reactor. The yield of biochar was found to be 36-45% at studied temperatures {500-600 °C). The produced
biosolids derived biachar samples, due to their lower H/C and O/C ratlo, were found to be extremely stable
with an expected long {miliennia) residence time in soil It was concluded that >90% removal of
perflucrooctanesutfonate (PFOS) and perfluoroactanoic acid (PFOA) from biosolids derived biochar could
be achieved in the pyrolysis~=combustion Integrated process. The blosolids derived biochar demonstrated
>80% adsorption of long-chain PFASs and 19-27% adsorption of short-chain PFASs from PFAS
contarninated water,
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The effectiveness of a fluidised bed pyrolysis for reducmg bicsolids volume and producing blochar marerial was demonstrated. Over 90% of PFOS and
PFOA was safely remaved from the resultant bjochar during pyrolysis. The produced biochar was able to adsorb PFASs from contaminated water in the
range of 20 to over 95%, depending on the individusl PFAS considered.
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Stabilised sewage sludge, produced by wastewater treatment
plants (WWTPs), is known as biosolids. This material is an
unavoidable by-product that originates from households and
many industries.” The rapid increase in population as well as
urbanisation contributes to a comtinued increase in the
production of biosolids.’® Biosolids contain many
macronuttients such as nittogen, phosphorus, sulphur,
potassium, calcium and omegnesium as well as
micronutrients such as zine, copper, horon, molybdenum,
manganese and iron.* Therefore, biosolids are attractive for
agricultural applications, and the majority of this material is
currently utilised for this porpose in many countries
including Australia.®® However, biosolids may contain
harmful pathogens and current regulations (particularly in

This journal is © The Royal Society of Chemistry 2021
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Victoria, Australia) require biosolids to be stockpiled onsite
for 1-3 years to reduce pathogen levels to the highest
possible treatment grade for soil amendment. Also, heavy
metals, micro-plastics, pesticides, chemicals, herbicides and
pharmaceutical ingredients are present in biosolids.>®7
Recently, biosolids have been recognised as a potential
source of PFAS contamination in soil and groundwater which
may restrict their land application in the near future.®®

PPASs are anthropogenic compounds and, historically,
have been used in a wide range of applications including
firefighting foams, non-stick cookware, stain- and water-
repellent fabrics, polishes, waxes, paints and cleaning
products,’®"* To date, more than 3000 PPASs and their
potential precursors have been identified®* and their
numbers increase with time as research progresses.
Consequently, PFASs have become ubiquitous in terrestrial
and aquatic environments. These chemicals are persistent,
accumulative and leachable. PFOA and PFOS are the most-
studied PFASs. Humans may introduce PFASs in their bodies
via drinking contaminated water, and eating fish and mest
as well as vegetables and fruits. The adverse effects of PFAS
in human bodies may include, but are not limited to,
increased cholesterol,® hepatotoxicity and alterations in the
immune system™ ag well as thyroid hormone disruption.’®
Besides, these chemicals may cause low Infant birth
weights,’® and they are also suspected of causing cancer.”

PPASs have been detected in WWTP influent, effluent and
biosolids globally.'* Hydrophobic partitioning in WWTPs is
expected to result in the retention of long-chain PFASs in the
sludge/bicsolids."® The major PFASs in biosolids, reported in
a study on US biosolids, were PFOS (403 + 127 ng g™* dry
weight) and PFOA (34 + 22 ng g™ dry weight).*® The other
PFAS values were lower and in the range of 2 and 26 ng g™
dry weight. Similar results were obtained in Australian
studies.®*® PFAS management guidelines have become
available in several Aystralian states, for example, in Victoria
(regulated by EPA Victoria).! These may potentially impact
the wider land application of biosolids in the near future.
Therefore, a reliable and cost-effective technological platform
is warranted that minimises/eliminates the PPAS risks of
biosolids for land application,

PFASs have strong chemical structures, are thermaily very
stable and require high reaction energy/high temperatures to
break down their chemical honds. The avaflable literature
suggests thal immobilisation could be the most cost-effective
method for remediation of PFASs in biosolids and biosolids
amended soils.** However, keeping PFASs immobilised in a
solid matrix for a long time still needs to be verified by
further investigation. Thermal treatments such as pyrolysis,
gasification, combustion and incinetation may have the
potential to fully/partially destruct PFASs due to their high
temperature operation conditions. Most of the studies in the
literature have focused on investigating PFAS destruction
through incineration.”?® Studies on the potential of
pyrolysis and gasification technologies to destruct PFASs are
very limited.

This journal is © The Royal Society of Chernistry 2021
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The pyrolysis process decomposes carbonaceous materials,
such as biosolids, in the absence of oxygen.? Usually, a
sweeping gas flow is provided in the pyrolysis process (except
vacuum pyrolysis). In the case of fluidised bed pyrolysis, the
flow-tate of the sweeping gas is high and it may be
economically feasible to recycle the CO, containing hot
pyrolysis/flue gas as the sweeping gas rather than using a high
purity and expensive inert sweeping gas such as N,. Biochar
(solid), bio-oil (liguid) and bio-gas are the three products that
are generated from the pyrolysis of biosolids. The yield
distribution of these products depends on a number of
parameters including the composition of biosolids, pyrolysis
temperature, heating/energy transfer rate, and flow rate of the
sweeping gas as well as the catalyst/additive if used. Bio-oil
and bio-gas could be used as fuel®**” while biochar could be
used as a soil amendment material,*** as a catalyst in the
praduction of carbon nanomaterials®® or ag an adsorbent for
removing micropollutants.?**® If there is a priority between
biochar and bio-oil, the heating/energy transfer rate is usually
congidered to be tweaked. When bio-oil is considered to be
the primary product, a high heating rate is applied while a
slow heating rate is applied when biochar is considered to be
the primany product. Previous studies suggested that pyrolysis
can successfully destroy impurities such as pathogens, micro-
plastics, pesticides and pharmaceutical ingredients and the
products from this process can be free from these
nuisances.*** If the destruction of PFASs from biosolids ean
be safely performed by a pyrolysis process, it can assist water
industries in reducing biesolids volume and creating an
indisputable application of biosolids derived biochar as a soit
amendment material as well as its other applications in
chemical processing.

Pyrolysis can be carried out in both fixed bed and fluidised
bed reactors. The peor gas—solid contact in fixed bed reactors
mey compromise the quality of biochar. Biochar with uniform
characteristics is beneficial and desired, particularly if the
congidered end use is being a catalyst or an adsorbent.
Fluidised bed reactors ensure uniform heating even at high
heating rates leading to the production of high quality
biochar with uniform characteristics. This opens up the
possibility of extending the application of biosolids derived
biochar, produced from fiuidised bed reactors, in the
adsorption of PFASs from contaminated water.

Several reactor designs have been evahrated in a large
scale for the pyrolysis of biosolids. For instanre, a microwave
heating systern was applied aiming to produce bic-oil as a
primary product from the transformation of sewage sludge
using several additives such ag XOH, H;804, H;BO;, ZnCl,
and FeS0,.** The technological feasibility was found to be
dependent on the optimisation of process parameters and
selection of appropriate additives. In a different study,
sewage sludge was blended with other feedstock such ag
manure and studied in a fixed bed pilot-scale reactor with
positive findings.® A few other pilot-scale studies were
camied out using a fixed bed reactor in non-catalytic,
autocatalytic or eatalytic mode. However, the application of
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fluidised bed pyrolysis reactors is found to be rare for
pyrolysis of biosolids. In addition, pyrolysis is an
endothermic process and the optimisation of energy is vital
for the commercial viability of any technology. Therefore, a
fluidised bed pilot scale reactor integrated with a combustion
chamber, which aims to run pyrolysis in autothermal mode
(f.e. oo need for external energy), is in dernand in the search
for sustainable uges of biosvlids.

Typically, pyrolysis of carbonaceous materials is carried oul
between 300 to 1000 °C.*” Lower pyrolysis temperature generates
biochar with a lower surface area and high oxygen containing
functional groups. As the pyrolysis temperature increases, the
surface area of biochar increases at the expense of fimctional
groups. Therefore, low temperature pyrolysis is generally
preferred for producing biochar for soil application while high
temperature is desired when biochar with a high surface area
needs to be produced. Choosing a pyrolysis ternperature is
challenging and a few aspects couid be tzken into consideration,
(a) This wotk aims to produce biochar to be used as an
adsorbent; therefore, a high surface area and an improved
morphology is critical. Our previous work suggests that the
pyrolysis temperature has a2 tremendous impact on the
morphology of biochar and a pyrolysis temperature between 500
and 700 °C can generate biochar with a high porosity and
surface area from biasolids.* (b) The second aspect may be the
destruction of pollutants, particularly PFASs which are inherently
present in biosolids. The devolatilisation and destruction of
PFASs at high temperature during combustion have been
established *™® However, biosolids conimin a reasonable
concentration of metals and minerals that are expected to
function as catalysts for the destruction of PFASs at relatively low
temperature in an integrafed pyrolysis-combustion process
which has not been studied in the literature. (¢} The third aspect
may be the formation of polycyclic hydrocarbons (PAHs). Below
500 °C pyrolysis temperature, PAHs are formed vie carbonisation
and aromatisation.*™* Above 500 °C, a free radical pathway,
followed by pyrosynthesis, dominates the formation of
PAHs.*** When investigating PAH formation in the pyrolysis
temperature range of 100-700 °C, researchers found that the
formation of PAHs is the highest in the temperature range of
400-500 °C.**** Applying a pyrolysis temperature =500 °C is
often suggested to minimise extractable PAHs in biochar, ™
Accounting for all these aspects, a moderate temperature range
of 500-600 °C could be considered which is a trade-off between
minimising PAHs and obtaining high quality biochar while
assisting in the investigation of destruction of PFASs in bioselids
at relatively low temperature.

Table 1 Proximate and ultimate analyses of blosolids
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PFAS contamination in ground water and industrial
wastewater is a serious problem and their concentrations
often reach above those set by the regulatoty guidelines.*® So
far, granular activated carbon (GAC) from various sources
{e.g., coconut shell and coal) has been extensively studied for
the adsorption of PFASs.*™ Biomass derived biochar has
also been used in PFAS adsorption studies.®2 However,
biosolids derived biochar has been rarely used in adsorption
studies of PFASs.

The aim of the current study is to (a) investigate the
performance of a semi-pilot fluidised bed pyrolysis unit in
converting biosolids into biochar, (b) examine the ability of
the pyrolysis—combustion integrated process to destruct
PFASs present in biosolids and (e} study the application of
biogolids derived biochar for removing PFASs from
contaminated water,

2. Methodology
2.1. Pyrolysis of biosolids

2.1.1. Biosolids sample. The biosolids sample employed in
this study was sourced from the Mount Martha Water
Recycling Plant (38916'06"S and 145°03'31"E) of South East
Water Corporation, Victoria, Australia. This plant
predominantly receives domestic and trade sewage, and
treats sewnge sludge through an activated sludge process
followed by anaerobic digestion. After digestion, the solids
are processed through a dewatering plant {(le., centrifuge)
and solar doying facility before they are sent to stockpiling.
Thus, the samples used in this study were processed through
a solar dryer shed,

The biosolids sample was initially ground using a pin mill
(Chenwei Machinery CW-20B) and then segregated using a
vibrating screen (Sanfeng Machinery, SF-600) at FA Maker
Piy. Ltd.,, Victoria, Australia. The pin mill and vibrating
screen employed in this study are shown in Fig, S1.f The
biosolids, uged in the trials, were 0.5-2 mm in partiele size.
The detailed proximate and ultimate analyses of biosolids are
presented in Table 1.

2.1.2. Description of the gemi-pilot unit employed for the
pyrolysis of biosolids. The process block diagram is shown in
Fig. 1 (actual image of the semi-pilot pyrolysis plant can be
found in ESIt Fig. S2). Each pyrolysis trial was conducted for
5 hours. Trials were performed in aiplicate (n = 3 for each
trial) to ensure consistency of the data and the average values
are presented in this manuscript. The run mode of this
system is considered as semi-continuous since the biosolids

Proximate and ultimate analyses of biosolids

Proximate analysis® (%)
Moisture Volatiles Ash

Fixed carbon

Ultimate analysis® (%)
C H N 8 o’

11.0 60.6 29.0 104

2 Values on a dry weight basis. * Value determined by difference.
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38.3 4.7 602 0.96 21.02
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Fig. L Process block diagram for the semi-pilot plant setup.

were fed continuously throughout the trial period while char
was collected only after the 5-hour period at the end of each
trial.

During start-up, the semi-pilot plant was heated viz a
liquefied petroleum gas (LPG) burner. The hot flue gas
leaving the LPG burner was used to pre-heat the gases (i.e. air
and N3/CO,;) entering the semi-pilot plant viz a heat
exchanger. The pre-heated air and N,/CO, gases were then
circulated in the reactor to heat the reactor to a desired
temperature. The hopper was filled with the biosolids sample
at the beginning of each trial (Fig. S2f). The hopper was
charged with N; via a N, purging line. Once the desired
temperature of the reactor was attained, biosolids were
continuously charged at 0.25 kg h™ from the hopper to the
reactor vig a pre-calibrated screw-feeder with continuous N,
purging. The screw-feeder was calibrated for each trial.

The reactor, employed in this study, was constructed from
stainless steel 253MA and insulated with ceramic fibre
insulation to minimise heat losses. It was of concentric
geometry, where the inner tube functioned as the pyrolyser,
The bottom half of the inner tube was made of pipe, while
the top half of the inner tube consisted of a wedge-wire
screen. Biosolids were pyrolysed under bubbling fluidised
conditions using a preheated N,/CO, mixed stream
containing 85% N, and 15% CO,, v/v. The reason for using a
N/CQ, mixed stream (85% Nz, 15% CO;, ¥/V) in the pyrolyser
was to mimic the scenario of pyrolysis in the presence of
recycled flue gas. The produced gas and oil vapours from the
inner pyrolyser tube were then transferred o the annular
space viz the wedge-wire screen from the top half of the
reactor while the biochar produced remained at the bottom
of the inner pyrolyser tube, At the end of each trial, biochar
was kept further in that inner tube with an inert environment
for cooling and then collected further for analysis. The
annular space acted as a partial combustor for py-gas and py-
oil vapours. The temperature in the annular space was

This journal is © The Royal Scciety of Chemistry 2021

controlled by adjusting the air inlet rate. The ternperature at
the annular space was purposefully kept lower or equal to the
pyrolysis temperature to find out whether or not PFASs are
destroyed at lower temperatures in thermal systems.

By employing pre-heated sir tangentially at a >10 m &7
velocity in the annular space, the py-gas and py-oil vapours
were partially combusted and PFASs, if they survived in the
pyrolyser, were destructed in this annular space. The
remaining py-gas and py-oil vapours were rapidly transported
from the annular space t0 a water scrubber, where they were
immediately quenched, The reason for using tangential entry
and high-velocity air was to ensure that the pyrolysis reaction
environment is not affected and the py-gas and py-oil vapours
are immediately quenched without any secondary reactions,
The py-oil was condensed in the scrubber water, while non-
condensable py-gas was sent to the combustion chamber of
the LFG burner to ensure that it was combusted before
releasing to the environment. The energy required for
pyrolysis was provided by the hot air and N;/CO, pases,
which were pre-heated using the combustion of LPG and py-
gas (once produced). At the end of each trial, the sample
from the water scrubber was collected for oil and PFAS
analysis. Any PFAS species carried by the gas stream, if they
survive in the pyrolysis—combustion system, should be
trapped in the water scrubber. The reason is that the boiling
points of PPASs, even for short chain PPASs (e.g., the boiling
point of pentafluorobenzoic acid (PFBA) is 220 °C), are higher
than the water boiling point.

An online gas monitor (combustion analyser, MRU Optima
7} was employed to measure the concentrations of various
gaseous species (CO, CO;, NO, and SO,) in the stack. The
reactor was equipped with four thermocouples and they
measured the following temperatures: 1} pyrolyser temperature,
2) annular space temperature, 3) reactor inlet N,/CQ, stream
temperature and 4) reactor inlet N, temperature. The pyrolysis
trials were carried out at three different temperatures: 500, 550
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Published on 16 December 2020. Downloaded by University of Washington on 5/17/2021 12:47:08 AM.

Paper

and 600 °C. The average temperature at the pyrolyser
thermocouple was considered as the pyrolysis temperature, The
concentration of O, in the pyrolyser was continuously
monitored by an online gas monitor (syngas analyser, Madur
Aqua GAA0T Plus). Biochar produced from biosolids in the
serni-pilot trials at 500, 550 and 600 °C are labelled as BSBC-
500, BSBC-550 and BSBC-600, respectively.

Biochar produced during the trial was characterised by
surface imaging using a scanning electron mictoscope (SEM)
of the Philips X130 model and a Brunauer-Emmett-Teller
(BET) analyser (Micromeritics 2000/2400). The particle size
distributions of both biosolids and biochar were determined
using a Malvern particle size analyser (Mastersizer 3000).
Analyses related to PFAS, py-oil and heavy metals were
performed externally (by ALS Limited, Australia). ALS
laboratories are NATA (National Association of Testing
Authorities, Australia) accredited laboratories. They have
applied their WP045B, WPO75A and WP01254 methods for
py-ail analysis, EP231 method for PFAS analysis and WG020B
for heavy metal analysis.

2.2. PFAS adsorption

2.2.1. Biochar preparation for PFAS adsorption. Biomass
biochar was produced at 600 °C pyrolysis temperature to
make & comparison with bicsolids biochar produced at the
same temperature (BSBC-600) mainly for exploring its
potential to adsorb PFASs from PFAS contaminated water.
The biomass biochar produced at 600 °C in this study is
referred to as BMBG-600. Sawdust (predominantly Australian
pine wood, sourced from a mechanical workshop at RMIT
University) of the same initial particle size as the biosolids
(ie., 0.5-2 mm} was used in the production of biomass
biochar. Instead of a semi-pilot plant, a muffle furnace
(Barnstead Thermolyne 30400) was employed for the
production of biomass biochar, where the furnace was
operated at 600 °C for 1 hour. The furnace was then kept
closed until it was cooled down naturally to room
temperature. Afterwards, the bicchar sample was taken out
and stored in a desiceator. Both BMBC-600 and BSBC-600
were sieved to obtain a particle size of 0.3-0.5 mm and
further employed in the PFAS adsorption study. The BET
surface areas of these samples were measured and found to

Table 2 Concentrations of various PFASs in contaminated water
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be 79.87 m® g™ and 55.29 m® g™ for BMBC-600 and BSBC-
600, respectively.

2.2.2, Procedure for PFAS adsorption. Two PFAS
contaminated water sarnples (sources can't be revealed) were
used in this study. The PFAS content in sample 1 was
significantly higher than that in sample 2 (Table 2). In
addition, several PPAS species in sample 2 were below the
detection limit of the analytical instrument, and therefore,
they were excluded from the adsorption study, The pH values
of sample 1 and sample 2 were 4.3 and 7.85, respectively, In
this study, we have not adjusted the pH level for the
adsorption tests.

Initially, PPAS contaminated water samples were filtered
through &é-micron polyethersulfone (PES) membrane filter
paper to remove any suspended solids. Two adsorbents were
employed to remove PFASs from these samples as detailed
eatlier: 1} biosolids biochar (BSBC-600) and 2) biomass
biochar {BMBC-600). For each study, one gram of adsorbent
was taken in a conical flask, and 50 mL of PFAS
contaminated water was introduced into the conical flask.
For each set of adsorpticn study, there was a repeat test, The
tops of the conical flasks were wrapped with aluminium foil,
and they were placed in an orbital shaker (Thermoline TS-
400) set at 180 rpm. The samples were shaken for 48 hours.
After the completion of irials, solid adsorbents were
separated using 0.45-micron  polyethersulfone (PES)
membrane filter paper. The filtrates as well as raw samples
were then sent to ALS Limited, Australia for analysis. The
adsorption of PFASs by various adsorbent materials was
determined using the ALS generated data.

3. Results and discussion
3.1. Process stability

Process stability with respect to important process parameters
such as temperature and O, concentration is vital in
obtaining products of desired quality as well as maintaining
the encrgy balance of the semi-pilot pyrolysis umit. The
integration and operation of pyrolysis-combustion has been
demonstrated in fixed bed and Auger type reactor designs in
the literature.® However, an integrated fluidised bhed
Pyrolysis-combustion process has not been demonstrated yet
in the literature. The present work demonstrated a stable

Chemical Concentration (}l.g L—l)
Specles formula Sample 1 Sample 2
Perfluorooctanesulfonic acid (PFOS) F{CFz}s50sH 480 0.08
Perfluorooctanoic acid (PFOA) F(CF,),COOH 24 0.36
Ferfluorchexanesulfonic acid (PFHxS) F(CFy)eS0sH 210 0.61
Pexfluorobutanesulfonic acid (PFES) F(CF;),S0:H 80 0.05
Perfluoropentanesulfonic acid (PFPeS) F(CE,)s50;H 56
Perfluorcheptanesulfonic acid {PFHpS) F(CF,),80;H 20 -
Perfluoredodecancic acid (PFDoA) F(CF.),;COOH 0.22 —
Perflucrotridecanoic acld (PFTrDA) F(CF;);,CO0H 0.07
Perfluorotetradecanoic acid (PFTeDA) F(CF,},;CO0H 0.07
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integrated fluidised bed Pyrolysis—combustion system that
can achieve highly stable temperature and OXygen
concentration profiles. The advantage of such an integrated
process is the compact design which can help reduce the
capital and operating costs as well ag improve the product
quality.

Fig. 2 shows an illustrative presentation of the
temperature profiles of various thermocouples as well as the
O, concentration profile during a trial performed at 600 °C.
Temperature fluctuation was found to be minimal, In
addition, the O, concentration was far below 1% during the
entire tial and, consequently, the process atmosphere was
nearly inert. This demonstrates that this technology offers a
stable process for biochar production,

The monitoring of major components of flue gas during
the trial is shown in Fig. 3. The concentration of CO; ranged
between 13 and 15%. This range of CO, values provides a
justification for choosing a mixture of 85% N, and 15% CO,
as the fluidising gas. The concept applied here is that the
flue gas may be recycled and utilised as the fluidising gas,

The gas analysis was performed at the stack. The level of
SO, was observed to be very low (4-10 ppmy} in all of our
trials. NO, was also low and in the range of 120 to 125 ppm
while CO was between 40 and 50 ppm (Fig. 3). The
concentrations of hydrocarbons were also measured;
however, the values were not detectable and therefore, not
reported here. These values were found to be well below the
emission limits recommended by the Industrial Emissions
Directive (IED) 2010/75/EU.

3.2. Product distribution of py-oil

The analysis of the scrubber water sample (Le., product
distribution of pyoil) is shown in Fig. 4. The Py-oil
components were divided into six major groups, which
include polyaromatic hydrocarbons (PAHS), monoaromatic
hydrocarbons (MAHs), aleohols, phenols, and C10-C14 and
C15~C28 liquid hydrocarbons. This grouping was done
following previous studies.*** It was found that the
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production of PAHs and MAHS were minimal in the py-oil
sample. The major components of py-oil were hydrocarbons
followed by alcohols and phenols. This product distribution
is favourable if py-oil is considered for combustion to provide
energy to the pyrolysis system.

While the py-oil product distribution is favourable in the
context of combustibility, it will still require pre-treatment
before it can be used as a2 fuel in traditional power
generators.”* A better approach could be combusting py-oil to
provide energy to the pyrolysis process. In the current semi-
pilot plant, a lower combustion temperature was applied with
the intention to investigate PFAS destruction. In the resl
world, a higher combustion temperature could be applied
which would combust py-oil and P¥gas and provide the
required energy to the system.

3.3. Yield and stability of biochar

The biochar yield against pyrolysis temperature is shown in
Fig. 5. In this study, pygas and py-oil were partially

b
2

-]

8
Concentration {mg/L)

Fig. 4 Analysis of the scrubber water sample (product distribution of
py-oil.
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Fig. 5 Biochar yield against pyrolysis temperature.

combusted, The uncombusted py-oil was captured in the
water scrubber while uncombusted py-gas was detected in
the flue gas. As the combusted poriion was not measured,
the deterrnination of yields of pygas and py-oil was not
possible, Therefore, biochar yield data are only obisined and
presented. Pyrolysis of biosolids resmults in the decomposition
of carbohydrates, proteins, lipids, polypbenols and other
maercmolecular  humic  substances as  well  as
microorganisms.” " The level of decomposition of these
species Increases with pyrolysis temperature, leading to Jower
biochar yield.

The effects of pyrolysis temperature on biochar formation is
further reflected by the prodmate and ultimate analyses of the
biochar samples (Table 3}. As expected, with the increase of
temperaturs, the volatile matter and fixed carbon decreased
while the ash content inerpased. According to the ultimnate
analysis, C, H and N decreased with the incresse of
ternperature. However, the variation of S was found to be
minimal in the investipated tempsrature regime. This suggests
that the sulphur containing species do not degrade significantly
within dhe temperature regime Investigated. The proximate and
ultimate analyses of bicsolids and biochar were also used o
construet a Van Krevelen diagram {Fig. §31). This diagram is an
Hlusiration of the maturityfstabitity of biochar materials.™ Both
H/C and OfC ratios decreased significantly from biosolids wo
biochar as confirmed in Fig. 83}

The detailed wansition of H/C and O/C values from
biosolids to biochar is shown in Table 4. It was found that
both ratios decreased with the increase of pyrolysis
termnperature. A simdlar result was reporied by Fryda snd
Visser.™ This was possible because demethyletion {loss of

Table 3 Provimate and uitimate analyses of bicchar
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Table 4 R/C and O/C mole ratios of biesolids and binchar

BSBC-600

Biosolids  RSBC-300  BEHO-350
H/C mole ratio 14726 0.5800 06761 0.6087
o/Cmoleratic  0.4116 00125 D.0111 0.0095

BSBC-500: hinchar produced at 500 °C, BSBC-550: biochar produced
at 550 °C, BERC-600: biochar produced at 60 "C.

CH,) and decarbosylation {losy of CO,) reactons are
enhanced with the increase of pyrolysis temperature. The
increase of demethylation resctions decreases the H/C ratio
while the increase in decarboxylation reactions reduces the
O/C ratic.*®

The highest H/C mole ratio was found to be ¢.68 for the
bicchar produced at 500 °C and this value was lower than
that from the Internationsl Biochar Initiative guidelines {the
suggested muxipmum H/C mole ratio by the guidelines is
0.7).*° The highest O/C mole ratio was 0.0125 for the biochar
produced at 300 °C. ‘This O/C ratio value is in the lower range
when compared to that of other biochar saraples, and this
aeerae indicative of a very long halflife {more than 1000
years) when zdded to soil. ™ Therefore, it is worth noting that
the produced biochar samples are very stable carbon
materials and suitable for soil carbon sequestration,

3.4. Biochar motphiology and suraee area

The morphologieal analyses of biochar produced at 560, 558
and 600 °C were performed uping a scanning sliciion
microscope (SEM) (Fig. 5. 1t can be seen that a poraws
structure was evident at all mperatures and the porosity was
found to increase stightly with the increase in tamperature
frown 506 to 600 C. The BET surface area of the biochar
samples wae mesasured and the veloes obtained are in the
range of 26 to 55 m* ¢ (mean values were 26.45, 44.06 and
55.20 m® ¢ for the 500, 550 and 600 °C trials, respectively).
These values are well alighed with the SEM findings.

The particle size distributions of biosolids and biochar
particles axe shown in Fig. 7. It was found that the partiele
size decreases from blosolids to biochar, The median value
{for a volurne distribution value), D, {50}, decreased from 829
to 587 pro. B, {50) represents the median value for a volume
distribution. As shown in Fig. §, the bicchar yield was in the
tange of 36-45%, depending on temperature. This huge

Progimate analysis® (%) Ultimate analysis” (%)
Smnple Moisture Volutiles Ash Tixed carbon c H N 8 ot
BSBC-500 17 13.2 64,58 101 29.27 1.66 3.25 0.46 0.49
BSRC-550 1.3 121 66.77 21.4 28.01 1.38 2.78 0.44 0.41
BSBC-500 290 10.2 68.03 10.9 272 1.38 2.60 0.43 0.35

@ values on a dry weight basis. ¥ Value determined by difference; BC-500 represents hiochar produeed ut the pyrolysis temperature of 500 °C

and simflar definitions apply for BG-550 and BC-600.
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Fig. § SEM images of the biochar samples: (A} BSBC-500, {B) BSBC-550 and (C) BSBC-600,

percentage reduction of mass leads to a decrease in solid
Darticle size as confirmed by the particle size distribution
results. The bulk densities of solid particles were also
reduced. The bulk density of 0.5-2 mm biosolids was found
to be 660 kg m™, while the biochar obtained from the
pyrolysis of these biosolids at 500 °C exhibited a bulk density
of 620 kg m™>,

3.5. Heavy metal composition

The concentrations of vatious heavy metals in the biosolids
employed and biochar samples produced from the triais are
presented in Table 5. Also, the allowable concentrations of
heavy metals for land application suggested by EPA Victoria
(for biosolids)*™ and the International Biochar Initiative®® are
also provided for comparison. Contamination grade 1 (C1)
biosolids, as per the EPA Victoria guidelines, correspond to
the highest quality biosolids consisting of the lowest level of
heavy metal contamination, and therefore, they are allowed
to be used in land application without any specific control
measures. In contrast, contamination grade 2 (C2) biosolids
are allowed with controlled application.

The mass and volume reduction from biosolids to biochar
during the pyrolysis process increased the concentrations of
heavy metals. The only exception observed was Hg. This is
because of the lower boiling point of Hg, leading to
vipourisation of this element at the studied pyrolysis
temperatures. While the heaww metal concentrations
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Fig. 7 Particle size distributions of biosolids and bicchar.
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increased in biosolids biochar, the values were stil below the
threshold values of the C2 grade suggested by the EPA
Victoria and International Biochar Initiative guidelines.

3.6. Destruction of biosolids PFASs

Fig. 8 highlights the PFAS analysis data for biosolids, biochar
and scrubber water. While the concentrations of a majority of
PFAS species in the biosolids were found to have definite
values, all PPAS species were extremely iow (less than
detectable values) in both biochar and scrubber water. This
confirmed that PFASs were vapourised from biosolids at
pyrolysis temperature leading to the production of nearly
PFAS free hiochar. Similar findings were published by
Bioforcetech.**** The exiremely low concentrations of PFAS
species in both biochar and scrubber water suggest that
several PFAS species might have been partially or completely
desttoyed in the integrated pyrolysis~combustion
environment maintained in the pyrolysis reactor and its
adjacent annular space. Temperature, gas residence time,
oxygen, water vapour and the gas phase chemistry of alksli
and alkaline earth minerals (ie. X, Na, Ca, and Mg] might
have played critical roles in PFAS destruction followed by
mineralisation. The roles of temperature and residence time
are well-known as higher temperature and residence times
can improve the destruction kinetics.® The literature has
demonstrated that oxygen and water vapour can play critical
roles in the destruction of fluorinated hydrocarbons.®6% in a
similar way, oxygen and water vapour (generated from
combustion of pyrolysis gas vapours) can play important
roles in PFAS destruction. The release of alkali and alkaline
carth minerals into the vapour phase and their gas phase
chemistry with PFASs and destructed fluorine can also
enhance PFAS destruction and mineralisation efficiency.55%
There is also a possibility that PFASs might have converted
into some unknown organofinorine compounds which might
not be in the analytical range,’**® Such compounds could be
gaseous organoffuorocarbons such as CF, and G,F,.
Unfortunately, the nature of the semi-pilot scale trials
presented in this work did not allow the authors to
investigate the role of each of these parameters in detail.
Mass balance for PFASs could not be developed for the
semi-pilot trials as several PFAS concentration values in the
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Table5 Total metsl concentrations (mg kg™ of the biosalids and comresponding biochar samples

= st

Metals BS BSRC-500 BSBC-550 BSBC-500 C1 grade? C2 grade® Biochar guidelines®
As <5 5 5 <5 20 60 13-180

cd 1.4 1.9 L& 1.6 1 10 1,4-39

Cr 24 44 30 78 400 3000 93-1200

Cu 660 1100 1200 1100 100 2000 143-6000

Pb 19 40 42 39 300 500 121-300

Hg 0.79 <0.05 <0.05 <0.05 1 5 1-17

Ni 18 37 68 180 60 270 47-420

Se 6 [} & 5 3 50 2-200

Zn 870 1600 1700 1700 200 2500 416-7400

BS: biosolids. ° EPA Victoria Biosolids guidelines.®? ? International Biochar Initiative guidelines.®

liquid and biochar samples were not specific. However,
attempts were made to gain some understanding on PFAS
removal efficiency (Table $21). In this estimation, the
concentration values, shown with the ‘<’ sign in Table S1f}
{also presented in Fig. 8 with a marker), were cansidered as
the final ¢oncentration values for PFASs. For instance, the
concentration of FFOS in biochar was <0.0002 mg kg™
(Table §1t). In the estimation, the concentration of PFOS was
considered as 0,0002 mg kg™, This estimation provides the
removal values of PFBS, PFOS, PFPed, PFHxA, PFHpA and
PFOA as follows: 74, 98, 75, 84, 54 and 96%, respectively.
While this is a very rough estimation, this still tells that
scveral PPASs were removed in the pyrolysis process. The
removal of other PFAS compounds was elther low or they
were forming during the process.

To confirm this as well as to explore the mechanism of
PFAS destruetion, more scientific experiments would be
required in the futire. As desceibed previously, closing the
mass balance for all PFASs was extremely difficult due to the
low values of PEASs in the initial biosolids samples. A
practical method for the way forward could be performing
systernatie spiking experiments (Le. spike different PFASs
into biosolids) in a lab-environment in a more controlled
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Fig. 8§ PFAS concentration data for biosolids {ug kg™, blochar (ug
kg™ and scrubber water lug LY. Columns with markers represent

values less than the marker values {see detalled data in Tabla S1t).
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manner 25 spiking at a semi-pilot or pilot seale can be very
challenging. Lab-scale spiking experiments in s controlled
environment may help not only in closing the mass balance
but also in exploring the reaction mechanism of PFAS
destruction in biosolids pyrolysis, where the feed material is
highly heterogenecus, including organic and inorgsnic
materials.

From this study, the authors would like to highlight that
PFASs in biosolids, when compared with pure PFASs, might
not require higher temperatures (ie. ~1000 °C for pure
PFASs”®) for their destruction due to the different gas-phase
chemistry and potential catalytic effects of minerals/heavy
metals present in the biosolids. More scientific work will be
required to investigate this fundamentally. Specifically,
spiking experiments with particular PFAS compounds at the
lab scale in a controlled environment are desirable to
evaluate the destruction and mineralisation cfficiency and
mechanism.

3.7. PFAS adsorption

The adsorption efficiency (% adsorption) of char materials
for PFASs of contaminated water samples {i.e., sample 1 and
sample 2) is shown in Fig. 9. Por this study, BSBC-600 and
BMBC-60¢ were used. Tt is well known that pH has a great
impaet on the adsorption of PFASs.”»7* Thik has also been
reflected in the present study. For example, there wus a
higher PFOS adsorption efficiency for sample 1 comparad to
that for sample 2, This was due to the lower pH of sample 1
than that of sample 2 (4.3 vs. 7.85), and this is consistent
with the Hterature”™ At low pH of the contaminated water
sample, electzostatic attraction between the positively
charged adsorbent surface and the negatively charged PFOS
molecules is strong,”™ and this assists in  enhanced
adsorption of PFOS molecules.

The length of PFAS chains has significant impacts on PFAS
adsorpton. Short-chain PFASs are difficuit to adsorb by many
adsorbents, including commercially availabie granular
activated carbon {GAG). For example, perfluorobutanesuifonic
acid {PFBS) is a C4 PFAS. The adsorption efficiency of these
species by both BSBC and BMBC is low with a range of 19-
27% (Fig. 9a). However, the adsorption efficiency of PFBS was

This journal is @ The Royal Society of Chemistry 2021
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Fig. 9 PFAS adsorption efficiency by various char samples: (a)
contaminated water sample with high concentration (ie., sample 1)
end {b) conteminated water sample with low concentration {le.,
sample 2). Note that BSBC represents biosolids biochar, and BMBC
represents biomass biochar.

found to increase for the low concentration sample with both
adsorbents (Fig. 9b). Using the BSBC adsorbent, the effect of
concentration on the adsorptions of PFOS, PFOA and PFHxS
was found to be the opposite of that for PFBS. With the
decrease of concentration, the adsorption of the three PRASs
decreased when BSBC was applied, The impact of
concentration on PFAS adsorption with BMBC was found to
be relatively low, This is most likely due to the higher surface
arez of BMBC (BET surface area, BMBC-600: 79.87 m® g%
BSBC-600: 55.29 m® g™). This finding is aligned with a
previous study conducted by Bentley et al who investigated
micropollutant adsorption using biosolids biochar and pine
biochar.”

The terminal functional groups may have an impact on
PFAS adsorption. Regardless of concentration, BSBC
underperformed in PFOA adsorption when compared to
BMBC, It appears that PFASs with carboxylic acids as
functional groups have lower adsorption affinity to BSBC,
However, the difference of adsorption affinity between BSBC
and BMBC becomes very low for PFASs with sulphonic acids
as a terminal functional group.

The hydrophobic interactions between PFASs and the
adsorbent can assist in PFAS removal from contaminated

This journal is ® The Royal Society of Chemistry 2021
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water as a hydrophilic functional group with a hydrophobic
tail is present in PFASs,”*"* Briefly, the hydrophobic surface
of adsorbents enhances PRAS adsorption.”®” The metal
content was higher in BSBC compared to BMBC. Therefore, it
may be possible that the metals in BSBC reduce surface
hydrophobicity and decrease the adsorption of PFASs.”® This
raay be the reason for the higher PFAS adsorption on BMBC
compared to that on BSBC. While BSBC did not perform as
effectively as BMBC for adsorpton of some PFASs, its
production is expected to be comparatively less expensive.
Therefore, a higher amount of BSBC can be applied solely or
in combination with BMBC and high performing PFAS
adsorbents such as GAC and resins. Also, selective
application of BSBC for the adsorption of some PFASs such
as PFOS and PFBS can also be considered.

4, Conclusions

A semi-pilot pyrolysis unit was employed for the transformation
of biosolids into biochar. The semi-pilot umit achieved highly
stable thermal and oxygen profiles in the pyrolysis zone. It was
observed that with the increase of pyrolysis temperature, the
biochar yield and fixed carbon in biechar deereased. Jt could be
noted that the development of pores increased with the
pyrolysis temperature, The produced biochar samples were
stable and are expected to present a long halfife if used as soil
additives. The heavy metal concentration in bjochar increased,
but it was within the EPA Victoria C2 biosolids grading and the
guidelines provided by the International Biochar Initative. The
trials also demonstrated that integrated low-temperature
pyrolysis—-combustion might be an effective method for
removing PFASs from biosolids by converting them into
biochar. More scientific experiments in a controlled lab-
environment are needed to confirm this,

Biosolids biochar was found te be an excellent adsorbent
for removing PFASs from contaminated water. The
benchmarking with biomass biochar suggested that the
biomass biochar performed better in adsorbing PRASs when
compared to the biosolids biochar. Despite this, the lower
production cost of biosolids biochar might stifl make it
attractive to be used at a commercial scale.
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