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Lay abstract

Climate change, industrial manufacture, and population groaxta been exacerbating the
global water stres€rganic micropollutant®OMPSs)are potentiallytoxic, persistent and

can exist even at trace levels, which have beereasinglydiscovered and identifieith
natural and built system#n this researchenvironmental chemistry of climathange
impacted boreal peatland soils, and thewechanistic relationships to peat soll
hydrophobicity, organic substance transformations, micropollutant leaching, and impacts
to downstream potable water qualityasvnvestigated as a case studywo different
innovative water treatment strategies were develége@stomng peatland resilience and
enhaning water resource sustainabilityincluding treating peatland phenolic
micropollutants The first approachconvertedshallow layerwildfire- and drought
damaged peatsito valueadded porous carbsrfor adsorption.The second approach
synthesized novel reduced graphene oxide (rGO) nanocomposite membrane for process
intensified flow-through separation These solutions provide novel insights &ource

water protectiorand wasteater treatment in adaph to climate change.
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Abstract

Organic micropollutant$§OMPSs)in climate change affected natural environmsnth as
wetlands,and engineered systems hdweughtserious concerns for water securdtyd

public healthThese issues have increased the demand for better managing water resources
and developing effective technologies for aqueous micropollutants removal. This thesis

investigated these subjettsough theollowing five subresearch projects.

First, boreal patland was used as a case study for understanding how peatland fires and
droughts impacts peatland resilience. Laboratory results suggested that heating and
moisture condition, coupled with peat organic hydrophobic transformations, inflpeate

soil hydophobicity and the resultantvaterextractable pollutant leaching which
potentiallythreates peatland downstream receiving waters such as potable waters by high

organic loads.

Further,postfire peat chemistry and their mechanistic relationships whksh pollutants

(total organic carbon (TOC), nutrients and phenols) were elucidated through a laboratory
leaching study. Increased contaminant loading was observed ihgaied peat leachates,
suggestingegative effects tavater treatment efficiency and an increase of treatment costs

to surface waters as potable water source.

Next, peat soils damaged from extreme fires and droughts were upcycled for producing
high surface areavalueaddedporous carbosibased on a rapidagile chemical activation

approach. This application had the simultaneous benefit of peatland ecological restoration,
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protecting downstream communities from heavy-offn and using the sustainable

damaged peats for effectieavironmental remediatiashough adsorption

Moreover, aritical review ofnaneenabled compositmembranefor OMP removalgize
exclusion,adsorption,charge interaction, anghotc and electrecatalysi3 and their
respective benefits and limitations were discus$ad workbrought new perspectives for

nextgeneration nanocomposite membranes for OMP removal.

Finally, anovel, hypebranched polyethylenimine (HPEI) crosslinked iron doped reduced
graphene oxide (rGO) nanocomposite membrane was synthesized ®esgmbensified
flow-through separation of phenolic micropollutantglechanisms and separation

performance to phenolic micropollutant and azo dyere investigated
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1.1Background

1.1.10rganic micropollutant (OMP) pollution

Increasing water stress by chemical pollution in aquatic environment is a serious concern
especially considering thepid population growthcompeting for limited clean potable
water resourceclimate changeeaeasing soil moisture and compromising water quality,
and growing human activities such iasgated agriculture, food and energydustries
consuming large quantities of fresh waf€ne development ofinalytical chemistrjhas
allowed the detection and identificatiorand treatmenof a large number of organic
substanceso mitigate theacute vulnerability of water shortaggeand contamination
However, there are still many emergingace contaminants, known as organic
micropollutants (OMPSs), thadre not readilyremoved or degradednd thushave been
ubiquitously found irboth treated wastewaters and natural wat&lPs have complex
natural €.g, forest fires) and anthropogenic origins, which have garnered substantial
attention all across the globe over the recent decade due to their continuous production and
discharge, potential (chronic) toxicity, bioaccumulation and persistency, even at trace

level s (ndll.L to eg/ L)

For instance,phenolic micropollutants mainly derived from consumer product use,
application of pharmaceutical drugs and pesticidéser industrial practicegnd some
natural processebave been pervasively found sarface waters aneatedwastewater
effluents[2]. Phenols such as chlorophenols and nitrophenolsaase serious toxicity
and bioaccumulation effects in living organisn®]. Phenolic estrogens such as

nonylphenol andisphenol A are known to cause endocrine disrupting eff@&jtswhich
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interfere with synthesis, transport, aadtion of natural hormones in human body
Depending on the concentration and exposure frequéidys can even induce cancers

and bring lethal effects to living organisms upon cor#éct

The occurrence, fate andrisport, and physicochemical properties, and treatment methods
of OMPs have been advancingespite their still partly unknown ecological and
environmental impactdNeverthelessnany ofthese compoundsave been regulated by
updatedenvironmental lawsand are nowproperly treated by various water treatment

processes.

1.1.2 Peatland importand®MP pollution, and environmentahplications

Peatlands are important wetlands that cover 3% of global terrestrial areas including large
area®f Boreal and Arctic landscapes, which store approximately @@cauctcarbon as

global forest biomass, and play pivotal roles for mitigating climate warming as they
accumulate dead peats and other plant matd&hldn Canada alone, peatlands occupy
vast boreal plains including Alberta, Saskatchewan and Manitoba, representing 21% of its
land surface[6]. Natural peatlands provide important global and regional ecological
services such as carbon sequestrafidn water resource retentiof8] and wildlife
preservation. However, excessive peatland cultivation, draining, burning and mining
activities along with climate change induced wildfires greatly tadtie risk of peatland

degradation, flooding and soil erosion, and greeisk gas emissions

Peat soilsarecomprisel of thick organic layers ithe form of partially decomposed plant

remaing8, 9], andare typically classified as ganic soils. Given that, peats often export
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large amounts of organic carhomtrients and dissolved heavy metals into surface waters

[10]. Peatderived pollutants including OMPs are correlated with peat soil chenaistry

thar resultant hydrophobicitywhich are closely impacted by climate change driven
wildfires, particularly flameless smouldering fifd4]. Wildfires can impact the pollutants

within peats. It is hypothesized that heat intensity, time of exposure, and depth of
penetration impacts how peaérived compounds fractionate. Less polar substances
transport deepethan the polar ones under heat diffusion, and broadens the surface
hydrophobic layefl12, 13] The labile fractions can be volatilized and condensed onto
deeper cooler peat soilBesidesjmpacted by fire temperature, oxygen availability and

peat soil moisture content, wildfires calsocausecombustion, chemical transformations

and degradatiorof peatderived compounds, includintypically from 561 0 0 for
dehydrati on, above 150 for pyrol y[§4].s, and
Occasional ly, smoul der i ng [1l]i whieghsmayg @aduce e a c h

highly aromatic substances.

The physical and chemical changes of peat soils likely affect the types and quantities of
peatderived pollutants such as OMPs, and their subsequent release into peatland
watershedsThese OMPs can be transported to surface waters, groundwaters and peatland
drinking water sources during flooding and precipitation events through overland flow and
peat soil mediawhich might cause deterioration of water and soil quality. Unfortunately,
compared with the intensely studied peatland hydrological and hydrogeochemica
processesenvironmental implicationge.g, peat as sources for aqueous pollufaofs

climate change impacted boreal peatlasdsibstantially undenvestigatedAs such here
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is a need to more comprehensivalyderstand ofhe chemicalcompositions of wildfire
impacted peats ahe molecular scaleWhile peatsare harvestedfor organic matter
containing products, such as biofuels, or horticultural ingredietitdire-impactedooreal

peats are still underappreciated for theagonomic potential in new fields, such as
environmental remediation and energy sustainalduis}. Wildfires disturb over25000

km? boreal regions in Canada6], in which peatlands are the dominant lands that most
affected.The firedamaged surface peats cover large surface areas, which might ineur post
fire flooding, enhanced stace drying, soikerosion risks and slowed vegetation regrowth
[17]. Therefore, there is a need to study how to sustainably harvedafiraged boreal
peatdo achievdboth economic and environmental benefits through advanced applications.

These aspects are worth deep investigation in the future.

1.1.3 Conventional OMP removal technologies

OMP occurrence in many naturalg, boreal peatland) and built systems ggeat concern,
which demands proper treatment. However, conventional water treatmeopeiratiors
havenot historically beerspecifically designed for these pollutants asdsuchexhibit
inadequate removats OMPs. Coagulatioffilocculation[18], biological treatmer(tL9, 20}
advanced oxlation[21, 22] adsorption22, 23] and ultrafiltration (UF), nanofilation
(NF) and low pressure reverse osmosis (RO) membrane filtrgg$n25] can at best
partially remove OMPs. Coagulatidlocculation employing inorganic salts or polymer
agents can only eliminate some dissolved organic matter and their OMP remexXa¥%¢1L5
is limited and inconsistenf26]. Biological techniques such a®nventionalactivated

sludge (CAS) processeand membrane bioreactors (MBR) are effectiveremovng
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nutrients, some simple organic moleculasd pathogensut these biological processes

are less effective towards recalcitrant OMRS], such as polychlorinated biphenyls
(PCBs) MBR can achievehigher removal (26 0 %) t o OMPs t han CAS
higher sludge retention time, higher biodiversity and greater microorganisratgio,

26], but is still inadequate for the growing concentrations for OMPs. @b oxidation
processes (AOPs) such as the Fenton reaction, t@é/Bixidation, and ozonation, can
degrade OMPs quickly and efficiently. However, these processes are not selective towards
OMPs.In addition, thedrmation of the strong oxidanhydroxyl radicals' OH) - demands

high energy and chemical input. Furthermore, AOP processes can form oxidation
byproducts in water and can potentially transform OMPs into other toxic sp2cies

which is the subject of ongoing research. Adsorption le&s lwidely used for aqueous
OMP removal due tats ease of operation and high efficiency (up to 9928], but
activated carbon (AC) adsorption of OMPs faces early breakthrough, slow kinetics, and
interference from other matrix substances, and AC production and regeneration can be
costly[23]. These design and operational deficiencies of conventional water treanment
beconing increasingly incompatible witthe growing amountand typeof OMPs (either
naturally occuring or artificially synthesized) in water, demanding research advancements

for new water treatment technologies.

Among these technologiesdsorption and membrane separation have been considered as
relatively feasible and effectiyghysical processéder OMP removalAdsorption has long
been used for deep treatmentrafnicipal/industrialvastewaterand drinking wateiVhile

commercial actiated carbos (CACs) have been extensively used to treat various
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contaminants the material costs remain high and CACs cannot always achieve high
removal to different OMPs. Asuch researchers have been attemptmgievelop novel
sorbentss alternative solutions. On the other hapgliaations of NF and RO membranes
have also been rapidly growing amosgdrinking water and tertiary water treatment
facilities[4], whichoftenserve asheultimate barries for the removal of OMP®Because

these membrane processes primarily rely on size exclusion to remove OMPs, they show
strengths to remove ndmodegradable molecule®verall, these two approaches are
among the most promising OMP removal processes, but developing new materials for
making novel sorbents and membranes are desired to increase the removal efficiency,
and/orlower the associated costs to solve the urgeaitariges of OMP pollution in aquatic

environment.

1.2 Research objectives

The objective for this research was to facilitate OMP source identification and management
in climate change impacted natural systems, and develofgaegtation water treatment
technologies for water sustainability in response to OMP contaminatidmeiaqueous

phase such as surface water, wastewated potable water. Here, this research was
divided into two phases. Funded by a Global Water Futures grant, in Phase 1, a grand
naural systemi.e., climate change impacted boreal peatland, was used as a case study,
which involved the quantification of organic soile(, peats) chemical transformations
mediated by wildfires, assessment of leachable OMPs and/or other typical pslarien

their immediate impacts to regional water systems and downstream drinking water

treatment facilitiesIn phase 2, two novel water treatment approaches, which had the
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potential to remove a variety of OMPs in different water environsnéised on novel
functional materials and naremabled composite membranes, were developed and
optimized to address water polluti¢gg, peatland phenolic micropollutaraésd/or other
anthropogenic OMPs such as azo dyesvate)) for enhancingwater sectity. These
strategies aimed to bring novel insightsity plannerspolicy makers and forestry services
for wetland/stream restorations many highlyvalued, firerecurring wildland-human
interfaces in the boreal regignand to provide alternative sations for potable

water/wastewater treatment operatorsemove OMPs from other water types.

1.3Research contents

Detailed phased contents for each topic are as follguscase study modulating organic
pollution in wildfire-impacted boreal peatlands, which involves (1) Characterizing organic
composition and hydrophobic transformations of peats followingilaolated wildfires;

(2) Assessing watdeachable peaderived pllutants including phenolic micropollutants
though a laksimulated batch leaching studil;) Developing novel water treatment
approaches for aqueous OMP removal, which involves (3) Converting climate change
damaged boreal peats into valgded high surfze area, highly efficient porous carbon
bio-sorbents for adsorption; and (4) Synthesizing a novéilr2znsional reduced graphene

oxide (rGO) based nanocomposite membrane for enhancedhitough separation.

1.4Thesis outline

Chapterl



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

Chapter 1 provides the backgrousad objective®f the projectand a brief overview of

research details in each chapter.

Chapter 2

Chapter anvestigaeshow forest fire might contribute to hydrophobic transformations of
peat organic molecules, and thus the formation of OMPs in boreal peaffaaisoil
chemisty is closely related with peat soil hydrophobicity, which is a common phenomenon
affected by misture contenf29-31], organic content32, 33] moss speci€81] and peat

fire conditions (smoldering and flaming combustior[8) 34] Changes in peat
hydrophobicity and the resultant organic compositions have significant implications on
peatland hydrological processasich as causing increased surface runoff, reduced
infiltration and slowed forest recove[85, 36] However, \ery limited studies explored
organic soilhydrophobic transformatiorend the associated environmental impacts, and

this study filled the gap.

A comprehensive evaluation of duration of hydrophobititpre-fire and labsimulated
postfire peats were studied. Hydrophobicity was correlated with possiblerteeated
chemical transformations of peat organic substancespriteeat and posteat (® 0 )
organic compositionsuch as fatty acids, sugars, polycyclic compounds, aromatic acids
and shorchain molecules,were identified throughgas chromatographi mass
spectrometry GC-MS) and Fourier transformi infrared spectroscopyF{TIR). Heat
inducedphysical structural and morphological changes were identified threcayiming

electron microscopySEM) and Brunauer-EmmettTeller (BET) measurementfResults
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from this study can help understand tinemation ofpeatderivedmolecules modulated by
peathnd firesso that policy makers and downstream municipalities can Ipetteitorand

manage thére-induced peatland contaminants in soil and water systems.

Chapter 3

Following outcomes reached in chapterchapter 3 attempto answemwhat types and
guantities opre- and posffire peatderived pollutant groups aveaterleachabldollowing

flooding or heavy precipitationsind if they are of acute concern for downstream source
water quality and drinking water treatment faciliti@dab-based batch leaching study was
performed to quantify the concentrations of peat leached carbons, nutrients and phenols.
As fire temperature has great impacts on peat chemistry, two different heating temperatures
(250 and 300 ) wer e adopt d-Heatedgeats, rwhighaesesimplates the
samples from lowseverity smouldering peat firéSamples were stirred in batch condition

at a given peat/water mass rabeer a 2day period to simulate vigorous field leaching

condition.

Changes of leached pollutants, including phenolic micropollutants, from peats treated at
different heating temperature were contrastad their concentrations in the laboratory
setting vere compared with US surface water guidelines, European Union (EU) wastewater
discharge limit and Canadian sewer discharg&byimits. Principal component analysis
(PCA) was used to conjecture possible leaching mecha®@sren limitations of field
samping due to risks from fire and smokthese experimental resultseportedin this

seminal studyprovided useful laiscale data anthid a foundation for next stefield

10
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measurements and validations of peat leachable polluterdslated bydifferent wildfire

conditions.

Chapter 4

Results from Chapter 2 and Chapter @didentifiedseveral climate change induced issues

on boreal peatland. Firghe existence of OMPs such as phenols and benzoic acid and its
derivatives in boreal peatlands, may psseousrisks to potable water systems in the
boreal communitiesHigh concentrations of other hydrophilic molecules such as
saccharides and aminoids will likely also increase the chemical oxygen demand (COD)
level in receiving waterssuch as municipal pipelinegisturbing C: N ratio for
denitrification process in water treatment plaf@econd damaged by frequent burning,
shallow layer boreal peatsften becomehydrophobic, especially at a few centimeters
below the surface, due to either movement and condensation of vapors of hydrophobic
organic compounds from surface to underlying cooler layers and coat or chemically bond
onto soil particle§37, 38] or condensation of the transformed organic matter, including
pyrolysis products from sources such as cellulose constituents from the littefllyer

This would increase the chance ofditing and soil erosion, thus impeding peatland

restoration.

Hence, chapter dimsto provide a solution for promoting peatland ecological restoration
while benefiting downstream communities, including agricultural lands and municipal
water systems throughitigation of flooding and aquatic organic loadings. Wildfire

damaged boreal peats wefiar the first timeemployed as carberich precursors for

11
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making biesorbents for efficient OMP adsorption in watrough a simple Znel

activation approach under moderate temperature pyrolysis.

The asprepared porous carbons were characterized by FXHRay photoelectron
spectroscopyXPS), SEM and BETmeasurements'he physicochemical characteristics
were correlated with their high adption capacities towards a model micropollutgmnt,
nitrophenol(PNP) The study identified the key adsorption mechanjsmdhighlighted

the affiliated environmental and economic benefits of peat porous carbons compared with
using other biebased sorbestas well as commercial sorbentBhis application was
justified in that(i) fire-damaged surface peats can be excavated to promote peatland
restoration and reduce OMP pollution introduced by themselves; (ii) the waste peats can
be upcycled tproduce valueadded sorbents; (iii) the sorbents can remove a variety of
OMPs that occurred in not only boreal peatland but also municipal and industrial

wastewaters.

Chapter 5

Chapter 4 has demonstrated thdsorption process is versatile, effective, asgnsitive

to toxic pollutantg39], which motivates the study of other technologoesOMP removal

In recent years, membrafassisted technologies have played increasingly significant roles
for water purification and resource recovérymajor industrieg40-42]. However,some
limitations existConventionalltrafiltration (UF) membranes have poor rejection to small
organic solutes due to large molecular weightaftiftMWCO > 1kDa), despite of the high

permeability, low energy consumption and easy automptRin Tight nanofiltration (NF)

12
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membranes still cannot entirely remove small OMPs (< 500 Da) such as some
pharmaceutical compound4-47]. NF and reverse osmosis (RO) usualyy on high

operating pressure, which brings high costs.

Recently, development of next generation advanced functional polymeric composite
membranes has appeared to be an attractive option to advance removal of OMPs. The
embedded nanofillers on surface orpalymeric matrix helps to improve membrane
characteristics so that the membranes can be tailored to remove certain OMPs at relatively
low operating pressureS.he topic of nanocomposite polymer membranes for OMP
removal has not been comprehensively anticafty reviewed as this is an emerging
topic. This research hence reviewde types of nanocomposite membranes developed
(surface localized, bulk modified, and thin film nanocomposite membranes) specifically
for OMP removal, their fabrication processesd their targeted applications towards
different types of OMP<Chapter Systematically organizgpast work, brought clarity and
direction to this field, and provided future perspectives for possible improvements of OMP

removal by certain nanocompositembranes.

Chapter 6

Continuing the research findings from Chapter 5, chapter 6 @indevelop advanced
nanocomposite membranes for OMP removal, in an attempt to overcome existing
challenges faced by conventional membranes.recent years, 20graphenébased
nanomaterialsg.g, graphene oxide (GO), and reduced graphene oxide (rGO)phanex

great interest for water purification becausevafiousadvantages, such asatomially
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thin structure, good mechanical strength and large surfacgl8te@his study synthesized

a novel, irordoped crost$inked rGOsurfacedeposited polyethersulfone (PEB¢mbrane

using hypebranched polyethylenimine (HPEI) as crosslinkehich in comparison to
conventional grapheAgased membranes had higher water flaxl higher hydration
stability. Membrane physicochemical properties were characterized by Raman
spectroscopy FTIR, XPS, BET, SEM{transmission electron microscopyEM) and
contact angle measuremenhe asprepared nanocomposite membranes were applied for
removal of agueous PNP micropollutant and azo dyes (methyl orange (MO) and methylene
blue (MB) under deaénd mode. The effect of solute concentration, pH and filtrate volume
on separation performance were investigaidis study provides an attractiviéeginative

for micropollutants removal from water at low pressure.

Chapter 7

Chapter 7 summarizes the main contributions of this thesis, and provides future

perspectiveso foster next step researches.
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Chapter 2

Hydrophobicity of peat soils: Characterization of organic compound changes

associated with heainduced water repellency

Reprinted fromY. Wu, N. Zhang, G. Slater, J.M. Waddington;FC.de Lannoy,
Hydrophobicity of peat soils: Characterization of organic compound changes associated
with heatinduced water repellency, Science of The Total Environment 714 (2020) 136444.

Copyright 020, with permission from Elsevier
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2.1 Abstract

Boreal peatlands provide critical global and regional ecosystem functions including climate
regulation and nutrient and water retention Wildfire represents the largest disturbance to
these ecosystems. Peatland resilience depends greatly on the extestffiod peat soil
hydrophobicity. Climate change is altermddfire intensity andseverity and consequently
impacting posfire peat soil chemistry and structure. However, research emfpacted
peatlands hasarely considered the influence of peat soil chemistry and structure on
peatland resiliencedere we characterized the geochemical and physical properties of
natural peat soils under laboratdrgating conditions. The general trend observed is that
hydrophilic peat soils become hydrophobic undeoderateheating and then become
hydrophilic again after heating for longer, or at higher, temperatures. The lpsatcoil
hydrophilicity initially occurs due to evaporative water loss (250 °C and 300 °Qror)5
Gentlybut thoroughly dried peat soils (105 °C for 24 h) also simass losses after heating,
indicating the loss of organiccompounds through thermal degradation. Gas
chromatographynass spectrometry (G®S) and Fourier transforfimfrared (FTIR)
spectroscopy were used to characterize the chemistry of unburned and 300 °C burned peat
soils, and various fatty acids, polycyclic compounds, saccharides, aromatic acids, short
chain molecules, ligniand carbohydrates were identifiaife determined that theeat
induced degradation of polycyclic compourael aliphatic hydrocarbons, especially fatty
acids, caused dried, hydrophobic peat soils to become hydrogfidiconly 20 min of

heating at 300 °C. Furthermore, peat soils became hydrophilic more qi#0ktyin vs
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6 h) with an increase in heat from 250 °C to 300 °C. Minimal structural changes occurred,
as characterized bBET and SEM analyses, confirming that surface chemistry, in

particular fatty acid content, rather than structigevern changes in peadoil

hydrophobicity.
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2.2 Introduction

Boreal peatlands represent a globally significant terrestrial carbon resgryand
regionalfreshwater resourde]. Wildfires are the largest disturbance affecting these
ecosystem$3] and with climate change increasing tiiequency and severity of boreal
wildfires [4, 5], there is a critical need to examine their potential impacts on boreal soils
and ecosystemd6, 7]. Wildfires can alter many soil propertie8] including

their wettability. Soil hydrophobicity characterized by reduced rate of wetting and
decreased soil water retention, is frequently increased by forest fires in many soil types
worldwide [9-15]. Soil hydrophobicity has significant impacts on peatland hydrological

processe$l2, 1619], causing both reducedfiltration, which lads to inhibited plant
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growth and slowed forest recovery, and increasestland flow which leads to increased
surface runoff andoil erosion20-23].

Peat soilsare comprised of thick organic layers in the form of partially decomposed plant
remaing24, 25] Peat soils are typically classified as organic soils, notably distinctive from
mineral soils. It has been argued that mineral soil hydrophobicity is impacted by coatings
and environmental conditions. Specific coatings idelbydrophobic organic coatinf2,

26, 27] from plant leaf waxed428], root exudateq429], fungal growth omicrobial
activity [30], and decomposing organic maftgt, 32] and their resultargoil texture[33,

34], while specific environmental conditions include variations in field soil water content
[35, 36] differences in vegetation covE7] and changes in temperaty8, 38] In
contrast to widely investigated mineral soil hydrophobif3§, 40] comparable detailed
studies for organic soils (e.g. peats) are scf6g The current literature suggests that
organic contenf41, 42] moss specidg3], in combination with moisture conteiis, 43,

44], and peat fire conditions (i.e. smoldering and flaming combustj@Bs}5] play key

roles in influencing peatland soil water repellency.

Fire can creatpl6], strengtheifill, 45, 47]Jand eliminatg¢48, 49]soil hydrophobicity. The
impact offire on soil hydrophobicity is predominantly controlled by the fire temperatures
and durationj8, 15], oxygen availability (combustion vs pyrolysjSP], and heterogeneity

of heating. It has been reported that soil hydrophobicity considerably increases when
heating soils between 175 and 2@while no significant changes have been observed
below 175°C [46]. Some reasons identified for fineduced soil hydrophobicity include

fire-induced orgnic structural modifications, polymerization or polycondensation
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reactions[8, 51], improved hydrophobic molecular bondifts2, 53] and melting and
redistribution of thenterstitialwaxes ontoil aggregateR21, 54] Hydrophobicity has

been observed to be eliminated by heating soils to high temperatures between 280 and
400°C|[11, 47] The likely cause of hydrophobic elimination is the volatilization, alteration
and comiostion of organic compound85, 56} although little quantification of #se
changes has been performed. Peat fires are dominated by smoldering fires, coupled with
flaming fires[25, 57] due to high biomass loadjs in peatlands. iivo studies have
predominantly found increased peatland soil water repellencyfipp$l 2, 43, 45] but

some studiesdve also attributed wildfires to cause reduced peat soil hydrophddiéjty

58]. Such discrepancies in studies indicate that-fa@speat soil hydrophobicity exhibits
site-specific characteristics8]. Thus, whether soils become hydrophobic as well as the
extent of the hydrophobicity posfire is a function of initial soil properties and heating
conditions.

Overall, the current state of knowledge on how fire impacts organic soil hydrophobicity is
incomplete and sometimes contradictory. This is likely due to the irstens fire
parameters that have been studied, as well as the high variability in soil types, experimental
conditions, and measurement techniques. This inconsistency has resulted in disagreement
in the literature about how fires impact organic soil hydaiytity [47, 59, 60]
Furthermore, there is an absence of literature on how peat soil hydrophobicity responds to
different fire conditions when coupled with water content variations andirtkreted
organic composition transformations. As such, there is a need for detailed studies of the

physical and chemical transformations of hydrophobic organic soils by fire. A mistahan
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explanation of firanduced organic soil hydrophobic transformations will provide a
framework for understanding the empirical observations from experiments and field trials
that occur under a wide range of organic peat soil types and conditionfly,Fina
understanding the mechanisms regulating peat soil hydrophobicity is pivotal for conserving
the hydrological, ecological and biogeochemical functions of peatj@hfig-or example,

such an understanding could provide insights into the optimal developaient
biodegradablédame retardantand peat soil hydrophobic modifiers that maintain peatland
function while enhancing their reigihce to forest fires.

Hence, we collected unburnbdreal forespeatlandopsoils and subjected them to
controlled laboratory heating conditions to approximate the impacts of forest fires.
Through comprehensive geochemical and physical analyses, wifiedethe heat
induced transformation of organic compounds that likely alter peatsoil hydrophobicity. We
propose that specifically identified hydrophobic organic compounds present on and within
peatland soils play critical roles for heatiuced peat soltydrophobicity.

2.3 Materials and methods

2.3.1 Study area and soil sampling

The boreal peatl and area studied is within
113A35Nj60n W), i n province o fcharadiebzed by a , Can
dense black spruc®icea marianeoverstoryand is surrounded by aspen forest and mixed

wood stands. Ground cover moss species were typically dominated

by Sphagnunandfeather mosand/or lichen species.
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Cores offeather mosg¢and unddying peat) were specifically collected as it is the
dominant species in black spruce peatland, and previous research has determined this
species to have poor water retention and highfoeshydrophobicity[43, 62] Cores were
collected, representatively in both undisturbed control areas (i.e. natural forested peatland,
high fuel | oad) athimhed areatment are@sn(@ea. huan ractivity
intervenedpeatland, reduced fuel load) where the tree density is reduced by felling and
there is a 3n spacing between trees with no lower branches. Coring of samples were
conducted from different microforms (i.e. hummocks and lawns) in these two areas to
reconcilethe high surface heterogeneity and incorporate various environmental conditions
include different water content, depth to water table,mraddecomposition levelfs3,

64]. See Table S1 for the sampling points. At each sampling point cores were taken using
PVC pipes with inner diameter of tén, up to 1%m without clanging the original
structure from the surface lifeather mos§4i 8 cm) to the first few centimeters (with

thickness> 6 cm) of peat below the living moss layer.

2.3.2 Sample preparation and bulk physical properties

Boreal peatlands are exclusively doated by organic materials, and the vertical
stratification ofpeat soilsusually reflects the degree of organic decomposition
[65]. Feather mosswhich has no root systerf@6], normally dominates the ground cover

of mid to late successionbabreal foresstands. Livefeather mosss relatively uniform in
structure and composition, and was directly separated from the underlying peat for later
characterization. For the underlying peat (after moss removal) we prepared samples by

removing large twigs, roots and wood debris embedded jethie Given that heat transfer
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and the impacts of fire on soil rarely penetrate deeper than a few centimeters of shallow
soil layerd46, 57, 67] only the first Gcm of peat soils were retained for studying the-heat
induced changes in hydrophobicity. Thesen6thick peat soilanples were divided into

1 cm thick subsample slices (i.6.10cm. IT2cm, 23 cm, 34cm, 45cm and 56 cm).
Previous studies have shown that drying temperature T 15C)
duringpretreatmeninay affectsoil water repellency68-70]. Possible causes are the
changes in water contents asull organic matterafter drying[68]. However, findings
regarding different soil types and pretreatment temperatures are often confdtie®,

70], and do not necessarily agree on whether soil drying treatmeanhafluence on the
water repellency. Our laboratory tests indicate that botitC2&r-drying and 105C oven

drying overnight for wet peat soils led to an increase in water repellency, white &b

drying cannot guarantee sufficient removal of peae free water. BET vacuum drying

for peat soils under 258C and 105C for 24h removes all peat moisture, but was measured

to have insignificant differences in mass losses. We thus conclude that drying temperature
under our laboratory settings mainlyfeadts peat soil hydrophobicity by changing water
contents instead of causing organic matter degradations or volatilizations. Mechanical
grinding of peat soils has been established to achieve homogenized chemical composition,
and benefits subsequent geocimhanalyses.

Therefore, all subsamples were dried in an oven af@Cd6r 24h to equilibrium weight,

and then were ground and passed througlmanXieve (Fisher brantll.S. Standard sieve,
diameter 8n.). The homogenized driddather mossamples ath peat soil samples were

then mixed to approximate an average defgphendent composition. For example, from
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multiple peat soil cores, alli 2 cm subdivided cores were dried, ground, and then well
mixed with each other to make one wmlixed I 2cm sample.The mixed averaged
samples were further transferred to sealed Ziploc bags and stored for future analysis. Peat
soil bulk density, peat soil gravimetric water content (GWC) and volumetric water content
(VWC) of the 5 field samples for the 6 depths wereedrined using the following

equations (Fig. S1).

py = 1)
9g _ m,,_.;;’ d:n.,g,.y (2)
0, = b, &

wheremdry is the sample dry weight in an oven to constant dry weight atQ0Bwet is

the sample wet weight on fiel#fpuik is the peat soil bulk volume includes volume of solids
andpore spacg b (g/cn?) is peat soil bulk density; is peat soil particle density, and here

an estimated value of 1.4j7cn?is used[43, 71} dy (g/g) anddy (cm’/cnt’) are peat soil

GWC and VWC respectively.

2.3.3 Water repellency measurement

Peat soil waterepellency on unheated and heated samples was evaluated by water drop
penetration time (WDPT) tests. This test characterizes the extent of hydrophobicity on a
porous surfac§72] and is done by placing about®0L of di sti |l |l ed water
soil aurface. Time was recorded from the time of initial water contact with the soil surface
until the water completely penetrated the sample surface. Water repellency is classified

based on the category used in other stydi&sr274]. Namely, hydrophilic (<%); slightly
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hydrophobic (560s); strongly hydrophobic (6®00s); severely hydrophobic (600

3600s) and extremely hydrophobic (>368)

2.3.4 Laboratory heating

Prepared dried and wet (GWAKZ3 g/g) samples were respectively teghin a tabletop

muffle furnace (Fisher Scientific, USA) at different temperatures for different durations.

3 g H20/g soil was selected for moist samples because this reflects the median moisture
level of collected field peat soils (i.e. 0iZ59g/g). The internal chamber contains heating
elements on all sides enabling uniform heating. The furnace is equipped wiin beitit

ports on top for removing volatile compounds and water vapour. The experiments were
conducted irmtmospheric gasomposition wihin the chamber, without an external air
supply. The muffle furnace was preheated to the assigned temperature and the temperature
was allowed to stabilize for at least min before samples were introduced. For each
sample, 50ng of soils (dry weight basisvas placed in a glazed ceramic crucible (dia.
35mm, Fisherbrand) as a flat thin layer. Samples were allowed to cool to room temperature
in air and then their weights and WDPT tests were measured. As this study only considered
feather mosgeat soils anevas conducted under laboratory heating conditions, the results
are a first order approximation to field burning conditions, where heterogeneous moss
cover, changes in oxygen content, and heating gradients contribute to the rate of change of

soil hydrophokxity.
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2.3.5 Gas chromatograpimyass spectrometry (GMS)

2.3.5.1 Extraction procedure

Polar amphiphilic solvents display desirable interfacial activity and have been shown to be
most effective in removing hydrophobic compounds from wagpellent soil$26, 75, 76]
Despite some studies having shown that solvent type may affect compound conformation
and molecular arrangement on surface of soil particles and induce changes-in post
extraction water repellenclr5, 77] IPA/NHs mixture [77-79] is widely usedfor the
extraction of compounds from many soil types. Here we extracted the organic compounds
from peat soils via a mixture of isopropanol/30% ammonia (v:v, 7:3). Approximately
50 mg of ovendried peat soils were mixed withmL isopropanol/ammonia (30%yY:y,

7:3) solvent mixture. All samples were pretted in the solvent mixture forrbin, then

the samples were sonicated in a Branson 2800 Ultrasonic Cleaner (Crystal Electronic Inc.,
Canada) for 1Bnin to allow sufficient detachment of organic moleculesf the soil
particles. Suspensions were collected and centrifuged in an Eppendorf Microcentrifuge
5430, (Eppendorf, Germany) at 40Q0n for 2min. Supernatants were used for theiGC

MS analysis.

2.3.5.2 Internal standards, calibration curves,samdple preparation

Expected organic compounds on soils include fatty acids, sterols, and sugars. An internal
standard was used for each class of organic compound, to establish baseline concentrations
measured by GKMS. The internal standards were laurieda@®8%, SigmaAldrich) for

fatty acids, resorcinol (99%, Fisher Chemical) for sugars/sugar alcohols, -Bhd 5

cholestane (97%, Sigmdrich) for polycyclic compounds. Reference standards of
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several organic compounds were added to soil extracts to caltheatextent to which
solventextracted organic compounds were analyzed byi NB& Together with the

internal standards these determined the concentration of compounds extracted from solls.
The reference standards closely approximated different classeapdonds in the solvent

extracts. The reference standards wienitic acid(98%, ACROS organics), stearic acid

(97%, ACROS organics-sorbitol (97%, ACROS organics) and cholesterol (99%,
SigmaAldrich).

A working reference standard (460g / nosdnjaining all the standards was prepared by

mixing identical aliquots of Phg/mL palmitic acid, stearic acid and cholesterol in
dichloromethane (DCM), ghg/mL D-sorbitol in dimethylformamide (DMF), and pure

DCM. A series of reference standard sub stodks 83.3, 50, 100, 150, 200, 300 and

400e g/ mL) were prepared by diluting this wo
amounts of DCM.

A mixture of internal standard stock DCM solution for lauric acid, resorcinol add 5
cholestane was also preparefdybich the concentration for each chemical was25p/ mL .

30eL of reference standard sub stock for ea
300 and 40@ g / mL) , was tr anLs fgelrarsesd cionntimk eldar 2 5n0s e r
Robo vial, followedby adding2& L of t he i nternal sgdlandfar d
MSTFA (with 1% TMCS), the derivatizing agent. A series of mixed standards (3, 10, 15,

30, 45, 60, 90 and 12ipm) with a fixed amount (50pm) of internal standards for
calibration werdhereby established. 2@0L of soi |l extracte€lLwas ¢t

glass conical insert in arilL clear Robo vial. Each sample was completely evaporated
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with nitrogen and reconstituted with 25 DCM,L 1 Ohnt er nal stealndar d

MSTFA (with 1% TMCS). To ensure complete derivatization, the standards and samples

were incubated at 6 for 1h and then load for GGBAS analysis.

2.3.53 Instrumentation and compounds quantification

Analytical separation and determinations of the derivatizaddsards and samples were
performed using an Agilent 6890 series GC coupled with an Agilent 5973 series mass
quadruple detector, equipped with an Agilent -BEBS  column
(B0mx0.32mmx 0.25¢ m) . The system was operated
constantflow (1.2mL/min) at 70eV ionization energy. The oven temperature was
programmed to increase from %0 (hold 1min) to 300°C (hold 15min) at an increase

rate of 5°C /min. Them/z scan range of this Q&S is 50 800. Compounds were
identified usingthe NIST 2011 MS library, and their respective concentration was
estimated by calculation from the previously established calibration curves. Those
compounds which could not be fully identified on the basimads spectraith a match

score <800 werelabel ed as Aunknowno.

2.3.6 Fourier transform infrared spectroscopy (FTIR)

To compare the structural arrangement of functional groups along the peat soil depth
profile and trace the chemical transformations of organic molecules during the heating
process, FTR was performed for the unheated and heated samples by a Nicolet 6700 FT
IR spectrometefThermo Scientific, USA). Samples were placed directly on an ATR

diamond crystal plate, and the flat press tip on the pressure arm was locked into the small
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crystal. Pectral data were acquired by averaging 64 scansiat 4esolution over the
mid-infrared range from 4000 to 5287 !and interpreted by OMNIC 8.2 software.

Spectra are all presentedteensmittancevalues.

2.3.7 BET and SEM characterization

Peat soil pecific surface area was measured by BERdsorptiordesorption aliquid
nitrogentemperature (7K) with a physisorption instrument (Quantahrome).iQoil
samples were first outgassed at 2G5under vacuum for 24 prior to the measurements.
The BET specific surface area was determined by the BrukaneretTeller (BET)

model which involves the use of the following BET equation.

B-1
Ty () ‘

where W is the wegiht of gas adsorbed at a relative pressure af WR is the weight of
adsorbate (nitrogen) constituting a monolayer of surface coverage; B represents a BET
constant which is related to the energy of adsorption in the first adsorbed layer and indicates
the magnitude of the adsorbent/adsorbate interactions. TheaRged from 0.05 to 0.35

in the adsorption isotherm, which was used to calculate the specific surface area based on
the multipoint BET method.

Pre and postburned peat soil's microstructure wasaracterized by Scanning Electron
Microscopy (SEM). The measurements were performed using a JEOL 66w0gsten

filament equipped SEM, or a JEOL JSMIOOF, a Schottky field emission gun equipped
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SEM under high vacuum, depending on the required resolatithe images. All samples
were coated with 16m of gold prior to SEM characterization.

2.4 Results and discussion

2.4.1Preand postburn peat soil hydrophobicity

2.4.1.1 Effect of water content

Soil moisture content has long been consideredrgortant factor responsible for the
highly variable and irregular patterns of dojyidrophobicity[36, 46, 80] According to the
water drop permeation (WDPT) tests presentedrign 1, peat soil hydrophobicity
decreases nelmearly with gravimetric water content (GWC). There is a sharpffuh
water content that transforms peat soils from hydrophobic to hydrophilic. For example,
water does not easily infiltrafeather mosgpeat soils with lowwater content (<0.8/g),

but easily infiltrates soils with high water content (>§/§). Small differences in peat soil
water content lead to dramatic changes in wiafdtration behavior. We observed that this
critical soil GWC threshold increasedtiwiincreasing soil depth. The threshold ranged
from between 0.3 and Og/water/g soil fofeather mostayers (surface) to between 0.8
and 1.0g water/g soil for deep peat soil layers 34m below surface). The marked
moisture content threshold, knownasarrow transition range, between hydrophobic to
hydrophilic soils has been reported as the critical GWC, which has been observed for not
only mineral soil§29, 39, 81] but also peat soi[d46, 43] For instance, Moore et i3]
found thatfeather mospeatsexhibit a thresholdike GWC of <1.4g/g, and this coincided
with poor water retention, frequently tolerated desioraind high hydrophobicity under

field conditions. The water within peats can change soil hydrophobicity by altering organic
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molecular arrangements in soil particles during the interactions. This difference in

threshold reflects the differences in orgamiatter quantity and polarity.
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Fig. 1. The relationship between hydrophobicity and moss and peat soil gravimetric water content
from the study site. The inset indicates the GWC ranges in which peat soils become hydrophilic.

As demonstrated iRig. 1, peat soils can demonstrate extrémdrophobicity even when

they contain considerably higher GWC (e.g.@@for deep soils). This implies that water
content alone does not govern peat soil water repellency. The conformation and
reorientation of organic matter within the peat soil inwiedting cycle may partly explain

this phenomenon. It is assumed that when GWC is low, the polar ends of amphiphilic
molecules remain associated throinykdrogen bondand are forced to attach to soail
particles while the nopolar ends, e.g. methyl amethyienegroups, orient outwards,
leading to water repellen¢22, 82] Under higher GWC, the moleculaolar groups which
include hydroxyl and carboxylic groups will interact with water molecules rather than each
other and/or with soil particles. The soilganic bonds weaken, rendering the surfaces

hydrophilic[22, 83]
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2.4.1.2 Heating kinetics

The heating temperature is critical in determinpagtfire soil hydrophobicity[21, 47}

Of the boreal forested peatlands, smoldering and flaming fires are the two common forms
of peat fire425, 57] Smoldering fires, knowas flameless burning of biofuels (e.g. peats),
can impregnate into deep layers of organic soils and persist for long periods (i.e. up to
months or longer) despite rainfal@4]. Smoldering fires have peak temperatures ranging
from 400 to 600C [57, 85] In comparison, flaming fires require ¢omuous ignitions and

as such occur less frequently in northern peatl§itis86] Temperatures aeshed during
flaming fires above ground can be very high (i.e. sometimes as high aSQ5&7].
However, shallow soil layers rarely exceed 300 to BD{b7].

Because peat burning (oxidative combustion as oppogagatysis) usually takes place
between 250 and 30C [57], dried and wet (GWG& 3g/g) peat soils were heated
respectively at 250C and 300C to simulate a field peat soil wildfire evekig. 2shows

that both moist (GWG 3 g/g) ard dried soils lose water mass and become hydrophobic
within the first 5Smin of heating, regardless of temperature. Initially wettable moist samples
rapidly became extremely hydrophobic. It has been suggested that moisture can accelerate
heat transfer in i3 as a result of waté higherthermal conductivityover air [87].
Nevertheless, heated wet soils do not exce€€antil the complete vaporization of water

[88, 89] Given these low temperatures within the firatni®, we deduced that the
substantial weight loss in the wet samples in the firsirb(Fig. 2a and d) is primarily
attributed to water vaporizah and not the volatilization and/or combustion of organic

compounds within the soils. Changes in water content lead to marked soil hydrophobicity
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within 5 min. This is likely a result of both water loss and the vaporizatidaced changes

in conformatia and orientation of organic molecules. After the initiati, heatinduced
mass loss within the samples is likely a resulsaf organic mattedecomposition,
chemical transformation, and volatilization. During this time, specific classes of organic

compounds are lost from soils, which directly impacts soil hydrophobicity.

(a) feather moss, 250 C (b) peat soil 2-3 cm, 250 'C
ft 400+ ® m dried peat soi 4
£ 350 i ® moist peat soil (3 9/g,0) s
g 300 :I  dried sample extremely hydrophobic zone
> 250 : |__ moist sample extremely hydrophobic zone|
a
£ 200 {
§ 1504
= 100
§ 50
£ o-
4000 + >3600 s
3200
O
E 2400
£ 1600 -
800
0
0 1 2 3 4 5 6 1 2 3 4 5 6
Heating Time (hrs) Heating Time (hrs)
(c) feather moss, 300 C (d) peat soil 2-3 cm, 300 'C
g 400 + ’ W dried peat soil '
E 350 : ® moist peat soil (3 g/g,,,) :
g 300 -| :[ " dried sample extremely hydrophobic zone
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§
g
=
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e
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000 025 050 075 1.00 0.00 025 050 075 1.00
Heating Time (hrs) Heating Time (hrs)

Fig. 2. Heating kinetics of dried and moist peat soils: (a) 250 °Gefather moss(b) 250 °C for
2-3 cm peat soil; (¢) 300 °C fdeather mosg(d) 300 °C for 23 cm peat soil.

The temperature to which peat soils are exposed governs the persistence of soil

hydrophobicity. After substantial heating, soils can lose their hydrophobistghown
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in Fig. 2 soils heated to 25T required significantly more time (4.6 h) to destroy their
hydrophobicity than soils heated to 3@ (25 30 min). Soils changed drastically from
hydrophobic to hydrophilic after heating for these timesi @band 2% 30 min), such that

these time points were termed threshold points. Their hydrophobicity was eliminated at the
threshold point, making the peat soils wettable once more, probably due to hydrophobic
organic compound removal.

In addition, we examinethe impact of a wide range of temperatures on the rate of
hydrophobicity loss, to evaluate the range of common peat fire temperatures. Samples were
heated up to 2 because studies have shown that peat fires are often sustained for several
minutes up toaveral hours or longg84]. The total mass of peat soils that was evaluated
was small (50ng) for each experiment. This mass covered a thin layer (approximately 2

3 mm) in the ceramic heating crucible and as such it was expected that these peat soils were
uniformly heated in bulk. Térefore, there was no attempt to identify heat propagation
through the peat soil depth profile during heating. It is expected that heat propagation
would be hindered in dried peat soils. This study focused on heat generated from external
sources such as sidering fires, rather than heat propagated through thermal conduction.
Given that no oxygen was pumped into the furnace during the heating, the oxygen
availability would differ between the peat soil surface (i.e. direct contact to oxygen) and
within the peat soil bulk (i.e. limited diffusive oxygen transport). Both combustion
andpyrolysisconditions exist within our crucible. However, we hypothesize that the

oxygen availability difference is minimal, given the small mass added in the crucible.
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Fig. 3demamstrates the minimum time for dried peat soils to lose their hydrophobicity
when heated at various temperatures ranging from 225 toC35he time point at which

peat soil hydrophobicity is eliminated ranges greatly from 14 to 20225°C to only a

few minutes at 350C. We also observed that deeper peat soils lose their hydrophobicity
more quickly than shallower peat soils for the same heating temperature. Shallower peat
soils are more decomposed but have nearly the partiele size distributiofFig. S2),
suggesting that their chemical composition may influence theirihéated loss of
hydrophobicity. This difference in hydrophobicity loss as a function of depth within the
soil may be due to the differences in soil composition Therefore, we dentitat the
hydrophobicity of peat soils is primarily affected by their chemical composition, moisture

content and the heating temperature and exposure time to which they are subjected.
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Fig. 3. Minimum time to eliminate dried peat soil hydrophobicity under laboratory heating under
different temperatures. WDPT tests were measured based on duplicates of samples.
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2.4.2 GGMS quantification

In this study, we extracted various hydrophilic &ydrophobic organic compounds from

peat soils using an isopropanol/30% ammonia 7:3 (IPA)Miixed solventFig. 4, Fig.

5, Fig. 6, Fig. S3 and Fig. S4 show the relative abundances and quantitative amounts of

major extractable compounds from peat soilagi$iPA/NHs.

2.4.2.1 Fatty acids

Straightchain nfatty acids (Gs-Cz6) were detected in this study, where there is an-even
overodd number predominance of the homologues in all samples (Fig. 4a). However, the
respective concentration of eaalkanoic acid differ quantitatively among samples from
different depths and of different heating duration. In the unheated raw samples, the
surfacefeather mossextracts were characterized by a high content of st@in (<Co)

fatty acids, specifically @G.opalmitic acid, Gs.ostearic acid, @:aoleic acidand
Cus:2linoleic acid. The relative abundance of these auembered fatty acids decreased at
lower depths in the peat soil. This may be due to an attenuation of microbial hydrolysis
activities[90] or arbuscular fungi inpy®1]. Long-chain (>Go) evernumbered fatty acids

are also predominant in all extracts. The majoritfeather mosfatty acids measured in

the samples were26; Cza and Gs, which coincides with previously measured results of
C24dominancein other moss types, such $ghagnuni92]. The bng-chain fatty acids
(>Cz20), on the other hand, may be from above ground plant s883 he decomposed

peat soils contain similar amounts of letigain fatty acids, which are likely from plant

root biopolymerssuch as suberi®4] or from above ground epicuticular plant waj@g).
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Fatty acids were also extracted from peat soils that were heated 1€ 3@05min and
20min (Fig. 4b, c). Laboratory heating data presenteHim 4indicate that while variable
changes of fatty acids were found, there is only a delttease of fatty acids regardless of
chain length for soils heated forngin. Results show that rhin of heating at 300C
thermally breaks down 21%, 35%, 33% and 36% (avg. 31%) of total fatty acidstioer

moss peat soil 01 cm, peat soil 3 cm andpeat soil 45 cm, respectivelyKig. 4b). The
proportion of fatty acids within soils heatedfom& n f | uct uates sl ight!|
T 8% and Fig.®4HoWwevef, these changes are insufficient to eliminate peat soil
hydrophobicity. After 20min of heating to 300C, however, causes the thermal breakdown
of 86%, 89%, 91% and 89% (avg. 89%) of the fatty acids feather mossli 1 cm, 2

3cm and 45cm peat soil depths, respectivelyid. 4c). The proportion of fatty acids
among all organic speciedeclined throughout heating measuremeriisg.(6). The
hydrophilic tendency of peat soils after @inh of heating is also associated with the
disappearance of lonaghain fatty acids (>£) and the significant decrease of shdrin

fatty acids (<@o). This agrees with earlier studies that demonstrated ¢tvagn fatty acids

are more susceptible tbermal degradatignand upon heating fatty acid chain length
decreasef95]. We hypothesize that these ledgain fatty acids haveigher degradation
rates than shoxthain fatty acids, and can degrade into short chain molecules in the heating
process. The significant losses of these hydrophobic fatty acids (up to 89% of initial
concentration) after only 2@in of heating is correlatealith a return of soil hydrophilicity.

This supports the hypothesis that fatty acids are critical in contributing-tamuteostire

peat soil hydrophobicity.
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Fig. 4. Changes in percent abundance of fatty acids relative to raw samples under 300 °C laboratory
heating for peat soils from different depth. All runs were measured in triplicates.

2.4.2.2Polycyclic compounds

Complex polycyclic compounds were found in all extracts with variable relative abundance
and are frequently found in many so[86] including peatland497]. Steroids and
triterpenoids were found in considerable amounts at all depths (Fig. S3a). These
compounds are primarily dominated by cholesterol Busitosterol derivatives, which
mainly occur in the membranes of plants amdroorganisms. The presence of abundant
b-sitosterol (Go) may indicate planf26] or fungi origins[91]. Other steroids such as
campasterol (€3) a raohyrind(Go) are also thought to be associated wibcular
plantsand fungi[98]. Significant amounts of dehydroabietic acid, a widely found diterpene
resin acid, was also found in soil extractsl @nves strong evidence to indicagcrobial

activity within humic acid499]. Polycyclic compounds are typically hydrophobic
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compounds. In particulaf-sitosterol alone and in combination with similar water
insoluble phytosterols may significantly add to soil hydrophobicity.

As shown in Fig. S3b, there was considerable degraddtfmmiyeyclic compounds in peat
soils after Gmin of heating at 300C. 58%, 28%, 45% and 30% (avg. 40%) of polycyclic
compounds were lost withieather mossOi 1 cm, 2 3cm and 45 cm peat soil depths,
respectively. The proportion of polycyclic compounds among all organic compounds in
peat soils was also measured to decrease aften Bf heating to 300C (Fig. 6). The
relative proportion of polycyclic congunds and fatty acids among all organic compounds
for each of the 4 peat soils atrbn heating are similar (Fig. 6), therefore it is uncertain
which of these classes of compounds have a greater impact oimdeszdd soil
hydrophobicity. Of note, none dhe polycyclic compounds were detected afteni®
heating, implying that polycyclic compounds have leat resistande terms of heat
duration and may have been volatized during the heating pri@gs®Vhile fatty acids

are usually more volatile and easier to degrade into other carbon forms, the polycyclic
compounds might have lower affinity in peat soils under heating and are thus less stable in
peat soils. The complete loss of these polycyclic compounds aftem2€oincdes with

the loss of hydrophobicity of peat soils after this amount of time af@0This may
indicate that the presence of polycyclic compounds within peat soils plays a critical role in
soil hydrophobicity, and their heatduced elimination also coiitutes to soil

hydrophilicity.
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2.4.2.3 Sugars

The focus of this work was to identify how peat soil hydrophilicity is impacted by the
guantity ofmonosaccharideslisaccharideand sugar alcohols and less important to
guantify the exact sugar structureghBkustive isolation and identification of carbohydrates
from plants and soils by G@AS is challenging. Reducing sugars of tautomeric forms in
trimethylsilyl (TMS) derivatives produces many peaks that are challenging to identify
[100]. Most monosaccharides suchpagmntosesndhexosepresent two GC peaks because

of t ha&m d-redoffiguration of OH group on the pyrano or furano fit@l, 102]

and some opering compounds (i.e. ketols and aldols) may present together with their
cyclicisomers making it complicated to quantify the concentrations of individual sugars
[102]. Moreover, the high similarities of mass spectrometric fragments from sugars or
sugar alcohols from the same groups greatly increases the ambiguity of the identified
individual compound101, 102]in the case that there is no prior knowledge of sugar
retention times from sugar standards. This is the case even if sugar alcohols and
anhydrosacharides do not display isomers in the chromatogram. Hence, the GC peaks were
summed together, and a single value is presentedirbfor total isomeric compositions

of the sugar types, i.e.sB100s, CsH120s, etc. For additionaspecificity, most probable
sugars are listed for certain peaks based on NIST library confidence scores.

Raw peat soil samples were found to contain various amounts of monosaccharates (C

Cs), disaccharides (£2), sugar alcohols (£Cv), sugar acids (£and G) and levoglucosan

(Fig. 58). Among them, monosaccharides and disaccharides are the most abundant

compounds in the samples, which are considered to be from vegetation and
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microorganisms|[26]. Primary cadidates for these saccharides includes@ars
(arabinosexylose etc.), Gsugars (glucose, mannose, fructose, etc.) amsugars
(sucrose, trehalose, mannobiose, etc.). In addition, the monosaccharide abundance
increases with depth whereas the dibacide abundance decreases with depth. This may
imply an increasingly prevalent oligo polysaccharidestilization by subsurface
microbes along the depth profil&03]. The ratio of @/Cs sugar is >2, suggesting fairly
important microbial contributions under the moss 1494f. The extremely high sucrose
abundance in thizather mosgxtracts agrees with the results in other studies that various
moss species can uptake multiplessdilved sugar$104] and some types can most
preferentially utilize sucrose to increase grojtfi5]. The sharp decline of total sugar
content fronthefeather mostayer to the decomposed peat soils may be explained by the
decrease of exogenous sugar uptake by peat [h64$ Saccharidic polyols such as
arabitol, sorbitol and pinitol are much less abundant in all measured s§a&|&66]

The sugar distribution in the samples changed markedly upon heatinghiompBoducing
much higher concentrations o&voglucosan Kig. ). Levoglucosan is produced
fromburning biomasand is a pyrolysis product formed from the
thermaldepolymerizatiorof structural polysaccharides, such as cellu[@®&, 108] The
concentration and relative abundance of monosaccharides decrease for all nusgthsed
suggesting that their decomposition and volatilization fpamiculate organic
matteroccurs at the same rate. The change in disaccharide content as a function of heating,
on the other hand is uncorrelated with depth, as demonstrafggl i The disaccharide

content offeather mosand @ 1 cm samples decreased in total content, while thai of 2
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3cm and 45 cm sample depths increased in total content. We speculate that these newly
produced disaccharides may form from the hydrolysis of reside#lactory
polysaccharides found throughout the raw soil samples. The concentration of all
compounds dramatically decreased (down 95%, 93%, 91% and 89éatioer mossOi

lcm, 23 cm and 45cm peat soil, respectively) after &fin of heating Fig. ), and

only small amounts of £and G2 sugars and levoglucosan were observed to remain. This
suggests that the absolute amount of the distribution of sugars is important in governing

hydrophilicity.
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Fig. 5. Changes in percent abundance of sugars relative to raw samples under 300 °C laboratory
heating for peat soils from different depth. All runs were measured in triplicates.
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2.4.2.4 Aromatic acids and shattain molecules

As with all organic compounds studi in these peat soils, the concentration of aromatic
compounds decreased with increasing heating time (Fig. S4). Interestingly, both the
relative abundance of the aromatic compounds and the diversity of types of aromatic
compounds increased with increa$eating time. For example, we measured an increase
in the number obenzoic acidlerivatives carrying carbonyl, hydroxyl and methoxy groups.
The production of these aromatic acids upon heating may be attributed to the combustion
of polysaccharides, phemolhydrolysis and/or depolymerization of lignig6, 95] The
impact of this increased relative abundance and increased diversity on soil hydrophobicity
was not evident, however it may have an impact onfrespeatland recovery. It wadso
observed that shedhain polar molecules, such as skdraincarboxylic acidand amino

acids, follow the general trend of decreasing abundance with heating at all depths.
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Fig. 6. Percent and total contents of compound groups from unheated and heated peat soil extracts
for different depths.

2.4.3 FTIR characterization

FTIR spectravere obtained of peat soil samples heated to’@0f@r various durations to
identify changes in chewal functional groups. Representative FTIR spectra are shown
in Fig. 7. All the unheated peat soil samples exhibit a broad peak atc8335This is
ascribed to the ® H stretching vibration§109], of carbohydrats such as cellulose. The
prominent twin peaks near 2920 and 2869* represent the asymmetric and symmetric
stretching of aliphatic hydrocarbofisl0, 111] which are found in plant wax or lipids. The
band occurring near 1730n' tis possibly assigned to the-GO stretching of carbonyl
groups fromketonesaldehydesindorganic acid$112]. The peak at 1616m' ! indicates
aromatic G=C stretching and asymmetriadCO stretching of carboxylic groudd11,
113], and can represent the presenof lignins, aromatic compounds or aliphatic

carboxylate$109]. The small peak near 15t47  may reflect aromatic ligniderivatives
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[114]. The small shoulders near 1420 and 1870! in the fingerprint region are probably
caused by 6 H and @ H deformations of phenolic structures, and may indicat
characteristics of structural carbohydrafes5]. The light band at 131&m' ! shows the
CH2 wagging and mainly@pears in crystalline cellulo§&16]. The band near 12420’ is
ascribed to the & O stretching of phenolic OH groud415] or represent specific
structural polysaccharides such as cellulosic mat¢tib, 117] The small peak at
1150cm' tindicates the @-C asymmetric stretching in cellulose and heeliulose
[118]. The intense peak near 108 ! is associated with & O stretching and confirms
the presence of carbohydrate or polysaccharide strudtlt®s 119] It shodd also be
noted that despite the similarities of thensmittancéands among the different samples,
slight peak variability exists due to sample composition variations resulting from the

heterogeneous nature of peat soil organic matter.
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Fig. 7. FTIR spectra of (a) surfadeather mosand (b) decomposed peat soils é€8 2m depth
under 300 °C laboratory heating. Samples were-@ved for 24 hrs in an oven at 105 °C prior to
characterization and heating.

Laboratey heating was conducted for up to 20 comply with aforementioned typical

peat fire durations. Results presente#ion 7show the changes in functional groups as a
function of heating time. Based on kinetic heating experiments, peat soils remdyn high
hydrophobic when heated <2@in. At 5 and 10min, there are only small decrease of
hydroxyl groups at 3330m' !peak, and some small decrease in the-imajn aliphatic
hydrocarbons twin peaks at 2920 and 2880 ! There are morsignificant peak losses

near 1420, 1368, 1315, 1242 and 1tB0 ! These peak losses likely indicate the
combustion of cellulose and structural carbohydrates. Peat soil hydrophobicity has a sharp
decrease at 2@in of heating. It is observed that the 333 'hydroxyl group becomes

less intense, reflecting the persistent thermal dehydration of saccharides or polycyclic

48



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

compounds. This is also in consistency with the pronounced diminishing of signal band at
1030cm’ ! The dramatic elimination of the twin gies at 2920 and 28%0n' 'occurs
especially after 2énin of heating, indicating the irreversible fragmentation of {ohgin
aliphatic hydrocarbons. The reduction of peaks at 3330, 2920, 2850 andm0%0e
correlated with significant decreases in sk water repellency, thus we deduce that the
presence of aliphatic hydrocarbons (i.e. fatty acids), saccharides and polycyclic compounds
significantly contribute to peat soil hydrophobicity.

After 20min heating, hydrophilic peat soils continue to undeasigemical transformations

as observed in the FTIR spectra, however these chemical transformations do not alter their
hydrophilicity. With extended heating to up to H2the transmittance band at around
1730cm’ lis shifted to the right by approximatel (inits. It is probable that 2@in of

heating thermally degraded organic constituents included hemicellulose, and that some
labile organic compounds undergo chemical transformations to form new carbonyl groups
[120, 121] The peak 1616m' lis shifted slightly to lower wavenumbers during longer
heating periods and this may be related to the increased proportion of aromatic structures
[121]. The loss of pde at around 151dm’ upon extended heating could reflect the
degradation of free lignocellulose andmic substancg422]. Due to the complexitpf

organic compounds involved, it is challenging to precisely identify functional groups
associated with vibrational modes within the fingerprint zone. However, the continuous
attenuation of small signal bands from 1430 to 1dB0and the elimination ofmany

peaks in between supports the hypothesis that unstable organic compounds are thermally

degraded after 2Min of heating. An additional small but sharp peak near
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1842cm’ ‘appears after h of heating. This might be related to the-© stretching from

newly produced cyclicarbonate groug4.23, 124]

2.4.4 BET and SEM characterization

The specific surface area of the peat soils are summariZebla 1 BET Ne adsorption
measurements of peat soil surface area waglo#ém?/g). Heating at 300C for 5min

led to a slight increase in surface area (3u#/), and heating for 2Min resulted in a
larger surface area (11.7#¥/g). The standard deviations of the acquired surface areas from
multiple peat soil samples ireased with extended heat duration, indicating greater
structural variability with longer heating times. No attempts have been made to analyze
more samples due to the poor reproducibility of specific surface areas for different heated
samples. This lack ofeproducibility is reflective of the inconsistent organic matter
consumptions/transformations and structural changes, which are possibly related to the
naturally variability of peat soils in their nano and micro surface areas, and may also be
caused by vaations in soil layer thickness in the heating crucibles, unbeah

conductionin the furnace, and the high sample composition heterogeneity.

Table 1 BET surface area of the unheated and heated peat soils.

BET Surface Area (nt/g)

Sample
raw” 300 , "5 n 300 , 20 r
feather moss 1.51+0.72 6.41+5.48 11.54+7.76
0-1cm 1.50+0.72 2.76+£2.17 12.42+12.33
2-3cm 1.45+0.60 2.79+0.65 11.22+5.77
4-5 cm 1.38+0.70 2.87+1.80 11.90+8.54
averaged 1.46 3.71 11.77

Note: *: data calculated based on measurements of 4 different samples; **: data calculated based
on measurements of 3 different samples. For burned samples, each sample was prepared by mixing
three burned samples operated following the same procedure inlizdaveight before heating

was 0.05 g. All samples were dried in an oven at°@r 24 hrs before heating treatment.
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Electron microscopymages Fig. 8) indicate the morphological structures of the unheated
and 300°C heated peat soils. While BETeasurements probed nanoporous materials
(d<1000nm), SEM was able to analyze the presence of large pores or veidse(an) .
The unheateteather mosfragments have no observable void pores on the relatively
smooth surface and no visible poeggpear on the heated sample surf&ag 81a and 1b).
Peat solil pulverization leads to fragmentation of original peat structures at thespatzo
(Fig. 81a and 1b), but has insignificant impacts on its recade structured=(g. 81c and

2c). High resolution SEM images of the rawather mosand decomposed peat soils
(without grinding) Fig. 81c and 2c) further support the BET results thatféla¢her
mosspeat soils have low nanoandmicroporosity There were no discernable
morphological changesFig. 82a and 2b) of deeper peat soil surface areas at the
micrometer scale, suggesting that while significant chemical changes were quantified, no
significant physical macroscopic changes occurred after@Qfeating for 20nin. As

expected, the small ahges in BET surface area were not observable in SEM imaging.
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Fig. 8. SEM secondary electron images (SEI) of the unheated and heated peat soils: (1a) unheated
feather moss(1b) feather moséeated at 300 °C for 20min; (2a) unheate8 @ peat soil (the

inset zoomed in 10x%), (2b}2 cm peat soil heated at 300 °C for 20ifihve inset zoomed in 10x);

(1c) unheatedeather mossvithout grinding, (2c) unheated2 cm peat soil without grinding.
Micrographs of 1a, 1b, 2a and 2b were operated at 10kV using a JEOL 6610LV SEM instrument,
micrographs of 1c and 2c were operatedky Bsing a JEOL JSMO00F SEM instrument.

The structural changes of peat soils are found to be minimal and therefore less likely to
have an impact on the changes of soil hydrophobicity during heating processes as compared
to the concurrent soil chemicalariges and moisture variations. These results suggest that
hydrophobicity is mostly associated with changes in the organic compound compositions.
Hydrophobic organic compounds coated on peat soil particles are primarily responsible for

heatinduced peat sbhydrophobicity.

2.5 Conclusion
This study investigated the factors controllpeat soihydrophobicitythrough laboratory

heating of peat soils obtained from an experimental field site in Pelican Mountain, AB,
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Canada. We conclude that the hydrophobicity of boreal peat soils is pyiai@eitted by

their chemical composition, moisture content and the burning conditions to which they are
subjected (temperature and exposure time). The presence of watepedtscan change

soil hydrophobicity by altering organic molecular arrangementsoil particles during
interactions. Peat soils become hydrophobic withmid of heating (250C & 300°C)
primarily due to conformation and reorientation of organic molecules caused by water
vaporization rather than organic compound combustion. Hefatinonger times, however,
caused soils to become hydrophilic again. This was likely due to thermal
degradation/volatilization of hydrophobic fatty acids and polycyclic structured materials,
the loss of which eliminated hydrophobicity. Peat soils expédsdieat can cause the
fragmentation of longhain alkyl molecules, polycyclic structured materials and
hydrophilic sugars. Hydrophobic substances, especially-d¢bagn fatty acids, are
considered most significant in contributing to-paed posffire ped soil hydrophobicity.
Degradation of organic compounds at lower temperatures’@b0ccurred after 4i% h,

while those compounds degraded within onlyi @bmin after heating at higher
temperatures (30WC). Peat soils are ngporous at the nanoscalel300nm), and the
structural changes of peat soils are found to be less significant than the chemical changes
and moisture variations for the changes of soil hydrophobicity during heating processes.
As this study only considerddather mospeat soils anevas conducted under laboratory
heating conditions, this first order approximation neglects the influence that heterogeneous
moss cover, changes in oxygen content, and heating gradients have on the rate of change

of soil hydrophobicity. Moreover, while odmdings related to firenduced peat soil
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chemical transformations and the pattern of peat soil hydrophobicity can feasibly be
applied to most peat soils across the boreal peatlands, we suggest these findings be limited
to boreal peatland applicationss Auch, we do not believe this study provides a good
reference for tropical peatlands where severe peat fires have also been dhénEeb]
Tropical peats are substantially different from boreal peat soils in their organic
compositions, physical structures, and surface coverage, i.e. tropical peats typically have
large amounts of courseoody debriccovering their surface, which resists timg [125].

We encourage a similar approach to investigating tropical peat water repellency dynamics.
Further, this study did not investigate the impact of high molecular weight organic
compounds, such as cellulose and lignihicl are refractory and difficult to quantify. The
impact of heat and fire on these compounds will likely also have an impact on soil
hydrophobicity and is worthy of further study. In particular, large pieces of plant matter
were removed from the soil, artdese components likely play a role in fireluced

changes to peat soil hydrophobicity.

2.6 Environmental significance

Global climate change is expected to increase drought and wildfire across & aoaeial
forests[58]. Changes to wilfire frequency and intensity will in turn altpeat

soil chemistry. This studg first order approximations to the way field burning conditions
impacts peat soils provide strong evidence that increased fire severity will have significant
impacts on peasoil organic composition and distribution. In particular, we have

demonstrated that changes to peat soil chemistry as a result of high temperatures and/or
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longer heat exposure cause hydrophobic peat soils to become hydrophilic while losing
many of the orgaic molecules that control peat soil water retention.

Wildfires can pose risks to boreal peatland watersheds, causing deteriorated source water
quality and increased costs fininking water supplyacilities[127]. This study identifies

the organic compounds likely present in peat soils before and after a forest fire. Our
comprehensive chemical analysis provides an organic oieléagerprint of the leachates

(e.g. hydrophilic benzoic compounds and carboxylic acids) in the runoff that enter source
waters and drinking water facilities downstream of forest fires. Knowledge of these
chemical compounds and their concentrations wwifbrm environmental assessors
andwater treatmenbperators of what compounds will be found in downstream systems
after forest fires, thereby enabling them to more effectively protect source waters and
implement effective treatment drinking water treahentsystems. For example, our
analysis suggests that after severe fires (peat soils exposed© Béating for 20nin)
aromatic compounds account for a significant proportion of organic content (> 50%)
implying that runoff will also contain higher casrttrations of aromatic compounds.

Further, we argue that this research may inform peat soil management and optimized fuel
treatment applications. For example, tillage in agricultural and horticultural peat soils (in
formerly drained peatlands) often causiscernible changes of peat soil properties,
leading to reduced organic mass level and reduced water holding cdpa6ityl28]
Results from our study strongly supports a focus on peatland reclamation in these
managed/degraded peatlands. Peatland soil water retentibiydnoghobicitylikely can

be regulated by controlling the organic composition of the peat soil, adjusting the rate of
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irrigation, and even potentially adding pdstrn peat soils to peatlandsarder to modify

peat soil hydrophobicity. The severity and ignition of forest fire events may also be
controlled by regulating peat soil hydrophcebidrophilic alterations during drought
cycles, effectively controlling peat soil water content. This whel@specially relevant at

the wildlandurban and wildlandndustry interfacd129]. Fuel reduction (tree removal,

tree mulching) is currently a common approach to reducing wildfire risk in peatlands with
high fuel bads (e.g. black spruce peatlanf&l]. Altering or controlling the organic
content of peat soils could be an additional forest fuel reduction method to mitigating
wildfires and smolderin§l30]. We advocate for future research that explores developing
organic peat soil additives/coatings to control the chemical composition, and thereby the
water content, of pogiurned peat soils.

Draining and burning events in boreal peatlands changes peat soil hydrophobicity, which
can lead to massive environmental costs at regional scales. This research provides
guidelines for when boreal peat soils become hydrophobic/hydiomatilarious forest fire
temperatures. As such, this research will guide policy makers, forestry services and
downstream municipalities to better estimate and predict the peatland hydrophobic
transformations and consequently develop appropriate boredéckpe management
strategies (e.g. fuel treatmenigetland restoration, stream restoration, etc.) to protect the

wildland-society interface from the impacts of wildfire.
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Chapter 3

Assessindeached TOC, nutrients and phenols frompeatland soils after lab-simulated

wildfires: Implications to source water protection

Reprinted fromY. Wu, X. Xu, C.P. McCarter, N. Zhang, M.A. Ganzoury, J.M. Waddington,
C.-F. de Lannoy, Assessing leached TOC, nutrients and phenols from peatland soils after
lab-simulated wildfires: Implications to source water protection, Science of the Total

Environmen822 (2022) 15357 opyright (202), with permission from Elsevier.
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3.1 Abstract

Pollutant leaching from wildfirempacted peatland soils (peat) is watlown, but often
underestimated when considering boreal ecosystem source water protection and when
treating source waters to provide clean drinking water. Burning peat impacts its physical
properties and chemical composition, yet the consequences of these transformations to
source water quality through pollutant leaching has not been studied in detail. We
combusted neasurface boreal peat under simulated peat smoldering conditions at two
temperatures (250 and 300 ) and quantified the concentrations of the leached carbon,
nutrients and phenols under 5 g pe&RO water suspensions from-aldy leachig period.

For the conditions studied, measured water quality parameters exceeded US surface water
guidelines and even exceeded EU and Canadian wastewater/sewer discharge limits
including chemical oxygen demand (COD) (125 mg/L), total nitrogen (TN) (15 )mg/L
total phosphorus (TP) (2 mg/L). Phenols were close to or higher than the suggested water
supply standard established by US EPA (1 mg/L). Leached carbon, nitrogen and
phosphorus mainly came from the organic
promoed the leaching of carbene | at ed pol |l utants, whereas
the leaching of nutrients. Modulated by different heating conditions;headed peats

likely contribute higher loads of pollutants to receiving waters thash@ated peatsyhich

implied fireedamaged boreal peats in field might be a critical but underappreciated factor
for water pollution. A simplified PLS model based on other easily measured parameters
provided an easy way for determining the stress of COD and phenolsgooltutoulk

water phase. Conclusions from this lab study suggested an urgency for better managing
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potable water security in firdominated forested peatlands through comprehensive
molecular diagnosis of peat leachable micropollutants by for instdinged
chromatographymass spectrometry(LC-MS) and field measurements of aquatic

pollutants downstream peatland watersheds post different fire conditions.

Unburned peatland Wildfire impacted peatland

4 cop, Toc Mcop, Toc
} Phenols 4 Phenols
} N, TP MN, TP

Pre-burn Post-burn
Peatland runoff Peatland runoff

3.2 Introduction

Boreal peatlands represent an estimate@@56 (~500600 Gt) of the global terrestrial
carbon [1], 9-16 % (~815 Gt) of global soil organic nitrogen po¢®, 3], store
approxi mat el y 1 0-@kacier freshwhter resoorg], ashdd pdy key ootes

in regulating regional carbon and nutrient cycling. Peatlands in Canada account for over
90% of wetland area and ~14% of the land §8¢awhere runoff from these areas can
impact drinking water sources for local communities, including Indigenous and First
Nations communitie§s]. The peatland processes ttltantrol downstream water quality

are governed by a delicate balance of interactions between the hydrological,
biogeochemical, and ecological conditi¢rig Wildfires disrupt this balance and can cause
deleterious impacts to drinking water qual®}. As more people continue to live and/or
work in the boreal regiofi9], increased peatland draining and mining activities for
agriculture, forestry and bioenerfy0], and climate change extending wildfire seasons as
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well as increasing peat fire frequency and sev§tity, a better mechanistic undgganding
of pollutant generation from peat fires in boreal landscapes is becoming increasingly

critical.

A variety of compounds with direct peatigin negatively impact the drinking water
quality of water from peatland watersheds. Peatlands are majaresoior dissolved
organic matter (DOM) to downstream water sources, with up-801% net carbon uptake
transported out from boreal watersheds in the form of dissolved organic carbon[(RDC)

which is equivalent to a me&0OC export of 6.3 g rAyr?[13]. Drainedpeatlands (~15 %

of worl ddéos peatlands) cumul atively release
[10]. High DOC loadsan cause browning of surface wafd®], and impact water quality

by changing the bioavailability of coexisting heavy metals and orgaigtgds [15],

while also contributing to the formation of carcinogenic disinfectioprdégucts (DBPS)

during drinking water chlorinatiofi6]. While boreal peatlands tend to be nutrimited

[17], peats can tightly sequester nitrogen and phosphorus in organic conjp&xesd

the resultant leached nutrients into fluvial and lacustrine ecosystems can lead to
eutrophication, oxygen reduction, and biodiversity [d€§. This phenomenon has been
observed in drained peatlanf20, 21] and hadwater streamgl9], as well as those
impacted by peatland wildfirg22]. While there is a general understanding of nutrient
export folowing peatland wildfires, the chemicaligin, concentration, and synthesis
routes of phenolic compounds from peatlands have not been studied. It has been suggested
for example that decompos&phagnunmmosses can contribute to phenf#8], but no

guantification of this has been done y{24]. Sphagnumpolyphenols have found to
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critically regulate peatlandhicrobial community growth to favor peat accumulati@a].
Nonetheless, the necessity of treating feathed aquatic phenolic compwls cannot be
overlooked, despite of the positive ecological roles of peat phenols, as phenols are
micropollutants that cause toxicity and odor in water at trace |8 lsand contribute to

DBPs in potable water disinfectig26]. Yet, phenols have been rarely measured in

peatland runoff studies.

Wildfires, the largest recurring disturbances in boreal peatlands, ofieur at low
temperatures (<300) t hr o u g h[1l]swhich irva@ves simgltaneous pyrolysis

and oxidation reactionR7]. Generally, only minor proportions of the nearface peat

along with lowgrowing vegetation are directly consumed via burning, while the majority

of shallow peats are subject to l@sverity heating that extends from the upper surface
[28]. Previous studies have identified how peat heated to different temperatures undergoes
complex physicochemical changes, gaining different morphology, hydrophobicity, and
chemical compsition [29]. Burninduced peat physicochemical changes alters the
composition of soil carbon and macronutrient availabi#], which impacts the mobility

of solutes from within the peats to pore water. Solute mobility directly alters water quality
in receiving surface watef80]. Climate change is increasing the susceptibility of boreal
peatlands to wildfire due to warmer and drier conditidf}s As such, there is a critical
research need to provide land managers, land users and downstream potable water utilities
with knowledge of the concentration and cycling of surface runoff pollutants from waldfire

disturbed peatlandd, 11]
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Lab-basedheating is an established method to simulate peat[fE8, 29, 31]which
provides a realistic solution to overcome existing limitations of accessinddimgnated
peatlandse.g, risks from creeping smoke, carbon monoxide, methane as well as risks from
fire and heat), and enabled extrapolatiombw peat fire conditions affect peat chemistry
(thus pollutant leaching). Aheating temperature range between 5@ 0 O i s
characteristic in many boreal peatland for¢3%, and was hence ed in this study to
prepare the lalsimulated posheated peats. In this study, we focused on the organic
compound leaching from neaurfacepeat, which are the most disturbed by peat fires.
Furthermore, these peats can be readily saturated by water§0%0) when precipitation

and flooding events occ{B83]. Lab-simulated leaching is a simplified scenario that mimics
field leaching conditions whileeliminating environmental confounding factors.d,
farming irrigation and overland fl ow), an

leaching potential and their immediate impacts to source water quality.

This study is the first of its kind to quantify leaching of organic pollutants from fire
impacted peats, and while these controlled conditions are not perfectly reflective of field
conditions, they are reasonable starting conditions for this seminal Jtuehefore, as a
necessary first step towards this research, the objectives of this study were to 1) investigate
the effect of wildfires on peatland water quality through laboratory peat leaching studies;
2) analyze the statistical relations between vari@ached pollutants under different
heating conditions to infer leaching mechanisms; and 3) estimate potential environmental

impacts to source waters for potable use.
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3.3 Methods

3.3.1 Study site and sampling

Sphagnurdominated columns were extractednfra forested peatland located at the
Pelican Mountain FireSmart Fuel Management Research Site (55.701636,/8543,

Fig. S1),Alberta, Canadal he forest stants dominated by black sprucBi¢ea marian

with some tamaracK_érix laricina). Shrubcover includes an abundance of Labrador tea
(Rhododendron groenlandicgnwhile the ground was characterized3phagnunmosses

(S. fuscumsS. capillifolium S. magellanicupnand feather mosseRléurozium schreberi
Hylocomium splendenandPtilium crista-castrensiy. Pedochemical characteristics of the
pristine Sphagnumand feather mosgeats samples were examined through elemental
analyses (Table S1) and identification of peat carbon and oxygen bonBeubwgr

transform infrared spectroscopy (FTIR)dF52).

Five peat coring locations were randomly selected within the naturally undisturbed area,
and the first 10 cm of intact peats were collected in PVC pipes (dia. 10 cm) (preserved in
the original morphology protected by PVC pipes to limit potentiahmession), sealed

with plastic wrap, transported to the lab and frozen in a conventional freezer. The collected
field peats wer&phagnundominated, with no or fefeather mospeats included. Because,

in general, the shallow peat layers are the mosttaffieby wildfires, the top 5 cm of peat
were segmented with a knife and-difed until the peat reached a steatiyte weight.
Embedded large wood debris, plant roots and twigs were manually removed, prior to

experimentation.
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3.3.2 Experimental setup

Theair-dried peat was randomly assigned to one of three treatments (n = 5 per treatment):

raw peat (R), peat heated at 250 ( B 2amdpeat heated at 300 ( B 3Th@®5 field
collected peat samples were-dired in a fume hood for 2 days until a steatdyesweight

was achieved. This produced 5 {reated raw peats (R) (2.5 g for each sample) for the
leaching test. The labimulated posheated peats (B250 and B300) were prepared via
heating the aidried peats in a muffle furnace (Cole Parmar, USA). $hisip reflected

the heat generation from external sources including peat smoldering fires, which transform
peat compounds based on different oxygen availability mainly through oxidation,
volatilization and/or some combustion (mainly occurring at the selyfand pyrolysis
reactions (mainly occurring within the buli9]. Briefly, for each of the 5 adried peat
samples, a 0.5 g peat sample was placed onto a separate porcelain &/ucib@(mL,
CoorsTek), which was then heated at 250 or 30fdr 30 min. The process was repeated
several times until the combined weight of the correspondinghsaded peat sample
exceeded 2.5 g. This produced 10 guestited peat sample®.§ g for each of the 5 B250

samples, and 2.5 g for each of the 5 B300asgnfor the leaching test.

To determine the leachable compourttig, peat (2.5 g), either unheated or heated, was
mixed with reverse osmosis (RO) water in glass Mason jars (vol. 500 mL) to make 5 g peat
L'suspensions, and st i2rdayetd allavtfor 8 <ufficiemtlyplomg a t
contact time to achieve the pollutant partition equilibrium. The choice to use RO water was
to establish a baseline of maximum leaching potential, as well as to enhance the

reproducibility of experiments using congdied and variable real peat samples. This
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experimental design reflects, to the first order, pollutant leaching to potable water sources

from climate changémpacted peatlands, where leaching can be high due to increased
intensity and duration of rainfalesd/or flooding following long dry spel[84]. Leachates

were collected through vacuum filtration using glass microfiber membranesgjgerl.6

e m, What man) prior to c¢hemicleathatedtompr@act er i z
and postheated peatwere labelled asf and BFn respectively, where R, represents the

raw unheated peat s, B i ndicagtmperatire(TdHur ned

250 or 300), and n indicates the distinct sample number {6)= 1

3.3.3Chemical characterization

Total carbon (TC), total organic carbon (TOC), inorganic carbon (IC), pH, chemical
oxygen demand (COD), total nitrogen (TMjirate (NQ-N), ammonia (NH-N), total
phosphorus (TP, measured and reported in its orthophosphate fou?), P&active
phosphorus (RP, measured and reported in its orthophosphate fofth aR® phenols of

the leachates were measurecparallel. Total organic nitrogen (TON) and R@active
phosphorus (NRP, shown as £Pwere calculated by subtracting B3N and NQ-N from

TN (given nitrite concentration was negligible), and subtracting RP from TP, respectively.

The pH of all water saptes was determined using a pH mefiédrgrmo Scientific, USA

Total carbon (TC), total organic carbon (TOC) and inorganic carbon (IC) were measured
using a TOGL analyzer (Shimadzu, Japan). Chemical oxygen demand (COD) (USEPA
reactor digestion method, Haenethod 8000), total nitrogen (TN) (Persulfate digestion
method, Hach Method 10208), nitrate (shown assNN) (Chromotropic acid method,
Hach method 10020), ammonia (MN) (Salicylate method, Hach method 10205), total
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phosphorus (TP, measured as orttuspihate, P&) (USEPA PhosVer 3 with acid
persulfate digestion method, Hach method 8190), reactive phosphorus (RP, measured as
PQO:*) (USEPA PhosVer 3 (Ascorbic acid) method, Hach method 8048), and phenols
(USEPA 4aminoantipyrine method, Hach method 16R6vere measured by standard
Hach testing kits and analyzed using a Hach DR3900 Spectrophotometeeddtine
phosphorous (NRP) was calculated from NRP =i1TRP. Sample digestions were
conducted in a Hach DRB200 Thermostat. Analytical method principteseasuring

COD, TN, nitrate, ammonia, TP, RP and phenols using Hach methods were provided in

the Supplementary Material.

Field collected pristine peats were also characterized by elemental analyses, FTIR and
scanning electron microscopy (SEM) for idénbhg the original solid phase
physicochemical characteristics. Elemental compositions were examined by an elemental
analyzer (UNICUBE, elementar, Germany].IR spectra were obtained by a Nicolet 6700
FT-IR spectrometer (Thermo Scientific, USA) over tha-infrared range from 4000 to

525 cmt at 4 cmt resolutions for a total of 32 scans. Scanning electron microscopy (SEM)
of Sphagnunpeat was obtained by a JEOL JSWIO0 F SEM equipment, with a 7 nm

platinum (Pt) coated on sample surface.

3.3.4 Statistial analyses
Correlation analysis and analysis of variance (ANOVA) were conducted in Excel 2013
using XLSTAT module. Pairwise comparisons in ANOVA were based on Duncan test,

with a confidence interval of 95% for the differences between the categoriesafde&S2
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for parameters). Principal component Analysis (PCA) and Partial Least Squares (PLS)

were implemented in MATLAB R2016a software.

Principal component analysis (PCA) is among the most widely used data dimension
reduction algorithms, which maps thedmensional features to a newdkmensional
orthogonal feature, known as the principal component (PC). The first several PCs contain
the majority of the information in the large data 3éiefirst (F1), the second (F2) and the

third (F3) PCsexplain the éachate pollutant characteristics, whehe cumulative
variability increases with PCs. Because the largely differed value of each featyea¢h
column of the matrix) will likelylead to large proportions of error when projecting into a
low-dimensional spacéata of each feature was first standardized by subtracting the mean
for each feature and then dividing by the standard deviation, such that their sizes are within

the same rage.

PLS is an inverse multivariate statistical method that provides a direct relationship between
a dependent variabk and a response variable y via maximizing covariance YKdB8).

PLS was adopted because it can handle rdifiensional anaollinear data sets. PLS
modeling helps to identify the correlation among various leachate parameters, and rapidly

guantify the important indicatord.€., COD and phenols, based on some simple leachate

indicators).T h e o-mé asnq u-ar eor ( RMSE) , rati equafrt peef
(RPI Q) , and det er i nvwetrieo nu sceade ftfa cé wealt u atRe
model s.
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RMSE= %a(y %) (1)
_Q3- Q1
RPIQ= === 2)
RZ:]_ ?‘i;l(yi-%l ( 3)
a izi(yi B Y)

WheUanWare the measur ed i'dmdnppreesd i calWeesd evhaeli we
mean of the mea ssurtehde vnaulmbeesra nodf @3a rfdprhed st;h ear
Fuartile of samples, 2ared pRRItQ,vedlyondHiwiht Iv

value indicate a robust and accurate model

3.4 Results and discussion

3.4.1 Leachate water quality characterization

Leachates extracted fromwegpeats (R)and t hose burned at 250
(B300) were assessed for various water quality factors. The chemistry of peat leachates
was significantly altered after simulated burning by heating (see Table S1 for full ANOVA
analyses). Average COD and TC (donétbby TOC, > 94.6% (Fig. 2a)) in the leachates
was the highest for B250 (Fig. 1a and Fig. 1b, 397.1 and 150.4 mg/L, respectively) (for p
values given apCODaw250 = pTGaw250 < 0.05, pCODs0300 < 0.05, pTGso300 < 0.09,
suggesting that low tempeuagé heating increased the organic pollutant leachability and
mobility. Peats heated to higher temperature (3pQoromoted greater leaching of

nutrients including total nitrogen, TNbTNraw-2s0, PTN2so300 and pTNawsoo< 0.09 and
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total phosphorous, TR TPraw3c0and pTRso300< 0.09, as well as phenolpPhenahw2so

and pPhenalw300 < 0.09, with average concentrations of TN, TP, and phenols leached
from B250 and B300 rising from 214.8 to 414.0 mg/L, 12.7 to 23.9 mg/L, and 4.42 to 4.43
mg/L, respetively (Fig. 1c, Fig. 1d, and Fig. 1e). TN and TP were dominated by total

organic nitrogenTON (> 98.4%) and reactive phosphorous, RP (78.6%), respectiigly (
2b and Fig. 2c
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Fig. 1. Box plots with ANOVA posthoc analyses indicating concentration of (a) COD; (b) TC; (c)
TN; (d) TP and (e) Phenols in prand postheat peat soil leachates. R, B250 and B300 represent
the leachates (n=5 per treatment, as indicated by the scatterediapends) extracted from raw
peats, 250k atldatp e a t-tecated pahts, BeBpectiveli. Meah values are shown

in black solid squares. The top and bottom of the boxes indicates the upper and lower guartile,
respectively. The horizontal lin@s bold represent the median. The whiskers indicate the standard

deviation. 1 mg/L aqueous pollution loading is equivalent to 0.2 mg/g-egtexctable compound
from peat soil.
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peat sample leachate. 1 mg/L aqueous pollution loading equivalents to 0.2 mg/gxtraigtable

compound from peat soil.

Source surface waters require proper waEatment to be used as drinking water, but only

a small fraction of surface water pollutants is monitored and treated under current

regulations. In Canada for instance, the Guideline for Canadian Drinking Water Quality

lists the maximum acceptable contrations (MACs) for many heavy metals, anions and

inorganic and organic chemicals (including certain chlorophenols), but manrgigraasd

organic pollutants such as polyphenols and benzoic acid and its deriya#y,eare not

monitored. Peat leaching provides an increased type and loading of organic and nutrient

pollutants, which cannot be fully detected and treated by current affordable dmrdteg

treatment processeBhis has brought challenges for drinking water source protection and

treatment in the boreal communities including on First Nations reserves, despite increasing

construction of water treatment syste[i36].

Here we evaluate the peat leachate characteristics using surface water and wastewater

discharge guidelines from other wed#lgulated regions for comparison (Table S3). We

found that many parameters, including COD, TN, TP, TKN and phenols exceeded the
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values suggested by these guidelim®gerage COD from all treatments exceeded the urban
wastewater discharge limits set by European Union (EU) (125 rf8y].and water quality
objective values for inland surface waters established in some states of United States (US)
(57 90 mg/L). Posheated peat leachate phenols concentrations greatly exceeded Canadian
local by-law limits (1 mg/L) and US EPA suggested ligiior water supply (1 mg/LB8].
Postheated peat leachate TNdafP concentrations were much higher than EU limits (15
mg/L for TN, 2 mg/L for TP)[37]. Worth noting, T\ alone represented major
constituents of total Kjeldahl nitrogen (TKN), and the concentrations for B250 and B300

exceededanadian local byaw limits (100 mg/L).

Although the lab results were not designed to mimic field peat mass and water volume
conditions,the measured exceedances from this study over the US, European Union (EU)
and Canadian water quality guidelines (Table S3) suggested that leachates from peats could
be a significant source of organic pollution to receiving water bodies in the begeal.r
Following peatland fires and pelaaching events, these surface waters are likely to be of
poor water quality with respect to COD, phenols, TN, and TP. We note that the mobility
of these leachates in peat and subsequent hydrochemical conneciilityegeiving

surface waters is relatively unknown. Nevertheless, elevated leachate concentrations for
postheating peats observed here suggests that increasing contaminated runoff from boreal
wildfires may be of particular concern for surface watersatesourced as potable waters

for municipalities and First Nations communities.
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3.4.2 Correlations between types of leachates and temperature

The previous chapter characterized how heating temperature affects types and
concentrations of leached peat pdhiss, while this chapter investigates the relationships
between various pollutants that leach from peats by identifying internal correlations. A
Pearson p correlation heatmap is presented in Fig. 3, and the r values are summarized in
Table S4. COD measuréd the leachate was highly correlated with the presence of TOC

(r = 0.998, p < 0.001), phenols (r = 0.746, p <0.01), IC (r = 0.625, p < 0.05) and IN (r =
0.556, p < 0.05)TN and TP have demonstrated significant relevance to each other (r =
0.882, p <0.01). TN was positively correlated with the leaching of TON (r = 1, p <0.0001),
phenols (r = 0.676, p < 0.01), and RP (r = 0.862, p < 0.001), whereas TP was positively
correlated with the leaching of RP (r = 0.94, p < 0.001), phenols (r = 0.563, p <ah@5),
TON (r = 0.882, p < 0.001). Unexpectedly, ammonia leaching gave a negative correlation
with TN, TP and phenols (p < 0.05 for all). The variableg=ig. 1, were positively

correlated to leachate pH.
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Fig. 3. Pearson correlation plot of p values of the water quality variables. Larger circles with darker
red/blue color suggest a smaller p value and thus a stronger correlation. Red circles = positive
correlation, blue circles = gative correlation. Circles without labels (p<0.05) indicate that a
statistically significant effect was observed.

The first three principal components represented the main characteristics of the leachates,
and the explained variances of F1, F2 and F3wded for 87.7% of the total variance

(Fig. S3. Briefly, F1distinguished between the leachate characteristics from unheated and
heated peats (R vs B250 and B30Bg( 4a and Fig. 4blwhere heating alone impacted

the leachate composition. Heatitggnperature (B250 or B300) separated along F2, where

hi gher carbon | eachate was related to 250
to 300 Figeda and irig. 4 Ammonia was associated with R, however the
concentrations remained lowo$tfire peats increased pH and phenols concentrations in
leachates regardless of heating temperature. We thus argue that peat fire temperatures
likely control leachate chemical composition, and should be accounted for in predicting

downstream water quatit
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blue, and red colored areas indicate the clusters for R, B250 and B300, respectively. Vectors in
grey refer to PC loadings of the corresponding variables.

3.4.3 Pollutant leaching mechanisms

The peat samples investigated in thigdg well represented live and/or sed@icomposed
nearsurfaceSphagnurdominated peat above the deep mineral layer, containing a high
organic fraction primarily represented by leaf and stem carbon. Peat soils are rich in organic
carbons, as supported bYIR spectra (Fig. S2), including macromoleculeg( lignin,
hemicellulose and carbohydratgd®9, 40] and small moleculese(g, organic acids,
phenols, and furan derivativg®9, 40, 41] The high COD and TC contents in leachates
were directly related to these peat substances, whiah dissolve or transport as
particulate matter into aqueous phase (Table S5)-Headed peats leached higher TOC
concentrations (Fig. 2a). Carbon leaching significantly enhanced from B250 and this was
partly related to the changes of the types of orgarater (OM) that leached from the
postheated peats. In addition to oxidizing and volatilizing some labile OM, pyrolytic
processes can transform polyaromatic hydrocarbfdls and chemically degrade
biopolymers into smaller molecul¢42]. The altered peat compositions may contribute
more carbon into leachates through dirdissolution or attachment on soil particulates (<
1.6 &m) t h a pore evatdr €TaldedS5Hotier fires cause more complete
combustion, reducing the quantity of organic carbon that can be leabhisdmight
explain why B300 had lowecarbonrelated pollution compared with B250. Detected
phenols may come from peat polyphen@g( cinnamic aicd derivative$§3] and post
decomposition transformed free pheaproducts €.g, phenolcarboxylic acids, catechols

and flavonols)[44]. Sphagnuntontains weakly bounded watsoluble phenols in cell

83



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

walls[45], which can be readily releasexa water through the unique, large pore openings,
as shown in the SEM image (Fig. S4). Elevated phenols leaching frorhgaistl peats
might be related to the concentration of condensed phenolic compounds. There is very little
literature discussing phelsoand their mobility from peat, despite the importance of

removing phenols in water treatment processes.

Leached nutrients were found to increase following heat treatment of $elaggnunthe
keystone species in many peatlands, may accumulate N khibaalggical N fixation, and

N and C metabolisms collectively control amino acid biosynthjé6is Organic N can be
taken up and assimilated by peftg], and subsequently released when the peat is heated
and the organic structure breaks down. Although the elemental analyses (Table S1)
indicated that N element (< 1%) only took up a small fraction witloreal peats, the TN
content in peat leachates was comparatively high. This may indicate the high water
solubility and high mobility of peat nitrogesontaining molecules. By contrast, despite
that C elemental content (48 49%) in boreal peats was higmany carborbased
compounds such as peat biopolymers and light hydrophobic polycyclic compounds
typically have low extractive capacities in water, thus making minor contributions to TOC.
It was also probable that some peat C leached out in the form of Wkéh represented

the primary fraction of TN (Fig. 2b). As the heating temperature increases, it is likely that
the sharp increase in TN was driven by thermal depolymerization of orgareogN (
proteins) into more fugitive fractions. Burning peat cauke formation of Aheterocycles,
including pyrroles[42], pyridine and its alkyl derivative. g, picolines)[41]. These

refractory molecules cannot be sufficiently oxidized by dichromate during COD digestion
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[48], suggesting that COD values underestimate the real level of organic pollutants in

leachates.

Peat oganic phosphorous typically tightly binds with organic compounds. The P
containing molecule adenosine triphosphate (ATP) is-kvedlvn to be vitally important

for energy transfer in peat cells. The increased TP in B250 and B300 leachates may be
relatedtd i r e6s effect i n converting ord¥®mnic P
B300 leachate had significantly higher TP and lower TC than B250, suggesting that greater
volatilization of the carbon fraction reduces the phosphorous organic binding, making it
more readily able toansform into RP. Heating at higher temperature for sufficiently long
duration (up to several hours or longer) can decrease peat soil hydroph{if¢jty
allowing more partition of RP to the water phase (Fig. 2c). It is also possible that P
leaching is associated with redox sensitive Fe or Mn minerals, however this might not be
a main cause because leachates from postiesded peats only had slightly increapét

(Table S5. The pH increase was attributed to the destruction of soil acidic organic matter
and accumulation of base cations and trace m@&@j$berated from the burned pd4e].

While many fieldscale studies observed no increase of phkitinpostfire after days or
weeks[30, 51] this could be a result of distinct time/spatial scale differences between
studies. Furtherhe buffering capacity of peatlantikely minimizes the pH impact on
downgradient aquatic systems, therefore field measurements girpgsat leachates and

the source pH would be valuable to further validate these findings.
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3.4.4 Implications and future perspectives

This study was infonative for a better understanding of pollutants leaching from
Sphagnurdominated peats from fineecurring boreal peatlands. This chapter aims to
elaborate on how laboratory findings might differ from field situation, and to reasonably
extrapolate the catusions obtained from the laboratory batch leaching test to assess how
these changes might impact downstream source water quality and drinking water treatment.
The labsimulated heating and batch leaching-iget best mimicked vigorous peat
pollutant leabing impacted by lovseverity peat fires (2503 0 0 ) foll owing
flooding or rainfalls. This simplified setting however excluded the external contaminants
due to precipitation, overland flow and irrigation, nor investigated other chemical
compounds¢eached from other vegetations such as the black spruce. We recommend taking

into account these factors to design field leaching tests under prescribed fires in the future.

Firstly, our labbased results implied that that langater flow eventsd.g, spring freshet

and heavy rainfalls) coupled with peat fires could lead to high concentration of DOC and
nutrients, which were consistent with some of the field findidg@s 53} despite that in

reality the field peat leachates have more complex transport pathways into source waters
from interconnected streams and wetlands. Although waters receiving peatland runoff have
been measured to have low nutrients and high organic c@sdgna clear increase of
nutrients in laboratory posteated peat leachates implied that special care should be paid
to postfire peatland nutrients monitoring, ascess levels of nutrients in field leachates
may ultimately transport to source waters as runoff, leading to eutrophication, algal blooms,

and oxygen loss, fish kills and other ecosystem disrup{ihs 56} Impacted water
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sources requirgreater treatment for drinking water, which increases costs associated with

removing odor, taste and toxins.

Secadly, the lab study confirmed the high DOM concentration in peat leachates, which
brought urgent needs for next step peatland heavy metal assessments, especially for those
areas in vicinity to peatland mining areAs.peatlands are known to be sinks fooriganic

mercury (Hg) and sources of methylmercury (MeHlgjj], changes to peats pdse

causing greater leachate carbon may increase the production and subsequent export of
bioavailable MeHg from burned peatlds into source waters. Although the upper layer of
peats in naturally undisturbed peatlands are less impacted by atmospheric deposition of
heavy metals from anthropogenic dust partide3], peatleached organic substances
could still serve as strong chelators for the dissolved metal species such as copper (Cu),
lead (Pb) and iron (Fe) that already prése receiving surface waters and downstream
water treatment utilities, often resulting in an increased mobility of heavy metals during
DOC transport proceds9]. The contaminated peat leachates, thus, can be critical non

point sources of pollution to surface waters, posing risks for potable water users.

Thirdly, we note that the leachabieaterial obtained in this study describes the mobile
fraction and does not necessarily represent the overall output to receiving surface waters in
peatland watersheds, as a variety of hydrological and biogeochemical processes will impact
these constituentalong their flow paths to surface watdii 60, 61] For instance,
increases in peat hydrophobic[89] will decrease deep percolation of precipitation and
increase runoff62]. This change in the routing of water may increase the export of the
derived leachates from sloped peatlands, thus transporting greater loads of leached
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contamnants quickly to aquatic systems. In any case,-fi@stocal community water
treatment costs often increase when the drinking water sources are subjectirigedt
contamination. We suggest to considefsitu peat soil chemistry and hydrological
conditions for better adjusting hydraulic loads and upgrading processing units in the boreal

water treatment utilities.

Finally, this lab study demonstrated that heating temperature is a critical factor affecting
leachate water chemistry, which motivates awmestigation of how field peat fire
temperatures impact peat runoff water quality, and thus the downstream water treatment
process. Heavily polluted source waters make water treatment more difficult and thus more
expensive. The differences in DOM and rertticomposition generated at different heating
temperatures could impact drinking water treatability, including determining the level of
denitrification required, and interfering with chlorination disinfection through the
formation of organic chloramineg63]. Influent flows with widely fluctuating
concentrations may lead to poor treatment efficiency withinlsscale water treatment
plants in boreal communitief8]. Furthermore, differences in pdstated leachate
composition could impact interacting processes, such as ongatat complexation and
mobility or Hg methylatior{50], further altering downstream water quality and treatment
cost. We advocate to look into these phenomena througblisking prescribed burning

on peatland regions.

3.4.5 COD and phenols prediction
Adequate water treatment in response to peat fires would benefit from pollutants prediction

based on some easily measured water quality parameters. For instance, COBmesdsur
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may be difficult for smalkscale water operators in boreal watersheds and other peatland
dominated watersheds, and measurements of total phenols are rare across drinking water
treatment plants and infrequent even at large drinking water treatnoéitiela Because

COD and phenols were strongly correlated to other leachate parameters (Fig. 3), the
calibration and validation of the PLS model sets showed promising performance for both
COD and phenols prediction (Fig. 5) for boreal derived pollutadigh variable
importance in the projection (VIP) scores for COD occurred with TC, TN, TOC and TON
predictors (Fig. S5a), while VIPs for phenols occurred with TC, TN, COD, TOC and TON
predictors (Fig. S5b).eached COD and phenols mainly came from orgaaiban, but
successful prediction of their leached concentration on the basis of TON alone provides a
reasonable assumption thatb@sed pollutantse(g, phenols) have similar leaching

pathways as Mbased pollutants.

The PLS model hence provided a novelthodology for water quality modeling in boreal
peatlands, but further study is required including validation by-teng field measured

water pollution data, and model optimization through incorporating other potential
predictors such as sulfur and heawgtals. Since the labased leaching study was an ideal
condition neglecting the effects of precipitation, evaporation, overland flow;srating,

and/or anthropogenic inputs of new pollutants, the PLS model requires proper modification
to match the hyablogical and geochemical conditions of different boreal peatland
watersheds. In general, these statistical findings indicate that simple measurements, such

as TOC, can be used by water treatment operators downstream afopwaated
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watersheds for estirting phenols or COD content immediately after a peatland fire event,

which often coincides with limited sampling capacity.

800 8
(a) COD (b) Phenols
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~ 600 4 Validation set % 6 & Vvalidation set
2 R? =0.999 E |ri=o07ss
a R =0.962 % RI=0974
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Fig. 5. Goodness of fit of PLS models for prediction of (a) COD; and (b) Phenols. The grey dashed
lines refer to 1:1 line. The pink and green lines are the regression lines for the calibration set and
validation set, respectively.

3.5 Conclusions

This seminal stdy measured the leaching of TOC, nutrients and phenols fronmapde
postheated boreal peatland soils under lab conditions using real boreal peats exposed to
conditions that approximated to first order burn conditions in the field. The results
presentedn this study are indicative of the impacts of leachable peat pollutants associated
with low-temperature peat fires. Fresh peat leachates collected from 5 g'fr@twater
suspensions have considerable COD, TN, TP, TKN and phenols concentrations -after a 2
day batch leaching process, that exceededeagtdiblishedurface water and wastewater
discharge guidelines from Canada, US and EU (Table S3), and sources ef thes
contaminants primarily came from TC and organic fractions of TN and TRhPatgd

peats showed markedly higher leaching potential of TOC, nutrients and phenols as a result
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of altered peat soil chemistry and solute mobility. We recommend to identifyetite
leachate chemistry at molecular levelliopid chromatographiymass spectrometi(LC i

MS) in future studies, which might help validating the chemical transformation of post
heated peat leachable organic compounds suchcasmtdining amino acids amyrroles.
Moreover, we provided a simplified PLS model for predicting COD and phenols based on
data of other peatland common aqueous pollutants, yet more studies are required for
optimization including tracing additional pollutants.d, sulfur and Hg) ad correcting
model fittings for different peatland sites. Overall, this pioneering study expanded the
understanding on how peat heating influences leachable peat compoundscatddevel,

and will advance a more -ahepth field validation of podturn peatland potable water
quality in adaption to climate change, as well as a holistic peatland leaching evaluation
combining prescribed burning including intense flammable fires at higher temperatures (>
3 0 0 Th@ results of this study will alert land usemnd downstream water operators to
better monitor, manage, and predict the leaching ofgedted pollutants, with a special
focus on the leaching of pefite peatderived phenols, which are of acute concern for

downstream potable water treatment peses.

3.6 Acknowledgements

This work was supported by the Global Water Futures (GWF) program and Boreal Water
Futures (BWF) program. Scanning electron microscopy (SEM) was performed at Canadian
Centre for Electron Microscopy (CCEM). We acknowledge Dr.h8opVilkinson and

Patrick Deane in the McMaster Ecohydrology Lab for field sample collections.

91



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

3.7 References

[1] M.R. Turetsky, B. Benscoter, S. Page, G. Rein, G.R. Van Der Werf, A. Watts, Global
vulnerability ofpeatlands to fire and carbon loss, Nature Geoscience, 8 (2018) 11

[2] J. Limpens, M.M. Heijmans, F. Berendse, The nitrogen cycle in boreal peatlands, in: Boreal
peatland ecosystems, Springer, 2006, pp-235h

[3] Y. Gong, J. Wu, Vegetation compositi modulates the interaction of climate warming and
elevated nitrogen deposition on nitrous oxide flux in a boreal peatland, Global Change Biology, 27
(2021) 55885598.

[4] J. Xu, P.J. Morris, J. Liu, J. Holden, Hotspots of peatidedved potable waterse identified

by global analysis, Nature Sustainability, 1 (2018)-288.

[5] J. Levison, M. Larocque, V. Fournier, S. Gagné, S. Pellerin, M. Ouellet, Dynamics of a
headwater system and peatland under current conditions and with climate change, Hydlrologic
Processes, 28 (2014) 480822.

[6] S. Osterwalder, K. Bishop, C. Alewell, J. Fritsche, H. Laudon, S. Akerblom, M.B. Nilsson,
Mercury evasion from a boreal peatland shortens the timeline for recovery from legacy pollution,
Scientific reports, 72017) 19.

[7] C.P.R. McCarter, F. Rezanezhad, W.L. Quinton, B. Gharedaghloo, B. Lennartz, J. Price, R.
Connon, P. Van Cappellen, Pegeale controls on hydrological and geochemical processes in peat:
Implications on interacting processes, Edthence Rviews, 207 (2020) 103227.

[8] C.A. Emmerton, C.A. Cooke, S. Hustins, U. Silins, M.B. Emelko, T. Lewis, M.K. Kruk, N.
Taube, D. Zhu, B. Jackson, Severe western Canadian wildfire affects water quality even at large
basin scales, Water Research, 183 (2026DT1.

[9] S.A. Nitoslawski, A.T.M. Chin, A. Chan, I.F. Creed, J.W. Fyles, J.R. Parkins, M.L. Weber,
Demographics and social values as drivers of change in the Canadian boreal zone, The Boreal 2050
project: a road map towards sustainability of the boreaé z01 (2019) 37392.

[10] H. Liu, D. Zak, F. Rezanezhad, B. Lennartz, Soil degradation determines release of nitrous
oxide and dissolved organic carbon from peatlands, Environmental Research Letters, 14 (2019)
0940009.

[11] K. Nelson, D. Thompson, C. Hkimson, R. Petrone, L. Chasmer, Peattéirgl interactions:

A review of wildland fire feedbacks and interactions in Canadian boreal peatlands, Science of The
Total Environment, 769 (2021) 145212.

[12] M. Palviainen, E. Peltomaa, A. Laurén, N. Kinnunen,Qjala, F. Berninger, X. Zhu, J.
Pumpanen, Water quality and the biodegradability of dissolved organic carbon in drained boreal
peatland under different forest harvesting intensities, Science of The Total Environment, (2021)
1509109.

[13] T. Moore, Dissolvearganic carbon in a northern boreal landscape, Global Biogeochemical
Cycles, 17 (2003).

[14] H.A. de Wit, S. Valinia, G.A. Weyhenmeyer, M.N. Futter, P. Kortelainen, K. Austnes, D.O.
Hessen, A. Rke, H. Laudon, J. Vuorenmaa, Current browning of surfaatess will be further
promoted by wetter climate, Environmental Science & Technology Letters, 3 (20188830

[15] H. Kang, M.J. Kwon, S. Kim, S. Lee, T.G. Jones, A.C. Johncock, A. Haraguchi, C. Freeman,
Biologically driven DOC release from peatlands idgrrecovery from acidification, Nature
communications, 9 (2018} 74

[16] J.P. Ritson, M. Bell, N.J. Graham, M.R. Templeton, R.E. Brazier, A. Verhoef, C. Freeman,
J.M. Clark, Simulated climate change impact on summer dissolved organic carbon release from
peat and surface vegetation: Implications for drinking water treatment, Water research, 67 (2014)
66-76.

92



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

[17]J. Luan, J. Wu, S. Liu, N. Roulet, M. Wang, Soil nitrogen determines greenhouse gas emissions
from northern peatlands under concurrent warming aegetation shifting, Communications
biology, 2 (2019) 110.

[18] G. Chiapusio, V.E. Jassey, F. Bellvert, G. Comte, L.A. Weston, F. Delarue, A. Buttler, M.L.
Toussaint, P. Binet, Sphagnum species modulate their phenolic profiles and mycorrhizal
colonizatian of surrounding andromeda polifolia along peatland microhabitats, Journal of chemical
ecology, 44 (2018) 1146157.

[19] H. Marttila, S:M. Karjalainen, M. Kuoppala, M.L. Nieminen, &. Ronkanen, B. Klgve, S.
Hellsten, Elevated nutrient concentrationh@adwaters affected by drained peatland, Science of

the total environment, 643 (2018) 130313.

[20] M. Koskinen, T. Tahvanainen, S. Sarkkola, M.W. Menberu, A. Laurén, T. Sallantaus, H.
Marttila, A-K. Ronkanen, M. Parviainen, A. Tolvanen, Restoratiomufrientrich forestry

drained peatlands poses a risk for high exports of dissolved organic carbon, nitrogen, and
phosphorus, Science of the Total Environment, 586 (20178898

[21] M. Nieminen, T. Sallantaus, L. Ukonmaanaho, T.M. Nieminen, S. Sarkkdimgen and
phosphorus concentrations in discharge from drained peatland forests are increasing, Science of the
Total Environment, 609 (2017) 9-881.

[22] C. van Beest, R. Petrone, F. Nwaishi, J.M. Waddington, M. Macrae, Increased Peatland
Nutrient Avalability Following the Fort McMurray Horse River Wildfire, Diversity, 11 (2019) 142.
[23] V.E. Jassey, G. Chiapusi o, P. Binet, A. B

E. A. Mi tchell, M. L. Toussaint, AesJdn. Sphlagnam c e z ,
peatl and: Climate warming affects plant microb
811-823.

[24] N. Walpen, G.J. Getzinger, M.H. Schroth, M. Sander, Eledmrating phenolic and
electronraccepting quinone moieties in peatdtilved organic matter: quantities and redox
transformations in the context of peat biogeochemistry, Environmental science & technology, 52
(2018) 52365245.

[25] Y. Wu, N. Zhang, GF. de Lannoy, Upcycling wildfirdmpacted boreal peats into porous
carbors that efficiently remove phenolic micropollutants, Journal of Environmental Chemical
Engineering, 9 (2021) 105305.

[26] Y. Pan, Y. Wang, A. Li, B. Xu, Q. Xian, C. Shuang, P. Shi, Q. Zhou, Detection, formation and
occurrence of 13 new polar phenolic chiatied and brominated disinfection byproducts in
drinking water, Water research, 112 (2017)-138.

[27] X. Huang, G. Rein, Smouldering combustion of peat in wildfires: Inverse modelling of the
drying and the thermal and oxidative decomposition kinetiosplilistion and Flame, 161 (2014)
16331644.

[ 28] N. E. FIl anagan, H. Wang, S. Wi nt on, c. J. f
organic matter protection in global peatlands: Thermal alteration slows decomposition, Global
change biology, 26 (202@P30-3946.

[29] Y. Wu, N. Zhang, G. Slater, J.M. Waddington;FC de Lannoy, Hydrophobicity of peat soils:
Characterization of organic compound changes associated witinleeéd water repellency,
Science of The Total Environment, 714 (2020) 136444.

[30] K. Burd, C. EstopAragonés, S.E. Tank, D. Olefeldt, Lability of dissolved organic carbon from
boreal peatlands: interactions between permafrost thaw, wildfire, and season, Canadian Journal of
Soil Science, 100 (2020) 5€R.5.

[31] Y. Wu, N. Zhang, CGF. de Lannoy, Fast synthesis of high surface aresbased porous
carbons for organic pollutant removal, MethodsX, 8 (2021) 101464.

93



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

[32] G. Rein, N. Cleaver, C. Ashton, P. Pironi, J.L. Torero, The severity of smouldering peat fires
and damage to the forestils CATENA, 74 (2008) 30<809.

[33] F. Rezanezhad, J.S. Price, W.L. Quinton, B. Lennartz, T. Milojevic, P. Van Cappellen,
Structure of peat soils and implications for water storage, flow and solute transport. A review
update for geochemists, Chemical Gapl, 429 (2016) 7484.

[34] V.E. Jassey, C. Signarbieux, Effects of climate warming on Sphagnum photosynthesis in
peatl ands depend on peat moisture and species
25 (2019) 3858870.

[35] P. Geladi, B.RKowalski, Partial leassquares regression: a tutorial, Analytica chimica acta,
185 (1986) 117.

[36] A.M. Klasing, Make it Safe: Canada's Obligation to End the First Nations Water Crisis, Human
Rights Watch, 2016.

[37] C.D. UWWTD, 91/271/EEC concerninghan waste water treatment, 1991, L, 135520

[38] S. AlvarezTorrellas, M. MartinRMartinez, H. Gomes, G. Ovejero, J. Garcia, Enhancement of
p-nitrophenol adsorption capacity through -M2rmalbased treatment of activated carbons,
Applied Surface Sciem; 414 (2017) 42434.

[39] M.R. Turetsky, R.K. Wieder, C.J. Williams, D.H. Vitt, Organic matter accumulation, peat
chemistry, and permafrost melting in peatlands of boreal Alberta, Ecoscience, 7 (206892379

[40] R.A. Bourbonniere, Review of water chistny research in natural and disturbed peatlands,
Canadian water resources journal, 34 (2009}48P8

[ 41] D. S. Kosyakov, N. V. Ul 6yanovski i, T. B. L ¢
Polyakova, A.T. Lebedev, Peat burniig important source gdyridines in the earth atmosphere,
Environmental Pollution, 266 (2020) 115109.

[42] H. Knicker, How does fire affect the nature and stability of soil organic nitrogen and carbon?
A review, Biogeochemistry, 85 (2007)-4918.

[43] L. Bragazza, C. Freemanidh nitrogen availability reduces polyphenol content in Sphagnum
peat, Science of the Total Environment, 377 (2007}448%

[44] G. Naumova, A. Tomson, N. Zhmakova, N. Makarova, T. Ovchinnikova, Phenolic compounds
of sphagnum peat, Solid Fuel Chemistry,(2013) 2226.

[45] V.E. Jassey, G. Chiapusio, E.A. Mitchell, P. Binet;IMToussaint, D. Gilbert, Finscale
horizontal and vertical micedistribution patterns of testate amoebae along a narrow fen/bog
gradient, Microbial Ecology, 61 (2011) 3385.

[46] D.J. Weston, C.M. Timm, A.P. Walker, L. Gu, W. Muchero, J. Schmutz, A.J. Shaw, G.A.
Tuskan, J.M. Warren, S.D. Wullschleger, Sphagnum physiology in the context of changing climate:
emergent influences of genomics, modelling anditmogirobiome interactins on understanding
ecosystem function, Plant, cell & environment, 38 (2015) 11751.

[47] L. Bragazza, J. Limpens, Dissolved organic nitrogen dominates in European bogs under
increasing atmospheric N deposition, Global Biogeochemical Cycles, 18 (2004).

[48] L. Li, S. Zhang, G. Li, H. Zhao, Determination of chemical oxygen demand of nitrogenous
organic compounds in wastewater using synergetic photoelectrocatalytic oxidation effect at TiO2
nanostructured electrode, Analytica chimica acta, 754 (2013847

[49] B.J. CadeMenun, S.M. Berch, C.M. Preston, L. Lavkulich, Phosphorus forms and related soil
chemistry of Podzolic soils on northern Vancouver Island. Il. The effects ofaléarg and
burning, Canadian Journal of Forest Research, 30 (2000)117426

[50] C. Ackley, S.E. Tank, K.M. Haynes, F. Rezanezhad, C. McCarter, W.L. Quinton, Coupled
hydrological and geochemical impacts of wildfire in peatidnchinated regions of discontinuous
permafrost, Science of The Total Environment, 782 (2021) 146841.

94



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

[51] C. Evans, I. Malcolm, E. Shilland, N. Rose, S. Turner, A. Crilly, D. Norris, G. Granath, D.
Monteith, Sustained biogeochemical impacts of wildfire in a mountain lake catchment, Ecosystems,
20 (2017) 813829.

[52] K. Burd, S.E. Tank, N. Dion, W.L. Quion, C. Spence, A.J. Tanentzap, D. Olefeldt, Seasonal
shifts in export of DOC and nutrients from burned and unburned peaitdndatchments,
Northwest Territories, Canada, Hydrology and Earth System Sciences, 22 (201-814255

[53] D.H. Vitt, Function&characteristics and indicators of boreal peatlands, in: Boreal peatland
ecosystems, Springer, 2006, pR24

[54] I. Tjerngren, M. Meili, E. Bjorn, U. Skyllberg, Eight Boreal Wetlands as Sources and Sinks
for Methyl Mercury in Relation to Soil Acidity,C/N Ratio, and Smalbcale Flooding,
Environmental Science & Technology, 46 (2012) 88580.

[55] A.A. Mamuji, J.L. Rozdilsky, Wildfire as an increasingly common natural disaster facing
Canada: understanding the 2016 Fort McMurray wildfire, Natural ldaz88 (2019) 16380.

[56] F--N. Robinne, K.D. Bladon, U. Silins, M.B. Emelko, M.D. Flannigan;Al.Parisien, X.
Wang, S.W. Kienzle, D.P. Dupont, A Regioi&dale Index for Assessing the Exposure of
Drinking-Water Sources to Wildfires, Forests, 10 (2038J.

[57] J. Fritsche, S. Osterwalder, M.B. Nilsson, J.r. Sagerfors, S. Akerblom, K. Bishop, C. Alewell,
Evasion of elemental mercury from a boreal peatland suppressed bietongulfate addition,
Environmental science & technology letters, 1 (2014)423.

[58] B. SmiejaK r - | B. -Kroizaigekgi,ewli.czSi kor ski, B. Pal ows k
peat A mineralogical perspective, Science of the total environment, 408 (201065324

[59] J. Rothwell, K.G. Taylor, E. Ander, M. Evans, S. DanielsAllott, Arsenic retention and
release in ombrotrophic peatlands, Science of the Total Environment, 407 (200941405

[60] T. Broder, H. Biester, Hydrologic controls on DOC, As and Pb export from a polluted
peatlandthe importance of heavy rain evenasitecedent moisture conditions and hydrological
connectivity, Biogeosciences, 12 (2015) 46%b4.

[61] L.E. Brown, J. Holden, S.M. Palmer, K. Johnston, S.J. Ramchunder, R. Grayson, Effects of
fire on the hydrology, biogeochemistry, and ecology of pedtlaer systems, Freshwater Science,

34 (2015) 14086L425.

[62] K. Smettem, C. Rye, D. Henry, S. Sochacki, R. Harper, Soil water repellency and the five
spheres of influence: A review of mechanisms, measurement and ecological implications, Science
of TheTotal Environment, (2021) 147429.

[63] X. Yang, C. Fan, C. Shang, Q. Zhao, Nitrogenous disinfection byproducts formation and
nitrogen origin exploration during chloramination of nitrogenous organic compounds, Water
Research, 44 (2010) 262702.

95



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

Chapter 4

Upcycling wildfire -impacted boreal peats into porous carbons that efficiently remove

phenolic micropollutants

Reprinted fromY. Wu, N. Zhang, €. de Lannoy, Upcycling wildfirenpacted boreal
peats into porougarbons that efficiently remove phenolic micropollutants, Journal of
Environmental Chemical Engineering 9(4) (2021) 1053Q®pyright (2021), with

permission from Elsevier.
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4.1 Abstract

Activated carbons have been widely used for water treatment thedrttarge surface area

and structural stability. Their high cost has motivated the development of sustainable bio
basedsorbents However, their industrial acceptance within the water industry is limited
by lower surface areas and poorer adsorptive dégm@s compared with commercial
sorbents. We herein report a green, high performance porous carbon produced from
borealpeatsfor organic micropollutant removal. Boreal peatlands are increasingly
damaged due to climate chanigduced wildfires and droug$, which lead to increased
run-off and impeded forest regrowth. Hirapacted peatland soils therefore were
excavated and converted into valdded porous carbons through Zn&itivation at low
temperature (400 600°C). These products have significgnhigher surface areas

(> 1377m?g) than commercial activated carbon Norit GSX (86%y). Adsorption of-
nitrophenol, a micropollutant, onto the porous carbons is efficient, and superior to that of
Norit GSX and most sorbents reported in the literatéy@sorption mainly occurred
through multilayerchemisorptiorand was impacted by the electron deaoceptor
compl exes Mechabhesmcti ons and steric effe
environmental and economic benefits, peat porous carbonsarg séndidates for use in

large-scale water treatment facilities.

97



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

/- Stage 1
T e I
Stage 2 Extreme cimates 'o/N'
NN NN \©\
OH

Resilient boreal ecosystem

SR .. P-nitrophenol
Dried peatland

Peat fire

VBoreaI peats
Stage 3

uondiospe juaioyy

Stage 4

— 4

Post-fire peatland  Phys;. i

Och, :
Wiﬁ‘l/l-lydrophobic peats Boreal peat
porous carbon

4.2 Introduction

Water pollution by organic micropollutants has garnered immense global awareness in
recent years over the adverse impacts to ecosystems and human[lealileated
wastewater effluents contribute over 300 railltons of micropollutants into natural waters

per yeaf2]. These pollutants, such as pharmaceuticals, steroid hormones, pesticides and
other industrial chemicalsare characterized by their wide distribution and diversity in
water systems. Nitraromatic compounds, such as nitrophenols, are commonly detected
hazardous micropollutants aguatic environmentslue to extensive consumer product use
(e.g. cosmetics,rdgs and pesticides), industrial practices (e.g. oil refining, petrochemical
processing, coal conversion, textile and dye production, paper milling) and natural
processes (e.g. plant matter decomposition and microorganism metabolic pro¢8ssing)
4]. Because of their taste, odor, toxicity and persistence, even at ppb levels, many phenolic

compounds have been regulated as priority pollutants in the United States, Canada and the
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European Unioif5, 6]. The USEPA recommends a maximum concentration ppfn of

total phenolic compounds in water suppligs Increasingly stringent environmental
regulations necessitate the improvement of water treatment techniques.

Widely investigated techniques for removing hazardous organic micropollutants
includeadvanced oxidation proces48$ electrochemical oxidatiof®], membrane
processefl0], biological treatmenftll], and adsorptiofii2]. Adsorption has been
extensively used because of thersatility, effectiveness, simple operation, low initial cost
and robustness toxic pollutantg3]. Adsorption processes capture aqueous pollutants
through electrostatic interactions, chemical reactions and hydrophobicciitesa
depending on the chemistry sfrbentsand sorbatefl3]. activated carbons (ACs) are
known for their high surface area, highly porous structure, surface oxygenated
functionalities and good mechanical prop¢it¥], and hence are widely selected as
adsorptive materials for water purification. However, commercial activated carb®@s)C
are increasingly undesirable because they are obtained fromemewable carbonaceous
materials (e.g. coals, and petroleum cdkd]. Traditional production is energy intensive
and thus costly, involving pyrolysis steps (typically B800 °C) using physical (e.g. using
steam or C@ >700°C) or chemicalactivation (e.g. using #Qs, ZnCk, or KOH,
commonly between 300 and 700). Further, the surface areas of traditional CACs usually
range from 500 to 150®%/g [15], but there has been a demand to develop more efficient
materials with higher specific surface areas (up to or higher thann#§Ppand tailored

microstructure$16].
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Previous studies can only partially solve these challenges. Many inexpensiveltasbdn
sorbents(e.g.biocharsand ACs) have been prepared using renewable biomasesy
including agricultural wastes (e.g. corn sto{&r], corn hull[17], rice husK18], wheat
straw[19], bagass§l9], peanut shel20], coconut shell20], potato pee]21]), forestry
residues (e.g. bamb@20], pine needlef22], eucalyptus barf3], oak wood17], palm
shell[24]), livestok wastes (e.g. cattle manyB5b]), and some biopolymers (e.g. cellulose

and Kraft lignin). However, many upcycled kpooducts (with or without further
modification) often have lower surface areas than CACs, and they oftentimes give lowe
adsorptive capacities towards pollutants, including small organic micropollutants. For
instance, rice husk AC achieved a maximum adsorption capacity nearly 6 times lower than
CAC for phenol (56ng/g vs 322.5ng/g)[12, 18] Magnetized palm shell AC had
163.3mg/g removal towardsiethylene blu¢24], much inferior to using CAC (i.e.
980.3mg/qg)[26]. Moreover, many agrorestry wastes have low yield and their collection

is costly and labor intensive. Thus, while environmentally viable, the novelty and
usefulness of bibased sorbents are restrictedtir unsuitable origins, poor adsorption
capacities and low economic benefits.

Bor eal peatl ands occupy 3% of the worl doés
Eart hoés t er [24.s Peatlarad$ arec aviddbyo distributed over nearly
4,000,00km? in North America and Eurasfa7]. They are also increasingly impacted by
climate change (Graphical abstract, Stagé&4 a result of climate changeduced impacts

to boreal temperatures and precipitation events, boreal peatlands are increasingly damaged

by wildfires and droughts (Graphical abstract, Stage 2 and 3), as demonstrated by the
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surprisingpeatfires that haveaged across Russia, Canada, and other subarctic regions in
the past few yeal28]. Shallow organic layers of peats, which are comprised of live moss
and partially decayed plant matter, are typically the most affected by recurring droughts
and wildires. Impacts to peats include combustion, smoldering, and desiccation, leading
to elevated water repellency for these damaged shallow layer peats which leads to severe
flooding, soil erosion and inhibited forest recovery (Graphical abstract, St§@.4)he

most frequently encountered peat fires in the boreal areséwerity burns that can ignite
aboveground vegetation but only yield minor loss of underlying peats to comb{@pn
Rather than fully combust, peat is most often heated between 300 af@ 590ow-
severity fires (e.g. smoldering), which transforms its chemical compof2®r81] The
increasing smoldering of peat is probkim from an ecological and climate perspective,

as peatlands represent the largest@gianic carbosink on Earth, with an estimated

427 Gt of carbon stored in boreal peatlands across the glob&ti&Owhich is stored in
Canada alonf82, 33]

Excavation 6the climate changenpacted peats can promote water retention in burned
forests while reducing peat fire events in boreal ecosyqd@9hsAccess through logging
roads to the vast areapre- and postourned damaged peat soils makes their excavation
relatively simple. However, damaged peatland soils are left untreated on the forest floor
due to a lack of practical uses. We have identified that the caiddonature of peats make
themideal candidates for producing carboased sorbents, which have applications in
environmental remediation and water treatment. Pyrolysis of smoldegaigd peats can

lock in the carbon stored within these peats, while also producing a valuable phaduct t
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can replace less sustainably sourced porous carbons. We herein report for the first time the
environmental application of climatmpacted peatland soils. Based on a rapid and facile
chemical activation step, these materials can be readily convettekigh surface area
porous carbons, for effective purification of orgapalluted water. Their relevance to
adsorption of a notorious phenolic micropollutaptn{trophenol) in water and the
advantages over a CAC sorbent (Norit GSX) and conventiondddsed sorbents is also

investigated.
4.3 Material and methods

4.3.1 Materials and reagents

Feather mosandsphagnunpeatland soils were collected from the undisturbed boreal
spruce forested peatland in th2lPARAB5@awW) Mo
Alberta, Canada. Intagieats(up to 15cm depth) were cored in PVC pipes (dia.ch),

sealed with plastic films, and transported to the lab. The boundary between the live moss
and the decomposed peat in the peat columndedther mossvas clear, but

for sphagnunwas indiscernible. Thus, we retained the fwather mosand the entire

15 cm sphagnunfor investigation. For consistency in this study, twigs and wood debris
were manually removed. Cellulose, corn starch, Z(glhydrous, >97%¥teamactivated

CAC, Norit GSX and 1.0 HCI solution were purchased from SigiA&drich.

Droughtdried peat soils were simulated by I'@5 overdrying overnight and sieved to

less than Znm size. Posburned peat soils were simulated by heating in alm@dfnace

at 300°C for 30min. The heat treatment did not combust the samples and could well

mimic the lowseverity fires that damaged the majority of peatland soils. Cellulosic
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materials and carbohydrates represent important biopolymers within sudate po
cellulose and corn starch were used as pure components for comparison. Starch is typically
unsuitable for directly making porous carbons because it swells and bursts with heat
treatment to form foam like structures, which do not contribute tmerease in total
surface area. Hence, corn starch was stabilized &t@28r 16h to promote dehydration

of reactive hydroxyl groups which are the primary moiety on starch polymer chains,
pulverized by a coffee grinder, and sieved to less tmamzize Cellulose was not further
treated Feather mosssphagnum corn starch, cellulose, burnedeather moss
burnedsphagnunand stabilized starch were respectively labelled as Fm, Sph, CS, CL,

BFmM-300, BSpkR300 and BCK20.

4.3.2 Synthesis approach

In a typi@al experiment, the precursors were walked with ZnCt powders (m/m 1:3)

and directly heatreated in a tube furnace under inegtfldw (100mL/min) at 400 or
600°C for 1hr. ZnCkwas chosen for chemical activation, because it only demands
moderate heating temperature, and could be readily impregnated with precursors during
the thermal treatment. This showed some strengths over many other activation agents. For
example, KOH activation is typically done at high temperature, up t01800 [34],

which is energyintensive and could cause corrosion to the reactd?Qractivation can

be accomplished dbwer temperatures (800 [34]), but would require an additional
agueous impregnation step prior to activatibecause #PQuis commonly stored as a
solution. Furthermore, Znghctivation helps to limit macroporosity and

maximizemicroporosity{35], which is beneficial for the adsorption of smaiyanic
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pollutantsfrom water. An impregnation ratio of 1: 3 (precursor: Z)@Qlas selected
because this is a reasonable ratio enhancing the formation of mnctonesopores over

heat treatmerB6]. The tube furnace temperature was preset to°@0frior to the
experiments. After the activation, those samples treated at 400 °C were defnoovehe
chamber, whereas those treated at 600 °C were left inside the chamber for natural cooling
under N flow for a further 20min before removing them. The pdstatment samples were
washed with 1.01 HCI and DI water, then ovedried at 105C ovenight. Each test was

done in triplicate. Porous carbons manufactured from Fm, Sph,38PnBSpk300, BCS

220 and CL were respectively labelled as FrRZCSphZCT, BFmMZGT, BSphZCT,

BCSZGT and CLZGT, where T refers to the temperature applied.

4.3.3 Mateial characterization

Elemental analyses were performed by an elemental analyzer (UNICUBE, elementar,
Germany). Sulfanilamide was used as a calibration standard for the instrumenbf2
samples were loaded into tin capsules in a carousskfprential analyses. CHNS mode
was chosen and O content was measured by weight diffe@gteepotentia( ¢ ) was
determined by a zeta potential analyzer (ZetaPlus, Brookhaven Instruments, USA).
pHpzc was obtained by plotting zeta potential as a functfgtband identifying the pH at
which zeta potential crosses zero at trexis.

BrunauerEmmetTeller (BET) specific surface area was measured bwdsorption
desorption isotherms, using a g@asptionanalyzer (Autosorb iQ, Quantachrome
Instruments, USA)Samples were degassed at 105 f o b pri@ tbphysisorption. Total

pore volume (W) was estimated based on thensity function theor{DFT) method.
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Micropore surface area %) and micropore volume (Mcro) Were calculated based on
thet-plot method of de Boer and Horvatawazoe (HK) method, respectively. Mesopore
surface area {®sg9 and mesopore volume (s were respectively obtained by
subtracting Sicro from Sser, and Muicro from Viet. The pore size distribution and pore
widths d the samples were characterized by the slit pore;lowal density functional
theory (NLDFT) equilibrium model . Sampl es¢
characterized by a JEOL JSROOOF SEM equipment. Sample surface coating wam?7

of platinum @t).

Infrared spectra was identified by a Nicolet 6700IRTspectrometer (Thermo Scientific,

USA). Spectra were recorded within the rmérared range from 4000 to 5261 at 4cn

! resolution for a total of 64 scans:rgy Photoelectron Spectroscopy @&)Pwvas used to
characterize surface elemental species and possible chemical environment/molecular
bonding of carbon atoms.-pay beam was set at 8 and 15kV and the beam size was
100um in diameter. The photoelectron tadi angle (angle between anadyzaxis and

sample surface) was 45°. The pass energy for survey scan and C1s high resolution scan
spectra were 22dV and 26V respectively. In the Cls peak fitting analyses, background
was approximated by Shirley method, and all the binding energiescaidreated with

respect to the Cls peak at 284\8 Powder Xray Diffraction (XRD) patterns were
obtained from 10° to 70° intheta with a Culiffractometeroperating at 48V and 40mA

with a step time of 606 to determine the crystal structure anadgrhous nature.
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4.3.4 Adsorption studies

Batch adsorption tests were conducted af@QOn the basis of phosphéaiaffered
(pH=7 % 0.3, molarity = 20nM) syntheticp-nitrophenol wastewater (22000mg/L).

The neutral condition for the batch tests is witthe pH ranges of surface waters,
mostmunicipal wastewatet@nd somendustrial wastewatensnder real condition. The
buffer solution was prepared by adding 1.3§65NaHPQOi-H20 and 3.097
NaeHPQ:: 7H20 into 1L DI water. Before adsorption, calibrationrge forp-nitrophenol

was established at the maximum wavelength oft0

Phosphatdufferedp-nitrophenol  solutions (2@000mg/L) were dosed with
selectedsorbent§10mg) and stirred at 20@m at 20°C for 24 hrs to reach equilibrium.
This maximum rage was chosen to mimic the highest concentrations found in some
wastewaters. The solutions after adsorption were filtered, diluted if necessary, and
analyzed by UVvis spectrophotometer at 4@@h. Experiments were conducted in
triplicate for high concendition samples (i.e. 1000 and 200@/L) to minimize the
possible errors. Experimental data were fitted into Freundlich, Langmuir and Redlich
Peterson isotherms by 1stOpt software.

Phosphatdufferedp-nitrophenol solutions (2thg/L) were dosed with seledtesorbents
(10mg) and stirred at 20bm at 20°C for different time durations (@ h). Suspensions
were filtered and measured by UXs spectrophotometer. Preliminary experiments
indicated that 4 adsorption can achieve 98% removap-ofitrophenol, an®4 hrs was
sufficient to reach equilibrium. Data collected were fitted with Lagergren pdesto

order model, Ho & Mckay pseuekecondorder mode[37] and WebeiMorris intra
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particle diffusion mod€l38]. The models for isotherm atkehetic adsorptiorcan be found
in the Supplementary Material. The fitted determination coefficig¥t ¢ould well reflect
the variance abouhé mearj39], and was used to evaluate the fitting degree for the

isotherm and kinetic models.

4.4 Resultsand discussion

Laboratory simulated droughlried and postire peatland soils were activated and
analyzed for their ability to act as high surfageasorbentdor the adsorption ob-
nitrophenol micropollutant from wastewaters. Porous carbons madepé&atswere
compared with those made from the primary constituents of pediilose and starch as

well as with commercially available activated carbon.
4.4.1Physicochemical properties of biased porous carbons

4.4.1.1 Elementatompositions

The organic content of the collected fresh surface peats were extremely high (>99%), as
determined by burning the samples at 550 A
spectrafig. S also confirmed that no mineral elements were fanrde sampleslTable

Slindicates the organic elemental compositions present in all tested materials. As expected,

C, H and O accounted for the majority of +th
boreal peafeather mos$BFm-300) andsphagnuniBSph3 0 0) an d -RabilixedAC h e a
corn starch (BC&20) had an increase in C content and concurrently a decrease in O and

H content compared to their respective precursors (Fm, Sph and CS), due to dehydration

and partial combustion of organic matt®in-based porous carbons rendered much higher

C contents (761i®3.6%) than their precursors (4164.3%). This is because ZnGicted
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as a Lewis acid which contributed to selective stripping of O and HQ@oafd H, rather

than hydrocarbons from the aratmegphenolic structureglO, 41] As shown in the van

Krevelen diagramfig. 1, H/C ratios varied depending on biomass type {1148B). The

values for boreal peats were fairly close to 1.5, which approximated the composition of
unburned fuel materials, such as cellulose and litih The decrease of H/C and O/C

ratios for heatreated materials indicated chemical changes, in
particulardecarboxyation(i.e. loss of C@Qand/or CO) and demethylation (i.e. loss of

CHa) [42]. The H/C ratios of all sorbents were less than 0.5 and this accordethost
pyrolysisbased materialgll]. During synthesis, both dehydration and chemical changes
(decarboxylation & demethylation) through crosslinkiogndensation reactions would
occur , which got i ntensified at higher tem
exhibited higher carbonization degree and fewer oxygenated functionalities due

to cleavageand cracking of weak oxygenated bonds withuldsstructureg42]. This was
supported by reduced mol ar ratios of O/ C ar
aromaticity and heating vau(low H/C), and lower polarity and hydrophilicity (low

O/C)[43]. Meanwhile, the H/C values less than 0.2imi ed t he f or mati o
carbono, which | ikely contained highly po
carbon fraction§44]. Nor it GSX had the mini mal H/ C

andlignite compositions and graphitike structureg41].
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Fig. 1. van Krevelen diagram of elemental ratios (H/C vs O/C) for raw feedstocks and different

sorbents.

4.4.1.2 Point of zero charge (ptd)

Surface charge of the sorbents at a range of pHs were controlled by the

protonation/deprotonation of surface functional grddg$. The biebased porous carbons

demonstrated

aci dz<d), andch with aao tinerease (in3 actvatip H

temperature, pkkcvalues slightly increased due to slight variations in surface charge and

oxygen

Thus

compl ex ex,.

, t he HCI

gVhiesn mpdis i<t ipWHe

(surface

wrack likely ted to theprbtoratioh of kydeal Idurface

functional groups (e.§.COOH) with the concurrent loss of residual minerals (2n@ed

for pore formation. The adsorption experiment was conducted in neutral condition

(pH

= pzd), hencepthle negatively charged surface of sorbents lfeelgred the

adsorption of cationic species.
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4.4.1.3Surface chemistry and functional groups

Table S2orovides FTIR assignments of boreal peats and the corresponding porous carbons.
Results identified that the boreal peats contain hydroxyl groups, aliptyatiocarbons,

carbonyl groups, aromatic carbon structures, carboxylic groups, which are related to the
lignin and cellulosic structures, and small organic molecules. This was confirmed by the
characteristic pe&kH) ,6at2 9a2r0o0 meh(GH2) 32384500 26m ¢ m
lccHbo), LE€DC) c mnH(CiOOMManadSph precursors, however, had a

few differences in their chemical compositions. As showhign S1laandS1h Fm had
sharper t win peaks ltme §ph. TRiSuUgdested strdngeZi@ 50 ¢ m
stretching of alkyl chains, thus indicating more abundant plant lipids, such as fatty
acids[46]. Fm had the CO0 O? whicthwaa likélyocaused by ketones,1 ¢ m
aldehydes and aromatic estpfg]. Sph had the COGO viBhisati on
may suggest the presence of carboxylic aglds The laboratornsimulated burned peats

had significant peak | osses. Theihwabydr ox
greatly reduced, while cashyl groups (shifted to 1711 7 1 6') andraromatic carbon
stretching (shifted to 1597 6 0 ) reme ned predomi nant . ACs pr
retained the carbonyl groups (16946 9 91) anch the oxygeitontaining aromatics

(15581 5 9 0%) smah as quinmes. These bands were shifted by a few units to the right

due to heainduced chemical transformations of labile organic compounds (the
biologically active fraction of soil) to form new carbonyl grof48], and the increased

level of aromaticity through Zn€hctivation. With an increase of activation temperature

to 600 AC, Porous carbons | ost more car bon
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vibrational bandgshifted to 15571 5 7 4%), white their relative intensity became lower.

This indicates the deposition of carbofgntaining groups as a result of losing organic
matters, and the destruction of highly aromatic functionalitie® 6tretching from

aromatc ethers, esters, alcohols or phenols (1228 5 1) alsmappeared for porous

carbons prepared at both temperat{463. C8! U0 os e)-glacosd) préclrsofs b
areisomersand displayed similar HR peak patternsHig. S1candS1d. Characteristic

bands incl udé&@iH)29 72,9 2393,(€i02)3cOn2 1 &(@i%D), anch996,

1 0 2 61 (@ @). After heating and activation, CS and CL samples had many diminished
functional groups acrossaoad range, but an increase in new carbonyl compoundsi (1699

1 7 1 3Y, aromatic ring structures (1557 6 0 7') andvaromatic ether or esters (1170
1258YH ¢cm

XPS survey spectr&(@.S2 i n the binding energy rangi ng
that cabon and oxygen were the primary elements present in the investigated samples due

to the appearance of characteristic peaks (e.g. Ols and C1s). The distinct C1s peaks were
further deconvoluted to show the possible carbon species and estimate the relative
composition of major carbon surface functional groups identified from FHitR2reveals

the fractions of different carbon groups of the total carbon groups on surfaces. The high
resolution C1s spectra can be foundrig. S3 C1 regions can be fitted mtup to four

carbon states corresponding to: 2CGhat from either amorphous or aromatic (graphitic)
carbon (28@H®BOIEVHromd)plCenol i c groups, alcol
3) CiCd/oOfrom | actone, car box4)l tohte gsaphi gt

shakeup satellite peak f r[60nOfanote thegeak@ositionsn g s (
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shifted slightly among samgs because of the effects of neighboring atoms present on their
surfaces. The proportion of each carbon species was obtained by determining the
contribution of curve areas for individual carbon state to the total curve area. From the C1s
curve fitting Fig. 2), all final products had elevated fractions of amorphous carbon content
(284.8 eV), nearing 60% or higher, which w
of the products, 0 andGO-C wer e much mor e abQin@ aannto ntghsatn
the oxygemat ed carbons (i . e. carbon species at
verified by comparing the corresponding FTIR peak intensikes GJ. It is presumed

t hat CiOiob@nweOe f or medivatibru Fdr any ong ge@pared

product, thef r act i on ®G0 CCdads aamdf WONcti on of the ov
increase slightly with activation temperature. This may signify the improved extraction of
molecular hydrogen and hydroxyl groups during ZreCtivation at higher temperature.
Moreov er ,- " theeak at 291.0 eV appeared for all
species increased with activation temperature for all samples except one (the heat stabilized
corn starch derived products), which suggests higher temperatures ledaiortaigon of

more delocalized °~ conjugation from ar omat
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Fig. 2. XPS percentage fractions of different carbon groups of C1s fittings flaafier mosand
its derived porous carbons, (8phagnumand its derived porous carbons, (c¢) corn starch and its
derived porous carbons, (d) cellulose and its derived porousrtsarénd Norit GSX.

4.4.1.4 Surface area, pore volume and pore size

BET surface area, pore size and pore volume were summaridexblan 1. Precursor
materials (raw boreal peats, corn starch, cellulose;trested boreal peats and corn starch)
exhibited extremely low surface areas. Za@i-situ activation contributed to particle
swelling, release of evaporative organic matter (e.g. tar) and development of new
pores[51], thereby remarkably increasing the BET surface areasi{23372 7g), mhich
greatly exceeded ¢t/d).&urface drealrm paretstru@iBes ar¢ rel@iesl m
to temperature and ZnfJmpregnation rati¢g40, 52] Generally, surface area increases

with an increase of Zn€to feed stock impregnation ratio within a limited range (ei.g. O

2) and activation temperature (=sugedin< 450
excess (e.g.i2) and the activationterepr at ur e 1 s h i[58]hNoneteelegs, > 4E
the trend is not always consistent across the literature and is dependent on the type of the

starting feedstocks and the activation method used. Our study showed that higher
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temperature activation gave rise to lo\B&ET surface areas, lower micropore surface areas
and lower micropore volumes for most{tiased porous carbons except for those prepared
fromprebur ned ( &réafed)Adteal peats. t

Table 1 Surface area, pomolume and particle size of feedstocks and different sorbents.

SBET Swiicro® Swieso Vtotb V Micro® V Meso V Micro PV\/d
(m?g) (m?g) (m#g) (cm¥g) (cm¥g) (cm¥g) (%) (nm)
Fm 1.3 8 8 8 3 8 3 2.647

FmzZG400 1989 1091 898  1.110 0.801 0.309 721 1614

FmzZC600 1605 555 1050 1.226 0.650 0.576 53.0 1.614

Sph 9.6 8 3 8 8 3 3 2.647

SphzG400 1783 867 916  1.052 0726 0.326 69.0 1614

SphzG600 1731 616 1115 1.240 0702 0538 56.6 1.614

BFmM-300 10.5 8 3 8 8 8 8 2.647

300 BFmMzZC400 1383 1144 239 0612 0559 0.052 914 1614
simulated BFMZC600 1719 1357 32 0774 0568 0.206 733 1614
burned boreal  BSph300 14.3 8 3 8 8 3 3 2.647

Precursor type  Material

boreal peats

Peals  pSphzcaoo 1377 1158 219 0.601  0.559 0043 929 1614

BSphzG600 1875 1391 484 0879 0769 0110 87.5 1614

cs 2.0 3 3 3 3 3 3 2769

220°C BCS220 1.9 3 3 3 3 3 3 2.647
stabilized

cornstarch BCSZG400 1923 1484 439  0.872 0774 0098 888 1614
BCSZG600 1711 1456 255 0705 0.688  0.017 97.6  1.614

cL <1 3 3 ;] ;] ] G} ]
cellulose ~ CLZC-400 2527 435 2092 1.668 0.994 0675 59.6  1.614
CLZC-600 2050 281 1769 1.321 0.819 0502 620 3.627

commercial
AC

a. Microporesurface area (&s9 was calculated based oplbt method, fes=Seet-Swicro.
b. Total pore volume (M) was determined based on the DFT method.

c. Micropore volume (Micro) was determined using thelkimethod. Mies=Vior-V micro-

d. Pore width (PW) was easured using DFT method.

Norit GSX 965 704 261 0.667 0.393 0.275  58.9 1.543

The increased porous characterXdstidesydtadD
effects for promoting charring and aromatization of the carfgffls 600 AC act i v
however, may cause partial shrinkage of the char, realignment of carbon structures and

pore coalescence due to sintering effects under the selected impregnation mass ratio (i.e.
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ZnClk/ pr e c u [5%].0Tthe possible destruction of micropores and formation of
mesopores may result in decreased surface area and increased pore volume. Increases in
pore volume within a material were matched by a decreasecioporositydue to pore

enl argement . Significantly, p o itreatecds boreah r bon s
peats had the opposite trend, i.e. micropore surface area increased at highetusrapera

This is probably because the impregnated amount of2ZoCthese precursors was not
excessive, and therefore Zn€bntinued to assist the formation of new pores and widening

of existing pores even at elevated temperatures.

BET N:adsorption/desption isotherms were also studied. Based on the IUPAC
classifications, the precursors displayed type Il isotherms (Fig. S4) suggesting
macroporous characteristics (pores > 50 nm
derived from heatreated boregbeats and corn starch exhibited strong type | isotherms

(Fig. 3ac ) . Mi cropore filling and therefore hi
were observed, followed by low slope (nearly horizontal) plateaus at higher relative
pressures. This is inditive of microporous materials with narrow pore size distributions

and small external surface areas (low mesoporosity) (Figf) @B, 24] The higher
microporosity for these porous carbons may be the result of less tar formation and light
organic matter volatilization from the hesthbilized carbon materials as compared to their

raw counterparts during the shiesis. By contrast, type IV isotherms welatched the

curve shapes for porous carbons derived from raw boreal peats and cellulosei (Jig. 3a
where characteristicysteresisoops appeared appreciably at high relative pressure values

(0.40/0.95) due to pre condensation, suggesting mesoporous strudtilBgsin these
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materials, pore widening rather than micropore formation dominated the p¢b@$ity

Cellulose derived porous carbonsgF8c) had hysteresis loop shapes close to type H2 &

H4, suggesting slit pores and/or unwedifined pore sizes and shapes, which existed
primarily in the small mesopore range$42. 5 n m) (Fi g. 3f) . These
were comparable to Norit GS¥y which the isotherm was close to type IV. Particularly,

400 AC prepared boreal peats porous carbon
(narrow sl it pores, including those in the
boreal peats porous rteons demonstrated shapes close to type H3 (slit pores with wide

size distributions resulting from plali&e particles) (Fig. 3&b). Type H3 and type H4
hysteresis loops supported the presence gpalies of these materials. Overall, from BET
analysisporeal peats and cellulose derived sorbents displayed similar porous structures to
Norit GSX, while burned boreal peats and k&tabilized corn starch derived sorbents

exhibited substantially higher microporosity.
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Fig. 3. BET N adsorptiordesorption isotherms and pore size distributions of tested adsorbents

and (a, cfeather mosgorous carbons, (b, dphagnunporous carbons, (c, f) corn starch porous

carbons, cellulose porous carbons and Norit GSX.

4.4.1.5Textural and morphological properties

Fig. 4shows the XRD profile of various studied materials. Two broad diffraction peaks

emerged

at 2d

around

22.

6 A

and 44. 1A,

of the (002) and (100) planes respectiyalyplying a turbostratic structure (eat-

alignment basal planes) of disordered carbon (random layer lattice str{s8jréds to

wh i

porous carbon products, with the rise of activation temperature, the (002) band at 22.6°

becane sharper and less wide, while the (100) band intensity at 44.1° slightly increased.

Such patterns suggest an increase of crystallite size, graphitic structure and aromatic

layers[53]. Besides, boreal peats and their derigetbus carbons as well as Norit GSX

exhibit

ed a n

arrow but

117

sharp

crystalline

c

p



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

is characteristic for highly graphitized fractions with geogstallinity and degree of order,

which also became enhanced ahler activation temperature (i@.0 0 [F%]C Thus,

these materials were mainly amorphous, but contained some graphitized microcrystals
within their structures. The curved layers of carbon within the amorphous structures of the
synthesized porous carbons contained distorted amngatbon rings and defective
regions, which reduced carbon stacking density and led to high surface area, beneficial for

adsorption application®5].
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Fig. 4. XRD patterns of (ajeather mossnd its derived porous carbons, @phagnumand its
derived porous carbons, (c) corn starch and its derived porous carbons, (d) cellulose and its derived
porous carbons, and Norit GSX.

Figs.5andS5indicate the morphology of samples by SEM images. SEM analysis probes
| arge micrometer (>1 Om) pore structures

BET characterization to extend the range of morphological analysis from nanometer to
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micrometer sized pores. BET probes the pore characteristics at the nanoscale, i.e.
identifying the microporie8 MM 2 mbhwm) aGoes tih
micrometersized poresteather mossontained no observable micrometer sizale

pores on the staces of the flat lateral wall$-ig. S5a}, butsphagnuntontained large

pore openings (> 10 Om) of the dead cell s
internal arrangementsFig. 5d ) . Foll owi ng heat treat ment
considerale volatilization and thermal degradation of peat constituents may occur, and the

peat grains became more fragmented with mild shrinkage of the micrometer size surface
pores Figs. 5baandS5b]). Pyrolysis in the tube furnace led to more irregular textamels

textures for the carbon matrix, such as increased peat fragments, surface heterogeneity and
enlarged micrometer sized cavitidad. 5a2, a3, b2, bJFig. S52, a3, b2 and b3). In

addition, the hybrid transverse sections of peat fragments indicgtdg porous network

structures of peat stem internal regions after chemical activation (see the small images

in Fig. 582, a3, b2, b¥Fig. S5a2, a3, b2 and b3), which could be synergistically attributed

to their original internal structures and Zp&ls fecésfon pore development and
enlargement inside cell walls. Pristine corn starch material had irregular spherical
topography and smooth surface Mg $5d),yetar t i cl
220 AC stabilizati on oliology ind teats totlapsg efdhet h e
particles possibly due to thermal dehydration and melting of crystalkigs $5@).

Untreated cellulose had wedkparated fibers in flat rod shapes, with diameters ranging
from 10 to 30 Om, a5 0| EynBbd)hAfter bn€lavtieaton, 2 0 0 &

the BCS220 and CL derived porous carbons formed big chunks at micrometer scales.
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While BET has probed the existence of considerable nanometer sized pores, no clear
micrometer sized pores were observed on themahisurfaces. The surface morphology

for BCS220 derived porous carborBig. S5& andS5at) were rough, while CL derived
porous carbondg. S5@ andS5d3) were finer and smoother. All the synthesized products

after acid treatment, drying and manualvpuzation had a particle size greater than

100 Om. Nonet hel es s, FighS&é hadahasnealiest pastitle sMe r i t

of all, which was typically |l ess than 30

el 7

(a2) SphzC-400 i % %5 (a3) SphZC-600 f
AN {IR { 7 g . & % x ':x -
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Fig. 5. SEM images of preand posteatsphagnunprecursors and their derived sorbents. All
micrographs were obtained at 5 eV.

4.4.2Adsorptive characteristics ptnitrophenol on activated carbons

4.4.2.1 Adsorption isotherms

Nonlinear increase o&dsorption quantity was observed with increase of equilibrium
concentrationKig. 6a-b). Isotherm model fitting results obtained by 1stOpt software are
summarized iMable S3 and generally, both Freundlich and RedliRéterson models
provided good corretens for the equilibrium dataF{g. 6c-d), while Langmuir model

afforded the poorest fit. Because the equilibrium data conformed poorly to the Langmuir
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isotherm especially for high concentration ranges where multilayer adsorption could occur,
the authent maximum adsorption capacities were underestimated at some degree by
thegm values acquired by this model. Nevertheless, using the Langmuir model, the fitted
data demonstrated highly favorable adsorption behaviors for the produced porous carbons
becausér.L 1 and the calculategn values were typically larger than that for Norit GSX.
Surprisingly, the obtainegh for the biomasslerived porous carbons were also notably
higher than many other sorbents ever published in terms of treating aguatoghenol,

as can be seenTrable 2

Using the Freundlich isotherrky increased with activation temperature of the sorbent
products, which related directly to elevated adsorption capacity. The magnitude of 1/n
reflects favorability obdsorption and all n values are greater than 1, suggesting favorable
adsorption conditionb6]. In addition, n values became larger with an ease of
activation temperature, signifying a decreased degree of surface heterogeneity for the
obtained porous carbofis6]. It is also worth nahg that the three parameter Redlich
Peterson model gave the best fit for all adsorption experiments and can best despribe the
nitrophenol adsorption behaviors. Hence, it is supposedpthitophenol adsorption
involves adsorption by formation of multiyers on relatively heterogeneous carbon

surfaces.
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Fig. 6. Adsorption isotherms gi-nitrophenol onto representative korbents at 20 °C. (a) 400 °C
produced porous carbons, (b) 600 °C produced porous carbonspasskbntative isotherm fitting
curves for (c) FmZe100, (d) FmZE600. Triplicate analyses were done fag=0000 and 2000
mg/L samples.

Table 2 Comparison of maximum adsorption capacitygaritrophenol on different sorbents.

Adsorbent Sorption capacity (mg/g) Reference
Metalorganic frameworks (MOFs) 193 [57]
Montmorillonite clay 122 [58]
Polymeric resin 348 [59]
Nanographite oxide (NGO) 267 [56]
Multi-walled carbon nanotube (MWCNT 32 [60]
Activated carbon fiber (ACF) 385 [61]
Activated carbon (AC) 526 [12]
Cocoa shell activated carbon 167 [62]
Biomassderived porous carbon$ 527-859 this study

a: sorption capacity is based on Langmuir model fittitigss actual maximum sorption capacities
are higher. When ¢&~2000 mg/L, the sorption capacities range from-$88 nt/g.

4.4.2.2 Adsorption kinetics
Adsorption kineticsndicates the rate efficiency of each sorbent. Adsorptiop- of

nitrophenol onto various sorbents is controlled by mass transfer of adsorbate molecules in
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the bulk phase (i.e. external boundary layer), diffusive transport on the sorbent surfaces
and inner pores in the solid phase, and adsorption onto surface a@ssitet63]. The

rate at which adsorption occurs is closely related to the characteristics of the adsorbate,
adsorbent and the liquid phase. The adsorption kinetigs {&) were markedly different

between Norit GSX and the biomass porous carbons. At ipi@tophenol concentration

of 20 mg/ L, except f or pnitloghenol adsdrptioa pcpurrede d o n
rapidly at the early stage of adsorptionwithime f i rst 30 min, then t|
gave way to slower uptake rates until reaching a plateau attained after several hours. In
comparison, a sharp increase of adsorption amount was achievpditimphenol

adsorption on Norit GSX withinlesshan 5 mi n approaching adso
quickly and the subsequent adsorption was extremely slow. The difference of kinetic rates
may be attributed to the difference in carbon surface chemistry and pore structure. The
fractional uptake op-nitrophenol was characterized by the ifpaaticle diffusion model.

FromFig. 7, the data indicated a region of sharp rise followed by a plateau region. The
sharp rise process was mainly associated with diffusive transport of adsorbate, and was
restricted bypore structures of the porous carbons, whereas the subsequent less sharp
plateau region was retarded by formerly adsorbed molefdgBecause the uptake pf

nitrophenol was initially very fast and then gradually became slower, it is probalpe that
nitrophenol transport initially diffused into larger pores (e.g. macro and mesopores) and
then entered the micropores of the porous carbons which possessed hedeogene

shapes and siz¢83]. Therefore, external transport and film diffusion rather than internal

transport are the dominant mechanisms in the adsorption process.
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Fig. 7. Adsorption kinetics op-nitrophenol onto selected sorbents at 20 °C. (a) Adsorption amount
as a function of time; (b) Intrparticle diffusion data of adsorption kinetics. Triplicate analyses
were done for eackample.

The fitted parameters for several kinetic models can be foulhdhle S4 Pseudsdfirst-

order model gave poor fittings as indicated by lowv&ues and large variances
betweergexp (experimental) ande (theoretical) values, while a betteritas achieved by

a pseudesecondorder model for all sorbents studied®(R 0. 9 9) . This may
the low molecular weight of the adsorbate and the small size of the sd@#gniBhese
findings suggest that the adsorption was not controlled by pore diffusion. Instead,-the rate
limiting step may be surface adsorption coupled witbmisorptionnvolving valency

forces through electron transfers between sorbahtsarbate phas¢37]. Moreover, the
calculateckzge, known & the inverse of the halife of adsorption procegd$4], can
describe the rate of uptake. In this study, for the porous carbons fabricated from the same
precursor,increasing activation temperature led to increaggeélvalues, suggesting
promoted adsorption rates. However, kbg: values of the produced porous carbons
(0.0990 . 3 9 #) wene anders of magnitudes lower thanthat of Ne@ X ( 3 4). 6 mi n

Typically, CACs have been widely used in singtage contact systems in WWTPs, which
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involves mixing, contact adsorption and/or gravity precipitation within the same unit. The
solid retention time (SRT) can be as long as days (é4days) to allow for sufficient
adsorptior[65]. Thus, although these biomadsrived porous carbons had lower uptake
rates, their kinetics may be acceptable for water and watteweatment unit operations.
Moreover, they demonstrated great strengths in terms of treating high concemptration
nitrophenol wastewater streams (e.g. industrial wastewater) as evidenced by their high

adsorption capacities.

4.4.2.3 Adsorptiommechanism

Several mechanistic explanations have been proposed to influence the adsorptive
properties op-nitrophenol onto the porous carbons prepared at two temperatures. Firstly,

it is presumed that the aromatic ringpefitrophenol, and potentially othgrhenolic
contaminants, served as electron acceptors and interacted with the surface aromatic
hydrocarbons, carbonyl and other oxygen groups of the porous carbons which acted as
electron donors. This interaction is described by the electron -@aceptor omplexes
mechanisnj63]. This mechanism played important rolesgaritrophenol adsorption onto

the 400 AC activated products dies These mor e
oxygenated groups provided ideal active sites for hydrbgeling formation, which
enhanceg-nitrophenol adsorptiofb6], but the also competed with water adsorption,

which may impede adsorption. However, we argue that this competitive effect was not
significant, because most of these groups,
of the porous carbons, occurred infregfiyeon sample surfaces (as is supported by FTIR).

Furthermore, the surface aromatic hydrocarbons would be expected to ppemote
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nitrophenol adsorptiof62]. Thep-nitrophenol molecules are known to become Lewis
acids due t o paFo 7[68)atthe phospliaie buffeontrpll&d aqueous

pH near 7, while the porous carbon surfaces have many negatively charged sites

( p H pzo). phe adsmption therefore was also controlled by electrostatic attractions.
Secondl-y, boheés, as i ndicated from XPS ana
el ectrostati c i n-tlectroasdrp-nit@phanol bnel thevasalnplariedh of
graphite layes in the porous carbons. We hypothesize that this mechanism favoped the
nitrophenol adsorption onto the 600 AC act i
intensified delocalized ’ conjugation i n
activaed porous carbons prepared from the Hiestted boreal peats (i.e. BFm800 and
BSphZG600) exhibited the highegt for p-nitrophenol Table S3 among the sorbents,

and this might be rel atedatt ol IFiht83. Thesha kgsh (f
interactions may lead to highnitrophenol uptak4]. The high affinity observed for the
adsorption may also be attributed to the low electron densityesfglic aromatic rings

because the nitro group attached at pheaposition served as a strong electron
withdrawing groud63]. Thirdly, steric effects may hav®me impacts on adsorption
capacity ofp-nitrophenol. Due to the irregular pore structures at nanometer scales produced
during ZnC} activation,molecular diffusiorof p-nitrophenol could be hindered from
migrating into those lovsized micropores and innpores, hence limiting the adsorption
capacity. The existence of too large nanometer pores, on the other hand, causes weak
adsorption op-nitrophenol. In our study, tHBFT pore size distributions of the sorbents

lied primarily in the micropore { n nd)lowanesopore ranges (.d.220 nm) , whi c
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closely fit the molecularsizegin i t r ophenol ( [66].euchfarrcév@ores, 0. 4 3
especially the micropores, may favor strong physical interactions between these molecules

and the carbon surfacgg/]. Our study indicated that equally high removalpof
nitrophenol can be achieved using various porous carbons obtained at two differed
activaton temperatures. This can be explained by two different dominant mechanisms
involved with each porous carbon. When treating specific organic wastewater streams, we
advocate matching the characteristics of the contaminants with the adsorption mechanisms

(el ect r o s-interactions) of tke.sorbents to maximize contaminant adsorption.

4.4.3Environmental and economic benefits

The glokal market size for ACs accounted for $4.72 billion in 2088, and is poised to

grow at a considerable rate f&eparation and purification industries due to their adsorptive
characteristics to numerous pollutants. By 2026, the market is expected to reach $14.21
billion, a 300% increase in market size in 8 yd&8. The biggest hurdle for scaling in
industries is the cost for production and reget®n. Coalbased ACs are environmentally
unsustainable and expensive ($11RA 6 , 3 4 3[70Q). &Sranutaroactivated carbons

( GACs) , for exampl e, consume appro[Xll,matel vy
which is a result of energytensive thermal activation. Regea@n of exhausted ACs

uses asnuch as 50% of the energy used in AC production and causes a 10% loss in AC
weight during each regeneration cyglé¢]. Conventional biomass derived sorbents (e.g.
biochars) are much cheaper ($88512 per ton)72], and provide environmental benefits,

such as energy coproduction and biowaste valorizffi®j But as discussed, many bio
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based sorbents failed to compete against commercial CACs due to their substantially lower
adsorption capacity.

Our study revealed that peatland soil derived poaarbons are cost and performance
competitive ecdriendly alternatives to traditional sorbents. According to United States
Geological Survey (USGS) National Minerals Information Center, the price for marketable
peats i s ar ¢7d],nwhich$s3nfuchpcleeapertttam other biomass materials.
Climate change damaged boreal peats, however, do not have a market value because they
are generally considered of no economic use (e.g. horticultural purpose). tibrcaia
fire-impacted hydrophobic surface peats provides an environmental benefit through
peatland ecological restoration. Furthermore, excavation is additionally beneficial to
downstream communities, including peatland agricultural lands and municipat wat
systems, as the removal of burned peatlands mitigates flooding and aquatic organic loading
to downstream water systems. Wildfires are the biggest disturbance in boreal peatlands,

i mpacting o%édr Camn,a@@® sk nm §76]dTherebore,sthe prewal y e a r
generation and storage of firmand droughimpacted groundayer peat soils are
considerable. The increasing prevalence of peatland fires in Russia and other parts of
subarctic Eurasia will furthencrease the presence of damaged peatlands. Currently, there

is no need to consider the regeneration of polltgsatirated pediased sorbents after use

due to precursor abundance. However, the regeneration and reuse of the chemical agents
from the effluats after product rinsing process would be our future perspective, as it could
reduce the activating agent costs for consecutive cycles of AC production, and reduce

byproduct waste. Finally, the rapidnand f ac
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boreal peats offers an alternate feedstock to coal. Their huge accumulation each year,
coupled with their perceived lack of value poses an interesting economic opportunity for

future use as porous carbon sorbents.

4.5 Conclusions

This study investigatedsing a novel boreal peatland soil derived porous carbons for the
separation and recovery of the phenolic micropollutanifrophenol, in simulated
wastewaters. We introducedaesnéd ep, | ow t emper ataactetioh< 600
approach for rapid conversion of naturally abundant anel postourn damaged boreal

peatland soils into mickcand mesoporous carbons. Peasedsorbentsexhibited much

hi gher specifi c 2guandhigheradsarptienafaquégesitrapBendl m
(maxi mum adsorption capacities > 530 mg/ g,
found in the literature. Chemicsbrptionwith the electron doneacceptor complexes
mechan-i smpntéractions and steric eftyfaedct s do
significance of this work lies in the fact that these damaged peatland soils aradddae

and their recycling for environmental applications are doubly beneficial for both peatland
environmental remediation and as an alternative to replacebasatl CACs for

micropollutants removal in water.
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Chapter 5

Nancompositepolymeric membranes for organic micropollutants (OMPSs) removal:

A critical review
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5.1 Abstract

The prevalence of organic micropollutants (OMPs) and their persistence in water supplies
have raised serious concerns for drinking water safety public health. Conventional

water treatment technologies, including adsorption and biological treatment, are known to

be insufficient in treating OMPs, and have demonstrated poor selectivity towards a wide
range of OMPs. Pressudeiven membrane filtidon has the potential to remove many
OMPs detected in water with high s-eff ecti vi
(MWCO), surface charge, and hydrophilicity
charge and octaneVater partition coefficiet (Kow). Over the past 10 years, polymeric
(nano)composite microfiltration (MF), ultrafiltration (UF) and nanofiltration (NF)
membranes have been extensively synthesized and studied for their ability to remove
OMPs. This review discusses the fate andsparnt of emerging OMPs in water, an
assessment of conventional membrhased technologies (NF, reverse osmosis (RO),
forward osmosis (FO), membrane distillation (MD) and UF membbased hybrid
processes) for their removal, and a comparison to the-cftétbe-art naneenabled
membranes with enhanced selectivity towards specific OMPs in water -dviabted
membranes for OMP treatment are further discussed with respect to their permeability,

enhanced properties, limitations, and future improvements.

5.2 Introduction
Organic micropollutants (OMPs), such as endocrine disrupting chemicals (EDCs),
pharmaceutical and personal care products (PPCPs), and othargyacie compounds

(TOrCg, are an emerging concern in the water supply of developed and developing
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countries alike. OMPs are defined as natural or synthetic compounds that can be present in
water at tr ace [l]. BDesgité manyemegding ONMPs hayegstill unknown
impacts to ecology and human health, the increased OMP quantities has raised global
concern about their toxicity, bioaccumtiten and persistencR, 3], leading to updated
environmental guidelines and laws in developsedcieties. The United States
Environmental Protection Agency (US EPA) publishes a contaminant candidate list (CCL)
of unregulated contaminants that potentially require future regulation for public water
system every 5 yeargl]. Canada identified certain substances including nonylphenol
ethoxylates (NPESs) to be asseseadh priority basi$5]. The European Union (EU) has
updated a watch list of substances, suckeveral azole pharmaceuticals and pesticides,

for unionwide monitoring in surface waters in 20[).

Membraneassisted échnology has played an increasingly significant role for water
purification and resource recovery. Nanofiltration (NF) and reverse osmosis (RO)
processes typically provide adequate water flux and simultaneous rejection of organic
molecules and multivalersalts. While rejection to organic solutes can be high (> 90%),
NF membranes (pore size 65 nm, molecular weight cwdff (MWCQO) 2007 2000 Da)
cannot fully remove sma#lized OMPsé€.g, <500 Da for some antibiotics and EDCs, 200

400 Da for most pestides)[7-9]. While ROmembranes have denser membrane structures
and therefore generally higher OMP removal rates, uncharged OMPs can readily dissolve
and diffuse through RO membrar{@f]. NF (67 10 bar) and RO (1% 70 bar) processes

are energyntensive due to high feed pressure requiremé¢hbi3, and suffer from

membrane fouling, resulting in decreased flux and decreased selectivity for OMP removal.
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Microfiltration (MF) and ultrafiltration (UF) are more economical membrane filtration
processes due to high perméigpi low energy consumption and easy automafitizy.
These membranes however poorly rem@MPs due to large pore size. The MWCO of
UF membranes (100 kDa), for example, greatly exceeds that of most OMPs (<1 kDa)
[13]. Alternatively, combining MF or UF proceswith other treatment measuresg
powdered activated carbon/ultrafiltration (PAC/UF) process and miegilaainced
ultrafiltration (MEUF)) can enhance OMP removal. However, the additional units/agents

applied largely increase water treatmprit ant s® operating costs an

The recent development of nanocomposite polymeric membranes is an attractive option to
increase process intensification while achieving high OMP removal. These advanced
functional membranes contain nanomatemabdifiers that enhance the polymeric
membr anesd physi ceg hydrophobiety, sudaceochaege,tporeesge) (
to help to adsorb/reject/degrade specific OMPs during filtration or within membrane
reactor. Nanocomposite polymeric membranes ¢en prepared by: 1. Coating
nanomaterials onto the surface of conventional membranes, 2. integrating nanomaterials
into the Membrane matrix, 3. sandwiching nanomaterials between the membrane and a
polymer thin film, or 4. Embedding nanomaterials into a pay thin film on the

membrane.

Current review papers have described technological advances of OMP removal in
wastewatefl14-16], with some focused on applying membrdrased technologi¢$3, 17

19]. However, there is a dearth of reviews on the synthesis and application -offgtee

art nanocomposite polymeric membranes for OMP treatment. Given a large incréase in t
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number of publications in this field over the past 10 years (Figure 1), we provide a
systematic overview and novel perspective of the research advancements on
nanocomposite polymeric membranes and their applications for OMP removal form water,
to inspie researchers to better design rgateration membranes for environmental

applications.

70 Surface modified membranes
Nanocomposite membranes
TFN membranes

Number of publications

2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021

Year
Fig. 1. Total number of publications (201112021) for organic micropollutants removal using
nanocomposite polymeric membranes.

5.3 Occurrence and transport of OMPs in water

With increased anthropogenic activities, more and more substances havedoggized
and monitored as OMPdypical OMPs include steroidal hormones, pesticides and
biocides and their degradation products, plasticizers, (phthalates), polyhalogenated
compounds (PHCsE(g, polychlorinated biphenyls (PCBs) and perfluorinatedmicals
(PFCs)), disinfection byproducts (DBPs), pharmaceuticals (PhACQs)@ntibiotics and
antrinflammatory drugs), personal care productsg{ cosmetics and fragrances),
industrial chemicalse(g, phenols and synthetic dyes), and combustiomdayrts €.9,

polyaromatic hydrocarbons (PAHS)). A summary of representative OMPs, their physical
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properties, and measured concentrations in the aquatic environments is presented in Table

1.

Table 1 Commonly studied OMPs in water and their physical properties.

Category  Subclass Example Physical Properties Reported Concentrations (ng/L)
MwW sa Surface d
(Da) (mg/L) pKa LogKow Ref. Watere Effluent Ref.
estrone (E1) 270 30 10.34 g}lg [20] 1.8 0.1-15.3 21, 22]
17-b-estradiol (E2) | 272 13 10.46 2.69-4 [20] 0.56 0.6-5.8 [21, 22]
Steroid estriol (E3) 288 13 10.38 2.81 [20] 3.7 0.4-6.8 [21, 22]
hormone  testosterone 288 234 3.32 [23] 0.01 ND [21, 24]
S 170 '
ethinylestradiol 296 4.7-19 10.4 3.67-4.2 < 106
(EE2) [20] [25]
progesterone 314 8.81 3.87 [23] <0.01 ND [21, 24]
carbendazim 191 8 4.2 1.52 [26]
. . 0.2-
g simazine 202 6.2 1.6 2.2 127] 488.8 26.3 28, 29]
9 Pesticid . 0.9-
Q
g8 es atrazine 216 347 1.7 2.7 127] 5170 4.2 28, 29]
@ . 1.4-
% diuron 233 42 2,68 2.7 [13, 27] 1362 61.7 128, 29]
é_ diazinon 304 40 2.6 3.81 [3] 0.6-276 214 [28, 29]
§ ~ octylphenol (OP) 206 126 1039  4.12 [30] <226 31
(=3 Phenolic 13.4-
g estrogen  nonylphenol (NP) 220 6.35 10.25 5.99 3] <2760 47'1 6 31]
o s '
2 bisphenol A (BPA) | 228 120 9.6 3.32 13 <2470 <1840 [25, 31]
o ?IIJTAGFE;M phthalate | 14, 40000 16 2] 0.062 2]
o}
o Phthalat  dibutyl phthalate b
es (DBP) 278 15 4.83 133] <4430 0.54 [32, 33]
diethylhexyl b
phthalate (DEHP) | 391 <1 871 133] <5000 1.6 32, 33]
Polychlo  2_chiorobiphenyl 189 4.56 [34]
rinated i
biphenyl ~ 44* 223 5.28
s (PCBs) dichlorobipheny! [34]
Perfluori  perfluorooctanoic 0.21-
nated  acid (PFOA) 414 3400 25 628 (35] 42 255 [29, 36]
chemica
Is Eﬁlrffc"‘r’g‘e’o(%irgs) 500 519 -3.27 2'84' 62.5
(PFCs) [37,38] : [29, 36]
sulfamethoxazole | 253 610 5.6 0.89 [23] 8.3 280 [29, 39]
3 sulfamethazine 278 430 ;;315 0.28 [40] 12 [24]
) .
3 , 1.6-
§ norfloxacin 319 161000 5.77 -1.03 [41, 42] 260.4 122]
c 10.58;
%) . . 8.7; 5.4-
% ciprofloxacin 331 6.14: 0.28 448.1 67
8 Antibiot 3.01 [43] [24, 28]
s ics 9.86;
o : 7.59;
3 enrofloxacin 360 6.19: 0.7 0.4-2.6
% 3.85 [44] [22]
g 9.64;
F cefadroxil 363 7.37; -0.08
<5 2.48 [44]
= 9.6;
> ' -
o amoxicillin 365 7.4 528 20-1340
~ 24 [45] [46]
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. 6.88;
cephalexin 365 256 0.076 [43]
. 1.1-
tetracycline 444 231 3.3 -1.3 23] 4278.7 0.8- 6000 [46]
erythromycin 734 459 8.9 3.06 [3, 13] 0.84 6.5-2350 139, 46]
Analgesi  acetaminophen 151 14000 9.4 0.46 [26] 1.7 79 [24, 39]
cand '
antk ibuprofen 206 21 4.9 3.97 [47] 22 460 [24, 39]
inflamm  naproxen 230 511 42 3.18 1.4 26.7
atory P [3,13] [29, 39]
drugs diclofenac 296 2.37 4.15 4.51 [48] 8.7 49.5 [29, 39]
Blood . <2- 2.18-
lipid carbamazepm 236 17.7 2457 293 [40] 4.9 832 29, 39]
regulato )
rs bezafibrate 362 1.55 3.83 3.97 3 <4800 [25]
Stimula  caffeine 194 21600 104 -0.07 [49] 160 191 [29, 39]
nts cocaine 303 8.6 2.3 50]
0.8-
b- atenolol 266 300 9.6 0.16 3] 515.7 [22]
blocker 9.5-
metoprolol 342 402 1409 1.88 3] 5.4 3359 [39]
2-nitrophenol 139 2100° 7.2 1.76 [51]
S Antisept 4 pitrophenol 139 16000° 7,15  1.91 (51]
@ ics/Disin
é fectants  triclosan 290 10 7.9 4.76 [49] 15-534 748 [28, 29]
S,T triclocarban 316 114 49 [13] 13 <5860 25, 39]
e methylparaben 152 8.4 2 52] <1062 <262 [53, 54]
5] Preserva
(f:')‘ tives propylparaben 180 8.2 3 [52] <3142 <231 [53, 54]
7] benzylparaben 228 8.2 3.6 [52] <3.93 <29 [53, 54]
5 Fragranc 9alaxolide 258 5.9 [55]
X es tonalide 258 5.7 [55]
Disinfec  dichloroacetic acid
tion (DCAA) 129 1000000 1.26 0.92 48] <23 3.3-9.3 [56]
o e byprodu trichloroacetic acid
=} 3 cts (TCAA) 163 44000 0.51 1.33 <4.2 3.4-28
< 3 (DBPs) [48] [56]
5¢ methylene blue R
55 ormanic (MB) 320 43600° 56 (57, 58]
dyes methyl orange
(MO) 327 . 500.0 3.47 59] -
a. Values for solubility (S) were determined at 20
b. The temperature at which S was measured is 25

c. [21] and [39]: mean concentrations based on 217 surface water samples across 8tepravi China;[28]:
concentration for surface waters from 7 provinces in China, 25 states in US and 7 countried3m] Bdd [33]:
concentration for surface waters from some East Asian and European co{B8fitiesyncentrations based on 40 river
water samples in Northern Eurofp#6]: mean concentrations of surface waters in Asia, North America and E[58)e;
concentration based on multiple river waters in CHB®@}: concentrations based on 51 surface waters fronmBeijpd
Wuhan, China.

d. [22]: concentrations of effluenfsom 14 WWTPs in Ching24]: mean concentrations of effluents from 50 WWTPs
in US;[25], [46] and[54]: concentrations of effluents from some &si North American and European countrig29]:
mean concentrations of effluents from 90 WWTPs in B2]: mean concentration of effluents from 15 WWTPS in
Europe;[56]: concentrations of effluents lbon 5 WWTPs from Beijing and Wuhan, China.

OMPs may originate from both point sources and diffuse sources and they can be emitted
into domestic, industrial, agricultural and hospital effludif, 6062]. For example,

antibiotics overuse for medical treatments and livestock agriculture especially recently in
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China, poses ghificant threats to ecosystems and human h¢aéBh OMPs have been
detected in surface watds6, 64] groundwatef65], seawatef66], and drinking wat€li67,

68]. Wastewater treatment plant (WWTP) effluent discharge is the dominant pathway for
OMP emission to surface waters and potatdger supplies due to insufficient removal

[16, 67, 68]

OMP pollution severity in surface waters can be influenced by effluent volume and effluent
concentration (as impacted by regional usage and treatment efficj@dgyJhe fate of

some OMPs including many pharmaceuticals, are subject to changes through dilution,
partition/adsorption, degradation, biotransformation and photf@y$iOther OMPs such

as PFCs and PCBs are wtlown to be extremely persistent in surface water.
Groundwater is usualliess impacted by OMP pollution and accordingly has been less

researched.

OMPs in groundwater primarily results from landfill and sewer leachates, and the
infiltration of OMP-polluted water (e.g., from septic systems) is primarily controlled by

both the dsorption/partition to soils as well as soil microbial oxidative procfs3e85.

OMPs 0 fate and transfer into subsurface soi
hydraulic conditions, and soil propertiggb]. OMPs with low octanol water partition

coefficient Kow) values (logkw <3) such as some pharmaceuticals, pesticides, and DBPs

likely have high mobility in soils, low affinity to organic sediments, and thus higher
probability of occurring in ground water. Adsorption/partition can only retard OMP

transport, whereas microbialegradation reduces the concentration of OMPs in
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groundwatef69]. The different fates and transport of OMPs through the subsurface have
implications for policy makers, environmental regulatory bodies, and water operators to
manage recalcitrant OMPs such as phenols in some water sources including drinking water

wells.

5.4 Conventional membranebased processes for OMPs removal

5.4.1 Advanced membrane processes

Nanofiltration (NF), reverse Osmosis (RO), forward osmosis (FO) and membrane
distillation (MD) have shown different success for OMP removal with simpbgjiation,

but are limited by fouling propensity and high energy costs. Thevwadd OMP removal

by membrane processes is influenced by membrane selectivity (MWCO), surface
properties (hydrophobicity and charge), operating conditions (transmembranegagssu
recovery), feed solution chemistry (pH and ionic strength) and OMP propertig g
molecular size, charge, and polarifi{6]. OMP removal by each membrane class is

discussed in the context of OMP characteristics and membrane properties.

5.4.1.1 Nanofiltration (NF) and reverse osmosis (RO)

NF and RO processes are high pressinnen, with low MWCOs and high energy demand.
Ther reported OMP retentions are commonly above §29. Generally, loose NF
membranes lose their performance due to concentration polarigaBprwhereas tight
NF and RO membranes more effectively removes OMPgagenaller pore sizes and

denser membrane structure, but at the cost of higher pressure requirements.
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Uncharged, nomadsorptive OMPs are predominantly removed by size exclusion (steric
hindrance), as affected KypgOMPBP@nldight cul ar
NF (NF90) or RO (HR95 and XLE) membranes led to high rejections of uncharged, large
MW antibiotics due to greater sieving eff
dipole moment) and hydrophobicity also play a role in some cases whederos
membrane adsorptiof71]. Interestingly, trace uncharged OMPs can diffuse into dense
polymeric phases, affecting RO separationoiYet al.[72] concluded that the less polar

EDCs and PPCPs were more greatly retained bynifmbranes owing to stronger
hydrophobic adsorption to NF membranes. Nghiem gt Hfound that loose NF (NF270)
membrane filtration gae lower rejection to sulfamethoxazole (an uncharged OMP with

high polarity) than carbamazepine, despite of their similar molecular size. This difference
was ascribed to strong interactions between the molecular polar centers and fixed
membrane charges. (M speciation through pH change could cause electrostatic
interactions with the charged membrane surfaces, in addition to removal by steric
hindrance[71, 73] Sulfamethoxazole rejection significantly increased with pH rise to
above its pk, due to synergic electrostatepulsion and size exclusi¢il]. Generally,

small charged OMPs, such as dyes and some PhACs, are more affected by charge effects
thansize exclusiofi74]. Although RO membranes provide greater OMP removal, they are

not an absolute barrig¢r3]. Even conventional RO membranes struggle to remove low

MW uncharged and neadsorptive OMPs such as some druged@hthol, phenacetine

and primidone}48].
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5.4.1.2 Forward osmosis (FO)

FO process is an emerging separation technique that utilizes the spontaneous water
transport by an osmotic pressure difference froenléiss concentrated feed solution to a
highly concentrated draw solution (DS) across a semipermeable membrane, achieving feed
water separation from the solutes. FO has advantages of lower energy consumption, low
fouling potential, high recovery and simpilic [75], and has thus become increasingly
popular for desalination, wastewater reclamation, and concentration of pollutedeagater (
landfill leachate]75]. FO applications for OMP removal is rgr&-78], and OMP removal

efficiency is affected by characteristiocEFO membrane and pollutants.

Typically, FO process well rejects charged OMPs, where Hancock [g6alobtained
different rejections for charged (8098%) and noncharged TOrCs (4D 90%) at bench

scale. The rejection increased with MW due to increased diffusive hindf{@6te
Hydrophobic adsorption governs hydrophobic OMP rejectiam.et al.[75] found FO
rejection for PhACs (diclofenac > ovduepr of el
to stronger hydrophobic intertgmn preventing OMP dissolution into the membrane.
Foulants on FO membranes can affect interactions with OMPs. Linareg/&t]dbund

that compared with clean FO membrane, fouled FO membrane showed higher
hydrophilicity and negative charge, which increased the removal for hydrophilic charged
OMPs €.g, ibuprofen, naproxen and fenoprofen) due to strong electrogptitsion; and
increased the removal for hydrophobic neutral OMPg,(BPA and carbamazepine) due

to stronger adsorption and reduced mass transport capacity through the membrane.

However, the increased MWCO for fouled FO membranes caused membranegswellin
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leading to decreased retention for hydrophilic neutral compoengisacetaminophen and

metronidazole).

For most FO applications, DS recovery and solute leakage prevention are essential at
industriatscale. High total dissolved solids (TDS) DS wilhayve high flux and water
recovery, but incurs high cost for DS concentrating process. When dewatering OMP
impaired water, future studies should explore new operating condiganshiybrid FG

RO proces§76]) and develop more costfective DS solutions(g, polyelectrolyte$79])

to improve removal and save energy.

5.4.1.3 Membrane distillation

Membrane distillatia (MD) is a thermally driven membrane process in which separation
occurs by phase change at the membrane active surface. MD allows water vapor and
volatile molecules to pass through a microporous hydrophobic membrane from a hot
agueous solution, in whighe driving force is the vapor pressure caused by the temperature
differences across the membrane surface from the feed side to the distill§88sitlD

process renders high rejection performance (forvaatile solutes) and only requires

mild operating temperature (48D °C)[81]. MD has some potential for removing OMPs

from wastewatef82].

MD separation efficiency is related to sol
membr anesd pr op e 8] seapportedwy Rlattrened 3] eoncludad
that TrOC rejection by direct contact membrane distillation (DCMD) was governed by

solutesdéd volatility rvalatikeaydrophilic dnCshpkad 8)op ho b

146



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

can be effectively rejected in the feed, whereas moderately volatile <p%) and
hydrophobic compounds can enter the permeate by evaporation or adsorption to the
membrane, reducing selectivity-tdrt-octylphenol, 4tert-butylphenol and benzophem®

for instance with moderate volatility (p 9) only achieved limited rejection (54, 73 and

66% respectively). Guo et §81] found that a negatively charged PVDF membrane led to
nearly 100% rejection of 10 negatively charged antibiotics due to electrostatic repulsive.
However removal was lower for the positively charged antibiotics (gentamicin sulfate, 86%
and tobramycin, 78%). Some molecules may be susceptible to thermal degradation, leading
to the permeation of degradation byprody8®. Overall, MD for OMP removal is still

an emerging technology demanding furtherrgéescale optimization and

commercialization due to membrane wetting and fouling iS8igs

5.4.2 Membrandased hybrid processes

Advanced membrane processes are efficient to remove OMPs, but areiatesrgiye and

foulingpr one. To benefit from UF membraneso6 | o
demand to achieve greater transmembrane fluxes, hybrid processes in which UF
membanes are coupled with adsorption or coagulation have been investigated to remove

OMPs.

5.4.2.1 Ultrafiltration with adsorption

Single UF process only removes bacterial, husids and colloids and cannot effectively
retain OMPs due to loose membrane structure, and hence UF/adsorption hybrid process
can be utilized (Figure 2). Permeate pmsatment with adsorption units is an alternative

to enhance OMP removal. Gerrity et [84] effectively reduced TOrC concentration in a
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potable water stream when setting biological activated carbon (BAC) filters post UF and
ozone/HO2 treatment. Adsorption column can also precede the UF unit to adsorb low MW
OMPs and reduce orgarimads to mitigate UF membrane fouling. Acero e{&b] used
powered activated carbdRAC) adsorption as a pretreatment step before -filmssUF
process to remove WWTP OMEh effluents. Sbardella et 486] investigated BAQ

UF hybrid process for PhAC removal through biodegradation and adsorption. Although
less adopted, Lowenberg et @7] used a mix tank allowing contact between PAC and
PhACs, bllowed by adding FeGkoagulant. The treated water underwent a aézatlUF
process and obtained 6@5% removal for PhACs. Generally, only limited types of OMPs,
such as PhACE85, 87] phenold88], dyeg89] and pesticide85] have been investigated
using UF/adsorption processes. There is demand to simpkfyconfiguration, better
recirculate the sorbents and lessen membrane fouling and pore blockage to minimize cost

and operational complexity.
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1. UF - Adsorption Process

Influent Effluent

UF Adsorption Column

2. Adsorption - UF Process

Effluent

Influent

Adsorption Column UF

3. Batch adsorption - UF process

Influent Effluent

Batch Reactor UF
Fig. 2. Activated carbon adsorptieutrafiltration (AC/UF) hybrid system for organic
micropollutant removal.

5.4.2.2 Micellarenhanced ultrafiltration (MEUF)

Micellar-enhanced ultrafiltration (MEUF), introduced in the 1980€], combines
surfactants in the feed with membraseparation. The added surfactants (e.g., cationic,
anionic and nonionic) form micelles above the critical micelle concentration (CMC) in the
poll uted water. The hydrophobic organic mol
whereas the ionic spes €.g, nutrients and heavy metals) or molecules with strong

dipoles associate with oppositely charged micellar surfaces through electrostatic
interaction§91]. UF membranes retain the micelles with trapped pollutants in the feed side

by size exclusion, and only the smsited unbounded solutes and some surfactant
monomers pass to the permeate side. MEUF performance is impacted by membrane type,
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operating conditions, solution conditions, surfactant type and target compound
characteristic§92]. MEUF has low energy coasiption as it operates at low pressure.

MEUF for removing aqueous pollutants is pictorially shown in Figure 3.

Feed solution

surfactant
monomer

counter ionic

ion pollutant <
unsolublized solublized

\ organic molecule organic molecule

©
surfactant \’\4""’\4..

micelle

Y

¢ Dead-end
filtration

| I R — | [ [ ] ] ]
S)
' z o) o
Permeate B « - v

Fig. 3. Basic principles for micellar enhanced ultrafiltration (MEUF) for organic micropollutant
removal.

MEUF has been traditionally investigated for heavy metal ions and anions removal
(oxyanions and nutrient§)3], but OMP removal was also reported, including PhIs

94], phenols[95], dyes[96] and pesticide$97]. lonic surfactants can remove charged
OMPs. Huang et al[96] solubilized cationic dye methylene blue (MB) by anionic
surfactant sodium dodecyl sulfate (SDS) in MEUF, but the high CMC (8 mM) of SDS
increased surfactant monomer losses into the permeation. Lowering SDS CMC value by
adding salts or other ionic/noniensurfactants together promoted aggregation which
enhanced MB retention in the feed. Cationic surfactants have good commercial availability,
large micellar size and low CMC values, and are thus promising for MEWUF93]
Charged sulfonamides and enrofloxacin strongly associated with cationic heads of

cetyltremethyl ammonium bromide (CTAB) and cetylpyridinium bromide (G2H) [94].
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Nonionic surfactants have low CMCs but cannot formpair complexes with pollutants

[92], which remove noitharged OMPs based on hydrophobic solubilization. Doulia et al.
[97] reported alachlor removal using nonionic surfactant assisted MEUF. Recently, gemini
surfactants have aroused increasing interests due to low CMC and promising organic
solubilization effects[95]. MEUF has the potential to remove OMPs, but hasbeen
widely commercialized. Future studies should improve the recovery of surfactants and

organic compounds in the permeatje8].

5.5 Nanocomposite polymeric membranes for OMPs removal

Nanocomposite polymeric membranes feature significant functional changes through
surface or bulk modifications, ofteproviding higher OMP removal than traditional
composite and thin film composite (TFC) membranes. Composite membranes can either
be surface modified or bulinodified (nanocomposites), while TFCs can either be
modified within the thin film, or below the thifilm as shown in Figure 4. OMP separation

by nanocomposite polymeric membranes is dictated by fabrication condiganps (
modifier type, position and loading), filtration conditiomsq, applied pressure, flow rate,

feed concentration), solutione., pH and coexisting compounds) and pollutant

characteristicsd.g, MW, pKaand Kow), which will be discussed below.
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Support Membrane

(a) Surface modified membrane (b) Nanocomposite membrane
NPs and/or polymers NPs
f ® o
3 t © ecs e
.
©

© o

o‘,..

RS

Pristine TFC Membrane

Active layer

(c) TFN membrane (d) TFN membrane

NPs, loaded as interlayer between support layer and TF NPs, located within TF bulk phase

Active layer

7

Active layer

Fig. 4. Typical nanocomposite polymeric membranes. Membranes formed either with (a)
nanoparticles added to membrane surfaces, or (b) nanopatrticles blended into the membrane bulk;
and thin film nanocomposites (TFNs) formed either with (¢) nanoparticles sandwietrezkn the

support membrane and the thin film (TF) or (d) nanoparticles exposed on the TF surface.

5.5.1 Surface modified membranes

5.5.1.1 Fabrication

Surface modified membranes, known as surface located meml@8jehave been
rapidly developed for OMP separation over the past decade. Common procedures to
modify membrane surface by nanoparticles (NPs) include coating and depf@siti®9,

100], chemical bonding and graftin$01-103], and layer by layer (LBL) assemili04].

Pressure deposition or dip coating the membrane in a precursor solution is the easiest
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approach to introduce namoodifiers onto memlane surface. Pressurized filtration has
been used to coat carbbased NPs, including carbon nanotubes (CN®&)47] carbon
nanofibers (CNFHJL05], cellulose nanocrystals (CNJ4)06], graphene oxide (G(}07]

and reduced graphene oxide (rG@®6, 108] Of them, twedimensional (2D)
nanomaterials such as G@QdarGO have emerged as popular coating materials to make
adsorptive membranes due to ultingn layer, high surface area and good chemical stability
[26, 109] rGO can also make membrane conductive layers for electrochemical
degradation of various OMH404, 110] Nonetheless, challenges exist as-Gfated
membranes show poor stability under cribes condition due to GO swellingl11].
Pristine GO or rGO coated membranes have low flux due to stspaang of GO and

rGO laminates (0.8 nm and 0.35 nm, respectivEl§®]. The limited permeation caused

by dense membrane structures likely hinder effective OMP removal. Additives have been
intercalated to expand the spacing between nanosheats]ing organic spacer®.g,
CNTs[26, 109, 110]graphitic carbon nitride (§3N4) [113], covalent organic frameworks
(COFs)[114] and chitin nanoycrystals (ChN@)15]) and inorganic spacers., metal
organic frameworks (MOF4)16-118], transition metal dichalcogenides (TMO4)00,

111, 119), attapulgite nanorods (APTE)20], halloysite nanotubes (HNTE)21], MgSi

[122], SIC: [123] and FeOas [124]). For instance, intercalating CN[L0O9] and COF
material (®F1) [114] increased GO interlayer spacing to 1.09 nm and 1.03 nm,
respectvely. These modifications greatly enhanced the water permeation and provided

high rejection to watesoluble dyes (> 95%).
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Recently, with a deeper understanding of inorganic 2Dstaets, including MXené&25],
hexagonal boron nitride {BN) [126] and M0S [100, 119] they have been used to modify
membrane surfaces. Tong et HI25] developed MXene and tannic acid (Féetal
complex surface coated PVDF membranes, giving high selectivity towards hydrophobic
OMPs. Hafeez et aJ126] surface modified PVDF membrane with poly(etmdeglycol)

(PEG) grafted amine functionalizeeBN (BN(NHz)), leading to superhydrophilicity and
subsequently high water flux (> 840 L2 -bar'). Ma et al[100] intercalated MoSinto

GO nanosheets through van der Waals interactions, which supported the membrane
robustness at a wide range of pH conditions1(@ while allowing high water flux and

strong sieving of dyes.

Stabilizing NPs onto membrane surface during coating is a major challenge, where bio
inspired chemistry has gained much attention to prepare OMP removal membranes.
Mussetinspired protein polydopamine (PDA), prepared by -peliymerization of
dopamine (DA, has been widely adopted to stabilize membrane NPs due to strong
adhesive force. The reaction is favored in-Bétaining Triss HCI buffer solution at pH

= 8.5. PDAassisted coating has been used to stabilizdi®a [127], rGO-Cu [99], and
MOFs[128] on membranes via dip coating or pressurized filtration onto membrane surface.
PDA codeposition with polyethylenimine (PEI) through interfacial crosslinking is an
effective way to improve the surface hydrdgity and introduce positive charg¢s03,

129]. Besides, plant polyphenols, such as tannic acid (TA) and gallic acid (GA), are strong
adhesives, and cheap crdisgkers to bind thiol and amino groups. Chen et[&B0]

investigated dye removal using hydrophilic membranes prepared by crosslinking TA with
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PEI via Micha¢ addition or Schiff base reaction, and-depositing it with HNTs onto

PVDF membrane. Further, TA could form coordination complexes with metal ions. Li et

al. [131] modified PAN membrane surfaces via doping-dminopropyltriethoxysilane

(APTES) with Fé" mediated GO sheets, to remove aqueous OMPs. GO nanosheets can
also be crostinked by other crosBnkers such as ethyledmmine, glutaraldehyde, PEI,
dicarboxylic acids and borafé07, 132] which i mproves ttame me mb
permeability. These strategies provide new perspectives for obtaining stable,

multifunctional, industrially practical membranes for OMP removal.

5.5.1.2 Application for OMP removal

Surface modification by NPs enhance OMP removal, with additional benefits include
formation of surfaces that are antifouling, chlorine resistant, and more selective for solutes.
Surface modified membranes for OMP removal is summarized in Table 2. Ingpacts
surfaceanchored NPs to OMP removal include increased surface area for adsorption, tuned
surface charge and pore size, and provide catalytic properties. Oftentimes, multiple OMP
removal mechanisms occur simultaneously. Loose structured MF or UF memboaie

greatly enhance the OMP removal through adsorption, as enabled by the introduced NPs.
Nancsorbents are characterized by high surface areas. For example, monolayer GO and
singlewall carbon nanotube (SWCNT) have calculated surface areas up tfiL33pand

1315 nt/g [134], respectively. Wang et a[26] used multiwall carbon nanotube
(MWCNT)/rGO surface modified PVDF microfiltration membranes to treat
acetaminophen, caffeine, carberidaand triclosan, and obtained >76% rejection through

adsorption.
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Huang et al[109]f ound t h-at b&WNds "and hydrophobic i
aqueous dye adsorption, when assembled with GO odE#embrane surfaces. At only

1 bar transmembrane pressure (TMP), Congo red (CR) and methyl blue reached 98.7 and
94.1% removal, respectively. Wang et gl7] found that SWCNT coated at PVDF
membr ane surface favor ed - addseaoceptorintractiom f t r i
and acetaminophen through hydrogen bonding at neutral pH, regbeddanomaterials

could alter membrane surface charge to enhance adsorption by electrostatic attraction. Ou

et al.[115] established a dopamine modified chitin nanocrystaC{iNC)/GO coating on

CA membranes, and charged dyes achieved > 98% removal while filtered at 2 bar TMP.
Adsorption of cationic dye MB and ami dye CR were respectively favored by
negativelycharged GO and positivelsharged ChNC. Electrostatic repulsion may play a

role when OMPs and membrane surfaces carry opposite charges. Faii@ 8t ptoduced

a MOF (UiO66)/PDA thin selective layer atop the GO modified PAN NF membrane. The

high electronegativity of Ut 6 and GO and PDA | ayerds sie
contributed to repulsive exclusion of anionic dye methyl orange (MO) (remd4d43.

Zhang et al[114] investigated GO/CO# nanocomposite coated PAN mante for dye
separation, which led to > 95% removal of anionic dyes. Here negatiaiged GO
enhanced membranesd selectivity, whereas t
had 0.33 nm spacing, roa smaller than that of dyes (> 1.5 nm), while allogvivater

molecules (~ 0.28 nm) to pass through. In both works, low TMP4(®ar) were needed

to reach high removal, much lower than normal NF or RO operating pressures. Further,

weakening hydrophobic interactions between solutes and membrane surfecdhaace
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size exclgion. For example, MXen&@A decreased the PVDF membrane surface
hydrophilicity and pore size (1.3 nm), thereby increasing the separation of hydrophobic 4

hydroxybenzoic acid and cinnamic acid at 2 bar TTWE5].

While surfacecoated nanomaterials give a more purified permeate through physical
interactions, OMPs are concentrated in the retentate or at the membrane surface.
Membranes coupling OMP separation and degradation is a novel research area that
promises to permanently remove contaminants from solution. Electrically conductive
membranes (ECMd)ave gained great interest to degrade OMPs at membrane surfaces
under an applied voltage. CNT and rGO are the most common conductive coating
nanomaterials. Jiang et gil10] developed an electrBenton membrane for PhACs
removal. Carboxylic CNT intercalated rGO was used as a membrane cathode, where CNT
loaded F& became reduced to #ao serve as catalyst, ar@H was continuously electro
generated with dissolved oxygen (D®lorfenicol under deadnd filtration exhibited 61.6%
removal through size exclusion and electrostatic repulsion, but increased to 95.3% when
applied with electrd~enton oxidation reaction. Sutherland et [@AI35] studied the
concurrent deaénd filtration and electrochemical reduction of MO using nZVI/CNT
surface coated PES membranes at 2.75 bar. UBdeapplied voltage on theembrane
cathode, MO removal reached 87.3%, significantly higher than the control test (no voltage,
rejection 2.9%). This result was attribute:q
potential leading to adsorption and electrocatalytic reduetidhe membrane surface. As

of writing this review, only limited ECMs have been reported to electrocatalytically

degrade OMPs. Future studies need to overcome high catalyst cost and operating
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complexity. Current modules are restricted to beswdie, andequire optimization for
treating realistic wastewaters in industry. For instance, critical research and development
work includes improving the bonding stability of the catalytic layer, matching the
separation rate with catalytic degradation, and exglo@®MP removal with ceexisting

substances.

Photccatalytic membranes, based on semiconductor NPs, such aflZi®136] ZnO

[136] and AgPOs [137], and other nanomaterials such adl{]138] and MOFs[139],

have also been used to enhance OMP removal via photocatalytic degradatiohagiO
garnered the most attention due to low cost, excellent photocatalytic activity and chemical
stability [127]. Bai et al.[136] used CNT/ZnO/Ti@ coated CA membranes fzhotc
catalytically degrade acid orange 7, and achieved a > 95% removal through absorption
followed by photoxidation upon contact under 30 min UV light exposure, which was
greater than using CNT alone (~ 80%). Nevertheles0TED br oad =:38R2gy gap
eV) can only be excited under UV ligfi27]. Recent studies investigated {dBcorated
photocatalytic membranes having visible light response. Wang [@2dl.developed an
Au-TiO2/PDA surface coated PVDF membrane to remove tetracycline, where Au NPs
increased the optical absorption and PDA broadenegbT$O0 wavel engt h respo
visible light irradiation rendered 92% removal, muahhler than performed in darkness

(28%), and higher than adsorption to pristine PVDF membrane (< 0.5%)OAgnd g

CsN4 have narrow band gaps (Eg = 2.36 eV and 2.7 eV, respectit8[;)138] enabling

visible light response. Zhang et |@I37] examined MB removal at 1 bar TMP by destt

filtration across a PDA/rGO/ ABQu surface modified PVDF membrane under visible
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light irradiation. MB removal (up to 99. 1%) increased with surface nanocomjmagitag

resulting from increased adsorption and photodegradation, much higher than using pristine
PVDF membrane (15.2%). Qu et §1.38] deposited @3-CsN4/GO/N-CNT onto PC

membrane to remove rhodamine 6G in a batchirgginreactor. GO and ICNT greatly

enhanced @-CsNsa6 s photocatalytic activity, as 360
80% removal, and that was only 39% using purg-CNa4 in the solution. Recently,
heterogeneous pheteenton reactions on membrartess become a hot topic. Gao et al.

[139] intercalated a poly acrylic acid (PAA) modified irbased MOF (NEMIL -88B),

in GO nanosheets, and coated it onto a Nylon MF membrane. With the additie®20f H

the asprepared membrane degrad8i8% of methyl blue during exposure to visible light

for 40 min, whereas the pristine Nylon membrane only removed 43.1% MB through
adsorption. Such i mprovement can be attri
facilitated MB adsorption, as well as itsagbcarrier mobility, which enhancedMMIL -

88Bod6s char ge separ atentmmreactiang.Rbsults inthis ermaptef or
suggest that membrane surface modification by nanomaterials greatly improved the OMP

removal between 60100% at low operatg pressures (15 bar).

Table 2 Surface modified membranes using nanomaterials for removing OMPs in water.

Feed Removal Removal

e . . Pore .

Modifier Nanomaterial ~ Substrate Additive size/MWCO Pollutant Eggﬁgntratmn ) mechanism Ref.
(1a) naphthalene;6 (1a, 1b, 1c)
methoxytetralin; (1b) (1a, 1b size

_ pyrene; (1c) bisphenol . e exclusion (2)
GO-Fe? PAN /I/;TES 0.56 nm A, tetracycline gz) i’, 2505 (120)) 59650_’ o) adsorption; [131]
hydrochloride; (2) ! 90 = 3
methylene blue; (3) electrostatic
o methyl orange repulsion
§ Congo red, methylene size
2. blue, reactive black 5, exclusion,
© GO/COF1 PAN 15nm direct red, chrome black 200 >98 electrostatic (114]
T repulsion
GO/chitin methylene blue, Congo
nanocrystal  CA PDA Y »&ongo 5o 99.6,98.3  adsorption [115]
(ChNC) red
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electre
GO-FebIrGO PTFE 1000 Da florfenicol 1 90 Fenton [104]
oxidation
GO/CNT CA Congo red, methyl blue 100 98.7,94.1 adsorption [109]
GO hotocatalytic
CNT/O-g- PC rhodamine 6G 10 ~80 z iy YUC  113g)
C3N4 egradation
size
GO/sodium direct red 80, Congo red, exclusion,
alginate (SA) PVDF methylene blue 20 99.8 electrostatic (132]
repulsion
(6]
electrostatic
(1) amoxicillin, repulsion,
ampicillin, cefalexin, electre
ofloxacin, sulfadiazine, () 79- Fenton
rGO/CNT-Fe sulfamethoxazole, X oxidation; (2)
b PTFE 1.29nm florfenicol; (2) 1 lgg @n adsorption, (110]
chloramphenicol, size
thiamphenicol, atenolol, exclusion,
carbamazepine electre
Fenton
oxidation
rGO/MWCN PVDE acetammophem caffeine, 1 > 76 adsorption 26]
T carbendazim, triclosan
size
. exclusion,
rGO/g-CsNa CA PDA rhodamine B 10 98.5 photocatalytic [113]
degradation
SWCNT PVDF > 10nm triclosan, ibuprofen, 1 00,59,62  adsorpton  [47]
acetaminophen;
crystal violet, safranine size
. 0.87 nm, N ! 99.99, 96, exclusion,
GOITiO, PSF PDA/PEI 978.8 Da T,_ enc_)chome black T, 100 99.99. 89.4 electrostatic [103]
alizarin yellow GG 3
repulsion
(€]
adsorption,
. (1, 2) methylene blue; . size
ﬁﬁ)_l[\‘s%bs Nylon PAA (1) Congo redgrystal 20 &8) ;997’ @ exclusion; (2)  [139]
violet . adsorption,
photoFenton
degradation
methylene blue, ZIXZSUSiOH
GO/MIL-88A  PVDF Lf:gga?me B, methyl 10 > 098 photoFenton [117]
9 degradation
GO/attapulgit adsorption
e nanorods PC rhodamine B 7.5 >99.9 N ption, [120]
(APT) size exclusion
GOISI® cA methyl blue 10- 40 >95 adsorption, 54
size exclusion
o
g Congo red, direct red 80,
2 GO/MoS CA methylene blue, 20 > 99 size exclusion  [100]
3 rhodamine B
5 Congo red, methylene 99.6.97.4
5 GO/MoS PVDF PVA blue, methyl orange, 10 96'3’ 94‘6‘ sizeexclusion  [119]
rhodamine WT U
GOWS Nylon LTSgam'”e B, methylene 4, 97.7,963  size exclusion [111]
(1) size
GO/NH>- (1) Congo red, methyl exclusion,
FeO PVDF PDA orange; (2) methylene 100 98, 75, 70 electrostatic [124]
&0a blue repulsion; (2)
adsorption
I— size
acid brilliant blue .
. 1.27 nm, 536 ' 98.2, 95.2, exclusion,
rGO/MgSi PAN Da ?g?hmleol:gjnebleack R, 100 734 electrostatic [122]
Y 9 repulsion
size
Congo red, direct red 23, exclusion,
rGO/Cu PAN PDA 1510 Da reactive blue 2 500 > 9% electrostatic [99]
repulsion
rGO/UiO-66 PC rhodamine B 10 95 size exclusion  [116]
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adsorption,
rGO/AgPOy PVDF PDA methylene blue 30 99.1 photocatalytic  [137]
degradation
rGO/SIQ PVDF PDA methylene blue 10 99.8 adsorption [140]
rGO/HKUST methylene blue, Congo adsorption,
" CA PDA red 40 998,892 gize exclusion 118
methylene blue, Congo adsorption,
rGO/HNT CA PDA red 100 >99 size exclusion (121]
prGO/UIO- electrostatic
66-(COOHY, Nylon Congo red 10 >97.2 repulsion [141]
. adsorption,
gNlenO/T' CA acid orange 7 50 > 95 photocatalytic  [136]
2 degradation
adsorption,
EKJV.I(.:/E;\//?W PES methyl orange 81.8 87.3 electrocatalyti  [135]
¢ reduction
. carbamazepine,
gWCNT/ T ca ibuprofen, 10 80,45,24  adsorption  [142]
2 acetaminophen
adsorption,
\I\;IIWCNT/nZ PTFE 41 nm metoprolol 2 97 electrochemic  [143]
al oxidation
4-hydroxybenzoic acid, . .
Mxene PVDF TA-Fe 1.3nm cinnamic acid 5 66, 53 size exclusion  [125]
h-BN PVDF 1.4-3nm methylene blue 5 98 sizeexclusion  [126]
methyl orange, ngusion
Uio-66 GO/PAN PDA 2.88nm tetracycline 10 94.84 95.5 | . [128]
hydrochloride electrostatic
repulsion
direct blue 14, direct red 96, 92.8, adsorption,
z HNT PVDF TA, PEI 45.2nm 28, direct yellow 4 100 90.7 size exclusion [130]
@
E’=> PCuWi1 PVDF 200- 750 nm tetracycline 300 88.6 adsorption [101]
° adsorption,
nzvi| PVDF 2-chlorophenol 10 91.63 reductive [144)
degradation
AUITIO: PVDF PDA tetracycline 10 92 gh°‘°°a‘?'y"° [127]
egradation
. size
Congo red, reactive .
) ’ - 99.6, 96.2, exclusion,
Ag/TiO2 PAN PDA, PEI grange 16, reactive black 200 995 photocatalytic [129]
degradation
acid fuschin, methy! .
) 94.4,81.2, adsorption,
ZIF-8 PAN PEI orange, methyl blue, 100 99.6, 99.2 size exclusion [102]

Congo red

a. Fé*was introduced to the edge of GO sheets to complex withFPAES.

b. Fe* served as Fenton catalyst and was grafted into the carboxylic CNT or rGO through electrochemical reduction of

-COOFé€*,

5.5.2 Nanocomposite membranes

5.5.2.1 Fabrication

Nanocomposite membranes introduce nanofillers into the polymeric matrix, are also

classified as mixed matrix membranes. Nanocomposite membranes for OMP removal have
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been synthesized with nanospheres, nanosheets and nanotubes, including exganic (
CNT[145], CNCJ[146], GO[147, 148] rGO[149] and carbon dots (CDE)50]), inorganic
(e.g, metalg[151], metal oxideg§152-154], MOFs[155, 156] Si0O: [157-160], and clays
[161-163]) or organieinorganic hybrids thereof[164-167] These nanenabled
membranes possess enhanagttfionality over commercial UF/NF membranes, such as
greater hydrophilicity (thus higher permeabilityt7, 150, 168]tuned pore channgls51,

169], increased antifouling property62, 164, 170fand better mechanical stabilify45].

Phase inversion via in situ nanofiller blending has been extensively adopted to fabricate
nanocomposite membranes due to low cost and efficiency. This can be achieved by
thermally induced phase inversion (TIPS) and-solvent induced phase inversion (NIPS).
The former approach increases the temperature to evaporate the solvents and thereby
trigger polymer precipitation, whereas the latter approach immerses the pslywent
solution into a nossolvent (typically vater) to initiate the demixing process, in which
asymmetric membrane structures form during solvent anesolment exchanges at the
polymer interface. Nanocomposite membranes for OMP removal often employ NIPS
during fabrication. NPs are first dispersetbipolymer casting solutions before casting.
Solvent and polymer selection impacts NP dispersion and the resultant membrane
characteristics. The solvent and polymer collectively impact the NP dispersion and the
resultant membrane characteristics. DME5, 152, 163]DMAc [146, 150, 154]NMP

[151, 164, 166and DMSO[171] have been used as casting solutions. PES and PSF are
some of the most frequentiniestigated base polymers due to good mechanical, structural,

and chemical stabilitj150].
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Unl i ke standar d pol ymeric me mbr anes, nan
sometimes decreases because of NP agglomeration due to their high surface area and
strong interactions in the hydrophobic bulk phaseyalkas the reduced NP reactivity due

to oxidation or hydration reactions.¢, metallic NPs and MOFg)154, 164] Improving

NP dispersion and chemical stability becomes vital to maintain efficient OMP removal.
Stirring/sonication in the casting step, dosing surfactants to the solvents, and modifying
NPs 6 surfaces wi t h f unct i on adovalegtly doupds , gr e
modifiers, can provide better dispersion. Increased inorganic nanpfillgmer
compatillity of several dye separation membranes was achieved through modification

with silane coupling agenfd60, 162] polymer[157], and carboibased\Ps[164, 165,

168]. These efforts overall improved membrane durability, hydrophilicity and selectivity
towards OMPs. Nonetheless, most nanocomposite membrareestudied at benescale.
NP-modified phase inversion requires optimization so that nanocomposite membranes can

be industrially scaled.

5.5.2.2 Application for OMP removal

OMP removal by nanocomposite membranes rely on adsorption by weak forces (van der
Waals, dipole, antl “ interactions)151, 154, 155, 172Jelectrostatic repulsiof148,

150, 163] size exclusion[146, 157, 173] catalytic oxidation/reductiorjl67] and
photocatalytic degradatida66, 168, 171]Nanocomposite membranes for OMP removal

is summarized in Table 3. We discuss the effects of three key faciprslP type and
loaded mass, 2) operating conditions of pressure and feed concentration, and 3) solution

pHi on nanocomposite membranes for remg OMPs.
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Firstly, OMP removal by hanocomposite polymeric membranes is dependent on NP type,
loading, and how the membrane properties were impacted by NP type and loading. NP
inclusion into membranes primarily impacts membrane hydrophilicity, pore sige, a
porosity, which impacts the membranebs per |
formation is affected by NPs during the blending phase inversion step. Thus, evaluating
and optimizing NP loading is crucial. Ghaemi ef 863] studied the effect of organically
modified montmorillonite (OMMT) in nanofiltration PES membranes on pesticide removal.
Membrane hydrophilicity increased while pore size decreased, when increasing OMMT
loading from 0 to 4 wt%. This benefited 3Jtitrosalicylic acid and 2:dlinitrophenol
rejection (> 90%). However, adding more OMMT (> 6 wt%) caused a dense skin layer
formation and layered silicates aggregation, which decreased the water flux and impeded
NF separation. Balci#Canbolat and Van der BruggEi6] observed that high content (up

to 1 wt%) of CNC in the PES membrane matrix contributed to higher membrane
hydrophilicity, pore size, and looser skin layérkis gave higher water flux but sacrificed
some direct red 80 removal due to a weakened sieving effect. Despite losing selectivity, all
the membranes obtained > 90% rejection. Modi ef1al0] compared the amoxicillin
removal efficiencies using PES hollow fiber membranes embedded by carboxylated GO,
ZIF-L nanoflakes and their cdrimed nanocomposites, respectively. The latter membrane
exhibited the highest hydrophilicity, negative surface charge and largest pore size, while
rendering the best water flux and removal to negaticeBrged amoxicillin. At 1.5 bar

TMP in the crosslow condition, the removal reached 98.9 %, more than 2 times higher

than using bare PES membranes. These studies indicate that the impacts of NP
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incorporation are not easily determined, and that NP loading must be experimentally

optimized to maximize OMP remal efficiency.

Secondly, operating conditions, OMP concentration, and coexisting species impact
nanocomposite membrane performance, as these affect the residence time and interaction
between OMPs and the membrane. Nasseri ef14B] and Goswami et al[151]
investigated the deaehd filtration of BPA using 8F/GO and PES/SWCNT
nanocomposite membrane, respectively. Low TMP and high feed concentration gave better
separation characteristics because the electrostatic repulsion and adsorption effect
dominated the filtration. High TMP was however not favorablétferseparation because

it increased the solution passage rate, thereby reducing the contact time between the solute
and the membrane. This finding aligns well with established adsorption theory that a higher
retention time, achieved at lower TMPs, leadgteater adsorption. Mukherjee and De

[152] removed catechol using the CA/alumina nanocomposite membranes, and rejection
rates significantly dropped in thpresence of NaCl electrolytes, which is likely the result

of weakening the electrostatic force between OMPs and the membrane due to electrostatic
shielding. Additionally, gradual saturation of OMPs on the NPs in the membrane surfaces
may impact permeatduk and thus membrane service life, which is a concern. These
findings suggest that nanocomposite membranes do not primarily rely on sieving to remove
OMPs, unlike traditional NF/RO processes. Rather, their effectiveness for OMP removal

is dependent on thedsorptive properties of the OMP with NPs and polymer materials of

the membrane and requires a deep understanding of menmnanaoilersolute

interaction mechanisms.
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Thirdly, solution pH critically impacts the nanocomposite membrane performance by
affeding membrane surface charge (reflected by zeta potential), nanocomposite stability,
dissociation of the charged functional groups from OMPs and solute sol{ttify 172,

174]. Tan et al[155] developed MIL68(Al) blended PVDF membrane adsorbers to

remove aqueoup-nitrophenol (pk =7.15). Maximum adsorption (up to 82.7%) f

nitrophenol was obtained at pH values/{dbelow pk;, whereas the adsorption capacities
decreased remarkably at pH above,giecause atigher pHp-nitrophenol became anionic

and was electrostatically repelled from the negatively charged membrane surface. pH also
affects NP stability, where the inherent MOF structure was destroyed at pH < 4, leading to

poor OMP removal. Mukherjee and DE52] found maximum catechol adsorption on

CAP/ alumina nanocomposite membrane surface
isoelectric point (pkdr=5.4) and below the p{9.5) of catechol. Under these conditions,

the CAP acetate groups were deprotonated such that the membrane surface was negatively
charged, which facilitated the protonated catechol transport to the membrane due to their
opposite ptarity. Niedergall et al[172] investigated adsorption to remove OMP from

water. A slarp decline of BPA adsorption on the polymer NP {PR4co-TRIM)) mixed

PES membrane was obser veda(%6t10.2h iThgshcanhél a b o v
explained by BPA deprotonation resulting in electrostatic repulsion against the negatively
charged membranas well as increased solubility leading to less hydrophobic adsorption.
Manipulating solution pH can maximize electrostatic attraction of OMPs to adsorption sites,

however, OMP rejection will eventually decrease as adsorption sites are saturated.
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Table 3 Nanocomposite membranes for removing OMPs in water.

L . 5 Feed concentration RemovaPl Removal
Modifier ~ Nanomaterial Substrate Pore sizeMWCG Pollutant (ppm) ) mechanism Ref.
PEI PES 1.384 nm, 781 Da reactive red 49, 500 92,96 adsorptlonsnze [175]
reactive black 5 exclusion
hollow mesoporous tetracy-c
carbon nanospheres PES 3.5 nm, 336 kDa estradiol Y 0.1, 0.0001 97,94 adsorption [176]
(HMCNs)
. electrostatic
GO PES 3.8nm direct red 16 30 99 repulsion [147]
benzene, toluene, 97.7, adsorption, size
carbon PSF 5.93 nm phenol 50 82.8,79.2 exclusion [173]
o N-doped porous .
g graphene oxide (N PES 9.14nm1096 Da reactive red 195 100 956 E'EC‘I“?Sta“C [177]
2 PGO) repulsion
o . X
carbon dots (CDs) PES 12 nm RR 198 100 98.9 electrostatic [150]
repulsion
. size exclusion,
rGO-PDA PSF 50.6 nm g:[;ﬁt l’i‘fuzo’ 25 98.8,87 electrostatic [149]
4 repulsion
. electrostatic
GO PSF 71.28 nm bisphenol A 7.5 93 repulsion [148]
P(4VP-co-TRIM) PES 565 nm bisphenol A 0.25 87.4 adsorption [172]
SWCNT PES ~ 80kDa 'n’fﬁ;};ﬂg'nﬁl' 4 o1 78, 85 adsorption [145]
CNC PES direct red 80 95.8 size exclusion [146]
methylene blue, sizeexclusion,
GO/Cu(tpa) PES 3.6 nm for the filler ~ Congo red, 100 65, 92 electrostatic [164]
methyl orange repulsion
GOIZIFL PES ~31nm amoxicillin 25 98.9 electrostatic [170]
repulsion
GO/CuS PES ~3.7nm oxybenzone, 25 98, 95 electrostatic [165]
: bisphenol A ’ repulsion
(o]
=]
S, g-C3N4/ZnO CA 6.1 nm lanasol blue 3R 200 93.7 adsorption [178]
Q
3
,‘P,
2
S . photocatalytic
mpg-CsN4/TiO2 PSF 80 kDa sulfamethoxazole 10 69 degradation [166]
. photocatalytic
MWCNT/ZnO PES direct red 16 30 96 degradation [168]
246 adsorption,
HPEI/MWCNT/FeCu PES trichlorophenol 0.025 99.4 catalytic ) [167]
degradation
reactive red 49 size exclusion,
SiO-PSS PES 0.64 nm, 655 Da reactive blacké 500 ~90 electrostatic [157]
repulsion
HNT (sulfonated) PES 1.3 nm. 682 Da reactive red 9. 1000 90, 94 size exclusion  [161]
. adsorption,
QQ'IE(QOd'f'ed by PVDF 1.922 nm direct red 28 100 94.9 electrostatic [162]
repulsion
<
% Fe:04@SiQ-NH2 PES 9.42 nm methyl red 30 97 adsorption [154]
° 3ir?trosalic lic adsorption,
montmorillonite PES 9.59 nm acid. 2.4 4 228,184 94, 90 electrostatic [163]
dinitrophenol repulsion
alumina CAP 22.8 nm, 122 kDa ﬁﬁiﬁrﬁlﬁgl 100 87, 89 adsorption [152]
direct red 23, size exclusion,
CeQ PES ~23.4nm direct red 243, 100 > 99 electrostatic [153]
Congo red repulsion
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Pd PSF ~40 nm crystalviolet 40.8 99 adsorption [151]
adsorption,

SiO-DES PI >46.4 nm phenol 30 96 electrostatic [158]
repulsion

. . photocatalytic
Auo.1AgodTiO2 CA 430.12 nm tetracycline 5 88.7 degradation [171]
MIL -68(Al) PVDF 700 nm p-nitrophenol, 5 82.7,95  adsorption [155]
methylene blue

adsorption,

MIL -125(Ti) PVDF rhodamine B 10 99.7 photocatalytic [156]
degradation

SiO, PES bisphenol A 0.1 88 adsorption [159]

SiO, (modified by PES reactive black 5, 97.9, 99 electrostatic [160]

SBMA) reactive green 19 repulsion

a. Data were obtained either from the article contents, or extracted from figures using GetData Graph Digitizer software.
5.5.3 Thin film nanocomposite (TFN) membranes

5.5.3.1 Fabrication

Thin film composite (TFC) membranes consist of an ltra barrer layer (commonly
polyamide (PA), thickness 500 nm[179]) atop a polymeric membrane support.
Compared to integrallgkinned asymmetric membranes, TFC membranes have an
independently controlled amaptimized top selective layer for enhancing selectivity and
pollutant rejectiorf180, 181] Interfacial polymerization (IP), first reported by Morgan et

al. in the 19609179], is the most common route to prepare commercial PA TFC
membraneq182]. Typically, the support membrane is impregnated with an agueous
solution of diamine or polyamine, such as P1P52, 180Jand MPD[9, 181] followed by
removing excessive solution on the membrane surface. The soaked membrane is then put
into contat with a water immiscible organic solutioe.g§, hexane) containing acryl

chloride monomers, such as TM 180, 181] to form a PA thin film.

While traditional PA TFC membranes were primarily optimized to make high pressure NF

or RO membrane systems for desalination and heavy metal removal, the inherent
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permeabilityselectivity tradeoff, fouling-prone nature and high energy costs limit their
application for OMP separation under low pressures. NPs, such ad 83)l CNC[180],
GO|[184, 185] MOFs[52, 181, 186]SiC: [9], clays[7, 187, 188] and MoS [189, 190]

have high surface area and high adsorption potential, and hence the exploitation of these
NPs into TFC membranes provides thimfhanocomposite (TFN) membranes with great
potenti al for OMP separation. This is due
chemical stability, reactive and adsorptive capacities. The porous fillers can be (i)
assembled flexibly within the thin filrf®, 52, 180, 184]by premixing the NPs in the
aqueous solution or the organic solvent before the IP reaction; (ii) formed as an interlayer
between the thin filnf7, 181, 183, 186]through insitu growth €.g, by phase inversion)

or pressurized filtration of the NPs, followed by conventional IP reaction. Although less
common, nanofillers have been combined with-Rénbased thin films to design TFN
membranes for OMP separations. For instance, Ghaem[E2H] polymerized pyrrole to

form hydroghobic polypyrrole (PPy) on the PES membrane, in which 1zaotite SAPQ

34 was blended. Zhang et HIB2] incorporated graphene oxide quantum dots (GOQDs)
into a tannic acid (TA) layer during an IP process, which yielded a loose structured NF
membrane. Compared with nanocomposite membranes, THRhbraees suffer less NP
dissolution, which reduces the potential for secondary contamination caused by toxic and

harmful NP180].

5.5.3.2 Application for OMP removal
TFN membranes have been increasingly explored fof19E] and RO[193] processes

for OMP separationand the tailored top layer plays a crucial role for membrane
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performance, particularly with respect to membrane flux and selectivity. Here we focus on
NF applications, which are much less energgnsive. The selective layer and the added
NPscollectve y det er mi ne TFN membranesdé surface
attributed to one or more mechanisms, which include size excl{Eay 190, 194]
electostatic interaction$7, 183, 195) and adsorption/diffusio[9, 52, 186, 196] TFN
membranes for OMP removal is summarized in Tablatégrated NPs into conventional

TFC membranes produce a highly porous structure, which can reduce the ability of TFCs
to remove OMPs by size exclusion but enables control over the TFC pore size. In this
section, we discuss how assembly structure and nanofiller loading impact separation

performance, as well as the benefits and challenges encountered for OMP removal.

The membrane permeability and OMP separation capacities are greatly impacted by the
NP prgoerties and thus their location in the TFN membrane. Basu and Balakrj3Bagn

and Dong et al[7], intercalated ZIF8 and zeolite, respectively between the thila film

and the PSF support layer. This approach enhanced the stability of the TFN membrane,

because blending these NPs into PA during the IP process can caussiredrcavities,

reducing separation efficiencies for OMPs. The interlayeuggireser e d t he PAOG S

exclusion effect and enhanced the water permeability by creatingpoa@® under the PA
which acted as water channels. In this manner, Basu and Balakrj¢Baaabtained 9 %
higher rejection for acetaminophen (55 %) and 2 fold permeation increase compared with
the unfilled PSF/PA membrane, when tested under-deddiow conditions at only 4 bar
TMP. Dong et al[7] also observed a similar ongher rejection (> 90 % for most

compounds tested) of 21 types of PhACs when using the zBdlitblended TFN
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membrane in crosffow condition at only 5 bar TMP compared to the bare PA membrane.
In many cases, incorporating NPs into the PA can be chaligngowever, some NPs can
exhibit high compatibility with PA and high stability during thin film formation by IP.
Zhao et al[186] investigated MORPA interaction patterns, and found that M3B(AI)

can tightly bind with PA post IP. Under either -sgt, the obtained TFN membrane
achieved 1.3 imes higher permeability and significantly higher nalidixic acid and

sulfamethoxazole rejections than the TFC control membrane.

Furthermore, NP content in the TFN membranes critically impact the mensdwhute

affinity (e.g, through changingnembrane hydrophilicity, thin film thickness and available
adsorption sites), size exclusiang, through changing pore size) and Donnan exclusion
(charge repulsion) (through changing charge density), leading to a change in the dominant
OMP removal mechrasm. It has been observed that incorporating NPs into TFCs leads to
various tradeoffs in selectivity and permeability of different OMPs. As such it is has been
challenging to remove a wide range of OMPs using a single NP modification to a TFC. For
exampe, Dai et al.[52] incorporated MIL101(Cr) into PA active layer on the PES
membrane, and used the TFN membrane for the removal of EDCs and salts. Increased
MIL -101(Cr) content in the PA layer led to moderately higher rejectidryafophobic
methylparaben, propylparaben, benzylparaben, and BPA through stronger hydrophobic
adsorption, but greater MHLO1(Cr) content also led to slightly lower rejection of some
monc and divalent salts. Similarly, Wang et HI84] found a tradeoff in incorporating

GO into PA thin films. They found that increased GO content in the PA top layer on PSF

support provided the TFN memame with higher negative charge. At moderate GO loading
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(0.004 wt%) in the PA layer, the TFN membrane showed 41.85 % removal towards the
negatively charged sulfamethoxazole due to charge repulsion, approximately 3 times
higher than the control TFC membearHowever, despite the presence of GO, the TFN
membrane showed equally poor removal (< 5 %) towards paracetamol as the control TFC
membrane, which was a result of its low MW and high hydrophilicity. Gong Eit&4]
preloaded PDA modified CNT onto PES membranes, followed by adding a PA top layer.
They found that increased PDENT content increased the interlayer thickness and the
zeta potential, thus leading to lower MWCO and more negatively charged surface. Having
similar MWs, anionic dye methyl violet obtained higher removal than cationic dye MB
(99.5vs 86.4 %) due to the Donnan effect. However, despite high dye removal, the
membrane exhibited low rejection towards, @ monovalent ion, due to the disruptions
within the PA layer by the CNTSs. This suggested promising recovery of aqueous dyes from
somesaline wastewaters, but without compromising the monovalent ion rejection. To
conclude, the engineered TFN membranes have great potential for purification and
recovery of different OMPs, but their properties should be tailored to suit the characteristics

of the target compounds.

Table 4 Thin film composite (TFC) membranes for removing OMPs in water.

Feed

- ) ) Thin Pore : RemovaF Removal
Modifier Nanomaterial ~ Location Substrate film size/MWCO? Pollutant ((:;J;r%e)zntrauon ) mechanism Ref.
rose bengal,
0.41 nm Congo red, size
CNC within TF PES PA 312.06 Da methyl orange, >99 exclusion [180]
crystal violet,
methylene blue
quaternized sulfamethoxazole size
carbon o , carbamazepine, 98.2, 98.6, exclusion,
g quantum dots within TF PVDF PA 0.42 nm atenolol, 1 99.5,99.7 electrostatic (197]
2 (QCQDs) trimethoprim repulsion
8 b-CD-PIM within T PSF PA 0.62 nm erythromycin 100 97 size [198]
exclusion
GOQDs within TE PES PA 086 nm, 525 orange Gll, 100 95, 99.9 size [194]
Da Congo red exclusion
new coccine, .
GO within TE PSF PA 1764 Da ponceau S, direct 500 94,3,96.2,  size [185]

red 80 99.2 exclusion,
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electrostatic

repulsion
size
. norfloxacin, 53.32, exclusion,
GO within TF PSF PA sulfamethoxazole 1 41.85 electrostatic [184]
repulsion
(1) methyl (1, 2) size
orange, Congo exclusion;
GOQDs within T PAN TA red, methyl blue; 100 8 100,98, [182]
(2) methylene electrostatic
blue repulsion
(1) methylene
blue, crystal (1, 2) size
CNT 0.878 nm violet; (2) methyl 86.4, 98, exclusion;
(modified by interlayer PES PA 365 Da ' orange, methyl 100 92.5,99.5, 2) [183]
PDA) violet, acid 100, 100 electrostatic
fuchsin, Congo repulsion
red
TpPal adsorption,
(modified by interlayer PAN PA 16.36 nm orange GlI 100 93 size [196]
PDA) exclusion
safranine T,
indigo carmine, size
GO interlayer PSF PA coomassie 100 >92 exclusion [199]
brilliant blue,
rose bengal
SiG atrazine, adsorption,
(modified by within TF PSF PA 0.32 nm propazine, 10 > 98 size [9]
oleic acid) prometryn exclusion
raffinose .
L PVDF/PE 0.45 nm 320 ! 98.6, 95.3, size
SAPO34 within TF s PA Da saccharose, 821 exclusion [187]
glucose
methylparaben .
! adsorption,
MIL-101(Cr)  within TF  PES PA 0.6 nm propylparaben, , , 47,46,51, e 52]
benzylparaben, 80 exclusion
bisphenol A
Congo red, size
Zn-TCPP within TF PSF PA 1.54 nm methylene blue, 200 > 96 . [200]
h exclusion
direct red 23
. .
(1) methyl violet adsorption;
L 6B; (2) reactive (2) size
SAPo-34 within TF PES PPy 220Da blue 4, acid blue 50 100 exclusion, [191]
193 electrostatic
repulsion
HNT within TF PSF PA setazol red, 100 99.7,00.7  clectrostatic 45
=z reactive orange repulsion
o
9_=" terbutaline,
° atenolol, size
ED-MIL - o fluoxetine, exclusion,
101(Cr) within TF PES PA ketoprofen, 02 >82.7 electrostatic (192]
diclofenac, repulsion
bezafibrate
MoS; glucose, sucrose, size
'(rr/rl?gg%d by within TF PSF PA raffinose 150 70, 89, 91 exclusion [190]
L size
h-BN within TF PES PA methylene blue 10 73 exclusion [201]
withn TF - .
. Congo red, alcian size
Tio: & PES PA blue, orange GlI 100 98, 96, 85 exclusion (202]
interlayer
methylparaben, .
adsorption
. ethylparaben, 53.7,69.1, N '
MoS, interlayer PES PA 0.53 nm propylparaben, 0.2 79.1.91.3 zl}fgusmn [189]
benzylparaben
ZIF-8 interlayer PSF PA acetaminophen 100 55 size [181]
exclusion
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size
exclusion,

0.02 >80 and/or [7]
electrostatic
repulsion

21 types of

zeolite interlayer PSF PA PhACS

phenacetine,
nalidixic acid,
carbamazepine, 0.05 67, 88, 78,
sulfamethoxazole 88, 80, 92

adsorption,
size [186]
exclusion

MIL -53(Al) interlayer PSF PA

, atenolol,
sulpiride

a. Data were obtained either from the article contents, or extracted from figures using GetData Graph Digitizer software.

5.6 Future perspectives

Significant progress on statd-the-art nanocomposite polymeric membranes has been
made over the past 10 years to efficiently remove OMPs in aqueous environmental feeds.
Nanomaterial incorporation into traditional polymeric substrates was shown to be
promsing on selective filtration performance due to customized characteristics and
functions to target OMPs. Future research should perform testormmic analyses to
identify the most economically promising nanocomposite materials. In addition, there is
nonhone size fits allo solution to remove al
and concentration as well as the medium in which OMPs are found all influence removal.
As such, standard OMPs should be used to reveal different nanocompositerigolyme
membrané OMP interaction mechanisms to help select the best membrane properties and
operating conditions. Developing durable membranes with longer operation life that can
achieve high throughput and removal efficiency is an urgent need. Furthemuee,
realistic complex pilescale operations have rarely been investigated and should be the
continued focus of future research. Challenges, such as scalability, agglomeration,
permeability and selectivity, need to be addressed for the membrane tyges/ghaeen

developed so far.
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NP agglomeration, especially at high loading content, on membrane surface or with the
matrices can result in defective membranes with poor OMP removal efficiency. The
translocation and depletion of NPs in the membrane dulirggibn over time would likely
destroy the original structures, reduce the membrane life span, and eventually become a
secondary nanomaterkden pollutant stream. Future works should develop better
chemistries to stabilize or covalently bind the NBsthe membranes, and study the
retention and leaching of NPs in the nanocomposites. For instance, many exciting research
in bio-inspired membranes employs biological molecules including mussel proteins to
adhere NPs to the skin layer or within the suppdmniother emerging tool is the use of
atomic layer deposition (ALD), which allows deposition of various metallic or organic
materials to be layered onto porous membranes to producesoaleal ultrathin films,

which have good conformity, high layer thickeeprecision and control, and even
regulated pore sizd203]. These membrane types have not been given much atténtion
likely because ALD has not been used at scatenfembrane production but, these
membranes have high potential for OMP separation. The robustness of the nanocomposite
membranes for lonterm OMP treatment under realistic working conditiang {WWTPS)

should also be investigated.

PA TFC membranesave wide applicability in industry, but are prone to swell in contact
with organic solventR204]. PA layers also have the drawbacks of low civdsng degree

and nonruniform functional groups, which make the thin films heterogeneous with respect
to their hydrophilicity and polarityf8]. A high priority is the development of TFN

membranes aimed to address the limitations of low flux, swelling by solvents,
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heterogeneous surface properties (hydrophilicity and polarity), and sensitivity to foulants
and chlorine. PA TFN membranes have potential to overcmment permeabilityi
selectivity tradeoffs, which would enable them to remove OMPs at much lower TMPs.
Nonetheless, NP agglomeration and leaching may cause defective PA structures and
thereby reduce the NP effective surface area. Future studies shellgreper surface
modifications of NPs to increase the compatibility with the organic phase and employ new
chemistries or adopt novel monomers for constructing the thin film. Finally, more effort
should be paid to develop loose TFN membranes for lowymesperations (UF and NF

processes), without sacrificing the rejection rates of OMPs and salts.

5.7 Conclusion

OMP presence in water bodies used for the potable water supply has raised public concern
about the longerm drinking water safety and qualityNatural ecological and
physicochemical processes and conventional water treatment technologies cannot
sufficiently degrade or remove these pollutants. In the absence of broad regulation or
societal change in behaviors and consumption, new technologieseated to address the
growing environmental issue. Pressdreven membrandased technologies are proven

and widely adopted, and can be easily upgraded to treat various water types. However,
most membrane technologies require enhancements to efficiemtbye OMPs from feed

waters. Nanocomposite polymeric membranes are one such technological improvement.

The reported OMP removal performance of nanocomposite polymeric membranes depends

on membrane characteristics, operating conditions, and OMP physicochemical properties.
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Among MF, UF and NF membranes, NF membranes have the lowest MWCO, and can
achieve a hig rejection towards smatlized OMPs based on size exclusion. However, NF
membranes require high pressures, and suffer from severe fouling issues in drinking water
treatment. Traditional UF or MF membranes demand lower operational pressures, but can
onypprtially remove | arge mol ecule OMPs due
higher MWCO. Recent studies have demonstrated UF or MF membranes with modification
to their surface charge and hydrophilicity can enhance OMP rejection. The
physicochemical mperties of these loose membranes could be further improved through
surface or matrix modification with namoodifiers. In this regard, rejection rates for
OMPs could be greatly improved, depending on their charge and polarity. Furthermore,
there is an exting possibility to reduce the membrane operating pressures if these
membranes are combined with means of OMP degradation and removal, achieved either
through photocatalysis, electrochemical redox reactions, or enhanced adsorption. Should
the researchergontinue to optimize membrane material costs, d@mm stability,
scalability and separation characteristics, we expect that nanocomposite polymeric
membranes will be the dominant method to treat emerging pollutants, such as PhACs and

EDCs, in complex aiic environments.
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Chapter 6

Bioinspired hyperbranched polyethylenimine (HPEI) crosslinked iron doped
reduced graphene oxide (rGO) membrane for ultrafiltration of phenols and azo dyes

from water
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6.1 Abstract

Organic micropollutant contamination of potablaters and wastewaters is a global
concern exacerbated by industrial growth. Graptmsed twedimensional nanomaterials
including reduced graphene oxide (rGO) have been shown to enhance the separation
performance of membranes for a range of organic oansants when incorporated into
membrane surfaces by increasing adsorption and altering membrane pore size. However,
rGO surfaceanodified membranes demonstrate very low water fluxes and poor stability
due to the high rGO interlayer packing density and swgelbf rGO nanosheets. In this
study, we report the synthesis of a novel, crosslinked rGO nanocomposite membrane,
exhibiting high water permeance and greatly improved dimensional stability. These
membranes were formed by a layer of iron doped rGO (fG&) crosslinked with
hyperbranched polyethylenimine (HPEI) vacuum deposited onto a polydopamine (PDA)
surfacemodified polyethersulfone (PES) ultrafiltration membrane. The HPEI <ross
linking of iron-doped rGO was accomplished by 1) activating the carbooyipg of the

iron nanoparticles anchored on graphene oxidei(G€) by N(3-Dimethylaminopropyh

N Nithylcarbodiimide hydrochloride (EDC hydrochloride) andHidroxysuccinimide

(NHS) reaction chemistry, 2) creisking GO Fe through the primary amine§ HPEI,

and 3) thermal reduction of crosslinked GOFe by NaBH. The resulting rGO
nanocomposite membrane was stable in water of different pH for over 20 days. HPEI
crosslinking andn-situ growth of nanesized Fe on rGO nanosheets expanded the rGO
interlayer spacing allowing higher water permeance. The optimized membrane achieved a

water permeance of 39.80n? K3 ba®, which was 2fold greater than most reported
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GO or rGObased membranes. Adsorption, size exclusion, andggendent electrostatic
interactions controlled the separation of charged solutes, resulting in aklsmedove
75.8%, 81.6% and 95.7% respectively fenitrophenol (PNP, 6.5 mg/L) and methyl
orange (MO, 20 mg/L) and methylene blue (MB, 20 mg/L) during -deabdultrafiltration.
This study provides an enhanced material framework for rGO nanocompositeanembr

for low-pressure micropollutant removal.

Crosslinked Feed water
rGO-fe

rGO - Fe layer
PES

Substrate

Before reaction

: / pi §
PES/PDA -

PDA layer

substrate

PES layer
After self-polymerization

PES/PDA/rGO — Fe membrane preparation

6.2 Introduction

Potable water and wastewater treatment, and resource recovery are critical to address
global water scarcity and security, especially considering the increased organic
micropollutant discharge from municipal and industrial sources. Many methods have been
developed for achieving water sustainability, such as coaguldtipnadsorption[2],
advanced oxidation processes (AOPs)g{ Fenton oxidation[3], electrochemical
degradatiori4], photocatalytic degradatidb], and ozonatiori6]), biological treatment

(e.g, activated sludge proce$g] and membrane separati@}. Membranes have distinct

advantages in organic micropollutant treatment over other methods including simple
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operaion, small footprints, modular design, the potential to achieve high permeate purity,
consistent and reliable operation, as well as sometimes achieving synergic desalination.
Nanofiltration (NF) and reverse osmosis (RO) membrane processes are accepted
membrane methods for removing organics from wastewaters. However, the- dense
structure of NF and RO membranes (with molecular weighofyMWCO) range of 200

-1000 Da and < 50 Da, respectively) requires they be operated at high feed pressures (6
10 bar and 47 70 bar, respectively), resulting in high energy consumption, and thus high
operational costs, as well as high fouling potential. Ultrafiltration (UF) and microfiltration
(MF) membranes have loose structures and thus can achieve similar water tflfates a
lower pressures (25 bar, and 0.1 2 bar, respectivel\fp, 10], however they lack rejection

of smaltsized organic solutes due to their large pore size (0.0D1 1 [9],ra9 these
membranes rely predominantly on size exclusion for solutes rejection. Therefore, greater
rejection of small organic solutes using UF membranes can only be achieved with

additional removal mechanisms.

Recently, graphenkased twedimensional (2D) nanomaterials such as reduced graphene
oxide (rGQ have received substantial attention as they can greatly increase the available
surface area of membranes to enhance their adsorption of small organic solutes. Many of
these 2D nanomaterials also exhibit good mechanical stability, inherent moleculag sievi
characteristics, and the promise of making atomically thin membrane active layers with
tunable pore sizd41]. However, simply depositing these materials onto membranes fails

to achieve this promise. For example, unmodified rGO aggregates into densdayeitéd

structures in many solvents and depositing these stacks onto membranes creates dense rGO
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layers (interlayer spacing ~ 0.35 nm) leading to extremely low-tramabrane fluX12].

Further, while rGO is more stable than the water dispersible GO, rGO layers have low
structural stability especially when they are deposited onto more hydrophilic membrane
surface$l13].. To enhance permeability researchers have intercalated organic or inorganic
spacers between rGO layers to increase the laminate spacing. Carbon nanotubes (CNTSs)
[14], graphitic carbon nitride ¢€sNa4) [15], and halloysite nanotubes (HNT46] have

been demonstrated promise in preliminary studies, but further enhancement on membrane
dimensional stability and interlaying spacing is needed. Alternatively, covalently cross
linking graphene nanosheets has been propasedstrategy to prepare more structurally
stable nanocomposite membranes. Studies on crosslinked rGO membranes are scarce, and
to date GO layers have been crosslinked by small moleautgsethylenediamine (EDA)

[17] and cysteaming18]), metal cations€.g, Mg?*, C&*, F€* and AF*) [13], and
polyelectrolytes €.9, polyethyleneimine (PEI)) for use in méranes[19]. Despite
successful crosknking induced stability, the resulting membranes typically showed low

water flux.

Developing crosslinked rGO membranes with permeability near to that of MF or UF
membranes and greater small organic molecule separation efficiency would be a cost
effective alterative to many dense, energyensive composite membranes for fow
pressure organic micropollutant removal. We have proposed a unique synthesis route that
has not been attempted by previous researchers to realize these goals. For the first time,
nanagsizediron (Fe) was grafted to GO to expand their interlayer distance and increase the

overall surface area for adsorption, then crosslinkedhwiperbranched polyethylenimine
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(HPEI) to enable GO structural stability. Finally, the crisised GOi Fe was chencally
reduced to obtain rGOFe nanocomposites, which were deposited onto a polyethersulfone
(PES) membrane modified with polydopamine (PDA) to obtain strong physical adhesion.
Physicochemical properties of the fabricated membranes were characterizedeiand
separation towards hazardous phenolic micropollutants and azo dye model contaminants

were investigated at different solute conditions under typical ultrafiltration pressures.

6.3 Experimental

6.3.1 Materials and reagents

Polyethersul fone f1l at Ssheet membr anes (PE
purchased from SterlitectUSA GO water dispersion (partic
was purchased from Graphenea USA Dopamine hydrochloride,
tris(hydroxymethyl)aminomethane y dr ochl ori de (Tri s HCI , o
polyethylenimine (HPEI, M = ~ 800 by LS), N®3-DimethylaminopropyhN Nj
ethylcarbodiimide hydrochloride (EDC hydrochloride);Hydroxysuccinimide (NHS,

98 %), iron(ll) sulfate heptahydratd-€SQQ H, C), sodium borohydride NaBH,, 6

98 %),p-ni trophenol ( PNP, O 99%), met hyl oran

obtained from Sigma Aldrich.

6.3.2 Synthesis of iron doped reduced graphene oxide i(r&£) nanocomposites

20 mL, 0.4 wt% GO water dispersion was diluted to 2 mg/mL with DI water, and 80 mg

FeSQ("T H, C (equivalents to 16 mg Fe) was subsequently added under stirringzand N
flow for 10 min. NaBH, (n(BH;,): n(F€ ) =2.4:1) was added into the suspension and
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stirred under Nflow for another 30 min to allow complete reduction of'Re F&. GO
carboxyl group content (0.0018 mmol/mg GO) was -getermined through
conductometric titrationHig. S1) method by an autttrator. An excess amount of EDC
hydrochloride and NHS (40 mg and 24 mg, equivalent to 0.0026 mmol/mg GO,
respectively) was added into the suspension and stirred for 15 min to allow sufficient
activation of GO carboxyl group, considggithe possible hydrolysis of the amireactive

ester intermediates. After changing the suspension pH to 8 by 1 N NaOH, 4 mL 200 mg/mL
HPEI solution was dropwise added into the suspension and stirred for 15 min to perform

the crosslinking reaction to olaGOT Fe nanocomposites. The rGGe nanocomposites
(rGO : Fe mass ratio was approximately 5 : 1) were prepareaiyH, (300 mM)

reduction of GO at 80 -prépared auspermsiod waddduted f o r
to 400 mL andprobesonicated (Qsonica Q500, 500 Watts, 20 kHz) for 15 min effective

time (interspersed by 2 s pulses) to yield a homogeneous mixture.

6.3.3 Preparation of PES/PD&OT Fe nanocompositemembranes

Inspired by biological mussel chemistry, dopamine cadeugo seHpolymerization to

form adhesive polydopamine (PDA) onto PES membranes that strengthens the interaction
between the support membrane and the F&® nanocomposite. Membrane modification

by PDA was achieved through dip coating following establis methods with slight
modification[15]. Briefly, 240 mL Tris HCI solution (0.013 M) was prepared, followed by

pH adjustment to 8.using 1N NaOH. Dopamine hydrochloride (2.6 mg/mL) was added
under stirring until complete dissolution. 15 mL solution was immediately transferred to

submerge the PES membrane in a petri dish (dia. 50 mm, ht. 11 mm). The reaction was
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performed at room teperature for 24 hr. The PDA surfafimctionalized (PES/PDA)
membranes were thoroughly washed with DI wdbiferent amounts of rG@ Fe (rGO
content equivalents to 1, 2, 4 and 6 mg) were vaefitened onto PES/PDA membranes
(effective area 10.7 cf)) yielding a surface loading of 934.6, 1869.2, 3738.3 and 5607.5
mg/n?, respectively. A schematic diagram of the detailed synthesis steps is shown in Figure

1.

Crosslinked
rGO - Fe

g
i —»

'Iln“h -

v PES/PDA/rGO - Fe membrane
PDA layer

DA hydrochloride
Tris HCI

W —_—
‘Nu“‘.. vesiuaue pH =8.5,24 hr %...q'l-on- —

PES membrane PES/PDA membrane

Fig. 1. Preparation steps for PES/PDA/rG@e nanocomposite membrane.

6.3.4 Characterization

Raman spectra were collected at room temperature with a Renishaw InVia Laser Raman
spectrometer, using a 300 mW Renishaw laser (785 nm, 1200 L/mm grating). Spectra were
collected once in the 3200100 cm' range over a 58 s exposure time. Infrared spectra
were identified by a Nicolet 6700 HR spectrometer, within the midfrared range from

40007 525 cm! with a resolution of 4 cmh based on 32 scans.-rdy photoelectron
spectroscopy (XPS) was performed using a scanning XPS microprobe (PHI Quantera II).
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X-ray beam was set at 12.5 W and 15 k. Bea

off angle was 45°. The pass energies for tmeesuscan, C1s scan and O1s high resolution
scan are 224 eV, 26 eV and 55 eV, respectivelyaypowder diffraction (XRD) patterns
were taken on a Bruker D8 Discover analyzer with DAVINCI.DESIGN diffractometer
operating at 35 kV and 45 mA. The approxienatterlayer spacing of nanocomposites
were calculated by Bragg equatioh=2d sin ¢, where d represents the interlayer spacing
(d-spacing) of nanocompositeg;is the diffraction angle/ is the wavelength of the

cobalt sealed tube source (0.179 nm).

Membrane surface and cressctional morphologies were examined by a JEOL-J8BD

F SEM equipment, with elemental distributions examinecebgrgy dispersive Xay
spectroscopy (EDS)Cross seitons were obtained by freeze fracturing membranes in
liquid nitrogen for 10 s. Samples were coated with either 7 nm gold (Au) for SEM or 10
nm carbon for EDS using a sputter coater. rGO layer structure, distribution and size of
doped Fe were examined Kyansmission electron microscopy (TEM). rGO Fe

nanocomposites were dispersed in anhydrous ethanol andakbpnto lacey carbon TEM

grids (SPI), and then characterized by a FEI Titan 1-B80 TEM equipment.
PES/PDA/rGOI Fe membrane samples were alst mto strips and placed into flat
embedding molds filled with Spurr resin,

The thin sections were microtomed with a diamond knife and then characterized by a FEI

Talos 200X 86200 TEM equipment.

BrunauerEmmet-Teller (BET) surface area was characterized by adsorption
desorption isotherms using a gas sorption analyzer (Autosorb iQ, Quantachrome
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Il nstrument s) . Sampl es were degasseidrFe at 10

nanocomposites zeta potentialgevdetermined by a Malvern Zetasizer device. Streaming
potentials were measured using a Surpass 3 instrument (Anton Paar). Contact angle
measurement was conducted by sessile drop method using an optical contact angle device
(OCA35).51 1 0 ¢ L-Q atdl droplet was dispersed onto the membrane surface, and
upon contact the initial contact angle was recorded. Each membrane was tested at 5

different locations to obtain an average value.

6.3.5 Filtration performance

Pure water permeance of theepared membranes was determined by a bscale dead

end filtration unit (Sterlitech HP4750, USA), with effective membrane surface areas of
10.75 cm. All the membranes were ppressed with DI water under 4.14 bar for 20 min

until steadystate flow wasachieved prior to further tests. Pure water flux was measured
under applied pressures of 0.69, 1.38, 2.76 and 4.14 bar. At each pressure, permeate weight

was measured every certain interval for a total of 6 measurements and an average value
was recorded.All tests were done in triplicate, and permeanté ((mZChr bﬁr)) was

calculated usingq. (1).

Permeance DM T (2)
rwatero\eff m t

WhereDM (0) is the permeate weight at time inteni2tl (recorded ins, converted to

hr); 7w (g/L) is the water d/ay & tn) isahe effechive (99

membrane surface area andirRr() is the transmembrane pressure.
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Membrane pollutant separation performance of the PES/PDAIrG® nanocomposite
membranesvas evaluated by deahd filtration at 4.14 bar for different feed solutions
including phenolic micropolliant (PNP, 6.5 50 mg/L) and azo dyes (MO and MB, 20
mg/L). Feed solutions were prepared at different phosphate buffer conditions (molarity =
5 mM at pH = 5.4, 7.2 or 8.6) to mimic different wastewater conditions. Permeate
concentrations of PNP, MO and MBere determined by a UMVis spectrophotometer
(Tecan Spark 10M) at given wavelengths (PNP at 398 nm for pH = 7.2 and 8.6, and 316
nm for pH = 5.4; MO and MB at 464 nm and 664 nm for pH = 7.2, respectively), after
establishing corresponding calibration ve@s. Up to 75 mL feed solution was filtered
through the membrane in the deaad configuration under 4.14 bar, and every 5 mL

permeate was taken to measure the segment pollutant concentration. The total removal (%)
can be calculated usirigq. (2).

] .

a Csegmentw segment

Removal(%)= = - 3100 (2)

0 tot

WhereC (mg/ L) andC,(mg/ L) are the average concentration of 5 mL segment

'segmen
permeate and the feed concentration, respectiVgly...(mL) andV,, (mL) are the

segment volume (5 mL) and the tofiftrate volume (75 mL), respectively; | represents
segment numbers (segments #5, #10, and #15) which were measured after 25, 50, and 75

mL were filtered, respectively.

Average water flux K_/(m2 Chr)) of PNP solution was calculated By. (3)

201



Ph.D. ThesisYichen WuMcMaster University Chemical Engineering

\[[Ot (3)

J= r
A,OL

WhereJ L/(m?Qhr) is permeate fluxV,, (L) is the total filtrate volume (0.075 LA

() is the effective membrane surface area; Bhdhr) is the filtration time.

6.4 Results and discussion
6.4.1 Characterization of membranes

6.4.1.1 Material chemistry

Sampl esd chemical structures, molecular bo
reactions achieved completion were identified by Raman spectra (Figure 2a).r€mbtopa

pure PES membranes, two distinct peaks appeared at around 13Zmadm580 cm,

which supported the presence of catechol groups and quinone structures from PDA,
respectively[20]. These peaks can be clearly identified despite PES/PDA membranes
showing a higher background interference sighastine GO, GO Fe and rGA Fe thin

films exhibited two characteristic peaks near 158¢ ¢@ band) and 1310 ch(D band),

which were ascribedto$s t r et chi ng of hybridized graph
lattice defects within that structuredadistortion of graphitic structures associated with the
breathing mode, respective[f1]. The intensity ratio of D band and G band/Ig@)

increased with increased reduction extent of GO (pristine GO: 1.24,ke01.38, rGQ

Fe: 1.73), suggesting an increase in structural defects and a declineagiedeattice size

of the sp domain, despite reduction of the oxygen bonds within the graphene. These

changes are indicative of successful crosslinking/reduction of GO, where HPEI grafting
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introduced @ N bonds at GO surfaces and edges to replace soheargon sites and
increased the Spcharacter[22], and the subsequent NaBleduction decreased the
nanosheet size through fragmentation to form more smgfled rGO domains with

increased defective edged ].

Sampl esdé6 functional group types were probe
demonstrated the following characteristic peaks: C=C stretching of aryl rings at 1577 cm
1 asymmetric stretching of CSOat 1321 cr, and S=0 stretching at 128! and 1148

cmt [23]. PES/PDA membrane exhibitédio new peaks at 3381 chand 1634 cm,

which corresponded to thedNH/Od H stretching and C=0 stretching from P)20],
respectively. Prior to reactions, GO had abundant oxygen groups such as hydroxyl groups,
caboxylic groups and epoxy groups, which were confirmed by the existencé éf, O

C=0, @ OH and @ O stretching at 3130, 1722, 1224 and 1054'cnespectively;
whereas the C=C stretching at 1617'anas from the skeletal GO nanoshigat, 25] GO

i Fe showed an additional peak at 3242 cmvhich was caused by hydrogen bonding
including OH and NH stretching25]. Thenew bonds at 1634 chand 1558 cm can be
explained by graphene aromatic C=C stretching anddCK@ stretching, and amidedC

N stretching, respectivelf26, 27] These peaks shifted to 1654 tmnd 1560 cm for

rGOT Fe, while tle peaks for the oxygen groups were eliminated. These results confirmed
the successful covalent bonding between HPEI and GO (given HPEI had no amide group),

as well as the reduction of GO to rGO.

Element composition and chemical states of materials waraiagd by XPS (Figure S2

and Figure 2c). XPS survey spectra confirmed the elements of the PES membrane (Figure
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S2a, C, O and S), PES/PDA membrane (Figure S2d, C, N, O, S and Na) and PES/PDA/rGO
I Fe membrane (Figure 2c, C, N, O, S, Na and Fe), as exp€dtedpectra of PES and
PES/PDA membranes (Figure 2c) were deconvoluted into two peaks assigndd to C
C/C=C (284.8 eV and 284.7 eV) and(C(286.2 eV)[28]. Ols spectra of the PES
membrane (Figure SPshowed two peaks representing O=S (531.6 eV) an€@533.3

eV) [29], whichwere from the sulpne bonds within the polymer backbone. O1ls signals
for the PES/PDA membrane (Figure S2f) were similar (531.5 eV and 533.3 eV), but the
peak at 531.5 eV was caused by overlapping O=S and O=C bond[2%aks
PES/PDA/rGO Fe membranes exhibited four C1ls peaks (Figure Z&t)CC=C (284.7

eV), C3 O/ C8 N (285.7 eV), @ O3 C (286.8 eV) and C=0O (288.3 eV), which
correspond to oxygeoontaining functional groups from rGO nanosheets, amine groups
from HPEI, and amide groups from the crosslinked riGBe [28]. Worth noting the
contribution of amide groups to thedQN bond detected by XPS was also supported by
FTIR C=(d NH stretching (Figure 2b). O1s spectra could be fit into three peaks (Figure
2¢): lattice & from O3 Fe (530.4 eV), O=C (531.8 eV) and@ (533.5 eV)[29, 30]

As shown in Figure 2c, Fe 2p3/2 (main peak, 711.9 eV) and Fe 2pl1/2 (719.2 eV) are
characteristic peaks for #ewhereas the peak at 710.3 eV and Fe satellite peak (714.0
eV) was attributed to B&[29, 30] These results suggested that the main oxide state of Fe
is FeOs and FeO, which likely formed an oxide shell over the Fe particle surface due to

oxidation.
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Fig. 2. (a) Raman and (b) FTIR spectra of PES membrane, PES/PDA membrane, pristine GO, GO
T Fe and rGO' Fe; (c) XPS survey spectra, Cls, Ols and Fe spectra of PES/PDA/F8O
membrane; (d) XRD spectra of pristine GO, GBe and rGQ Fe freestanding thin films

6.4.1.2 Structure and morphology

Crystalline structures, reduction degree, and structure defects of control membranes
(Figure S3) and pristine GO, GGFe and rGA Fe thin films were characterized by XRD
patterns (Figure 2d). PES and PES/PDA membranesex one broad peak at around
2g = 20.84, suggesting the amorphous nature of the polyi@&}sPristine GO exhibited

a pronounced single diffraction peak (001 plan&)g 12.35 (with a dspacing of 8.3)
resulting from oxygeitontaining functional groups at the GO surface, wherea$ G©

and rGOi Fe showed two different stacking pattern structure2gat 7.87 (001 plane)
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and 29 = 25.32 (002 plane) corresponding tospacing values of 1& and 4.1 A
respectively. The largersbacing was attributed to the crosslinked GO or rGO layers that
were expanded by the crelasking HPEI polymers, and the smallersgacingwas
attributed to densely stacked GO or rGO layers that did not undergelinkisg. The
smaller spacing, however confirmed the reduction of GOrddaction reactions which

allowed closer stacking of the she¢&2].

Surface morphology of gwzepared membranes were characterized by SEM. PDA
modification of PES membranes showed minimal change on membrane surface
morphology (Figure S4). However, PES/PDA/rGCFe membranes revealed a rough

surface with a distinctive wrinkled structure (Figurel3a&8b-1, 3¢l and 3dl). Cross

section images (Figure 33 3b2, 3¢2 and 3d2) exhibited two distinct layers, where the
nanocomposite | ayer thickness varies from
al. [31] reported unmodified GO nanosheet thicknesses up to 70 nm when depositing 75.2
mg/nfon PES/PDA membranes . Extrapolating this surface densiyrteystem would

be equivalent to a thickness of 0.87 em (a:
mass 1 mg) . The thickness obtained i n our
hypothesize that the thicker deposited layer could be explained speats, supported

by XRD (Figure 2d): (1) High surface density of coated r&&,934.6i 5607.5 mg/m

(2) Grafted HPEI polymer and Fe nanoparticles expanded the 3D nanochannels within

nanocomposite.
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Fig. 3. SEM/EDS images of PES/PDA/rGOFe membranes. rGO content equivalents to 1 mg (a
1 and a2), 2 mg (b1 and b2), 4 mg (el and €2) and 6 mg (dl, d-2, el and €2). n-1 indicates
membrane top views, andindicates membrane cross sections, where eggonds to a, b, ¢, d
ore.

At the microstructure level, EDS pictorially reflected the elemental distribution-of as
prepared membranes, which served as a useful supplement to XPS analyses. Both PES and
PES/PDA membranes (Figure S5) showed uniform elemergtlbutions across their
surface and throughout their cross section, including the distribution of N on PES/PDA
membranes throughout the top layer, showing successful adhesion and distribution of the
PDA layer. Likewise, Fe and N were found to existfamily within rGO i Fe
nanocomposites across the surface and @esson for the PES/PDA/rGO Fe
membranes (Figure 3k and 3e2), suggesting an evenly dispersed rG®IPEIT Fe

network after crosslinking. This conclusion was further strengthened hyrésgplution

TEM imaging (Figure 4a and Figure 4b), in which it can be clearly observed that Fe

(surface oxidized to Fe (Il, 1ll) oxides) nanoparticles were widely dispersed on rGO
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nanosheets. TEM images of the microtomed cross sections of f&0(Figure4c and
Figure 4d) also showed that the iron nanoparticles grew between the rGO sheets and did
not aggregate, with average particle sizes of approximately 8 nm. The introduction of Fe

nanoparticles potentially increased the adsorption sites for micragabutemoval.

Fig. 4. TEM images of (a and b) rGOFe nanocomposites and (c and d) csstion of rGO
Fe thin film from the microtomed PES/PDA/rG0re membrane.

6.4.1.3 Water permeance, surface properties, and stability

As shown in Figure S5gure water permeance was measured under pressures ranging from
0.69 to 4.14 bafor PES/PDA/rGOi Fe nanocomposite membranes containing varying
amounts of rGO from 1 m§ 6 mg. PES/PDA/rGdFe nanocomposite membranes
demonstrated pure water permeance dsedkdrom 356.3 to 39.8 Gn? 3 batt
accompanied by a slight increase in surface hydrophobiocitg{6 to @ °0) with
increasing mass content of rGO from 1 to 6 mg. Note that the grafted HPEI introduced

hydrophilic amine groups to rGO sidicantly increased the hydrophilicity, which can

promote a membraneébés affinity to hydrophil
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study was an order of magnitude higher than many other GO eco@@d membranes (<
15 LOn? K5 bad') [28, 33, 34] possibly because the embedded HPEI chain and the
anchored Fe nanoparticles effectively expandeddi@interlayer spacing (18) reducing

the membrane fluid resistance (Figure 1).

Membrane surface charge at different pH (5.4, 7.2, 8.6) was evaluated by streaming
potential (Figure 5b), which impacts the electrostatic interaction with charged molecules.
Unmodified PES membranes exhibited a negative zeta potential over the entire pH ranges
(above its isoelectric point at 3.6) suggesting a negatuledyged surfack35]. After PDA
modification, membrane surfaces carried a positive charge at acidic pH due to the
protonation of PDA amine groups, but became more negativelsged compared to neat

PES membranes at both neutral andda$l 7.2 and 8.6 due to deprotonation of PDA
phenolic group$36]. Crosslinked rGO Fe showed a positive charge at acidic aedtral

pH 5.4 and 7.2 as attributed to the protonated amine groups from HPEI chains, while
increasing pH to 8.6 resulted in a negative surface charge, caused bguD#lization of
cationic charges on HPEI chains as well as ionization of the remaiomgrosslinked
carboxylic groups from rGO to form carboxylate anion. BET analyses (Figure 5c)
suggested that control PES membranes had relatively low surface area and pore sizes at the
low mesopore ranges (210 nm), and that rGO Fe surface coating ineased available
adsorption sites (BET surface area reached 1189 and slightly decreased the average

pore size from 2.8 to 2.6 nm, which may have enhanced the exclusion of small solutes.

Stability of PES/PDA/rGQ Fe membranes was examined by immmegsnembranes in
phosphate buffer solutions (molarity = 5 mM) at acidic, near neutral, and basic pH for up
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to 20 days (Figure 5d), and comparing these with the stability e€russlinked rGO Fe
coated membranes. These control membranes did not incle®e carboxyl group
activation by EDC hydrochloride and NHS, and the subsequent HPEI crosslinking. From
the images, it can be clearly observed that crosslinked re®©membranes remain stable

in water without observed loss in nanocomposite structural ityegpross all pH values
measured for 20 days. Namosslinked rG Fe membranes in comparison disintegrated,
with graphene exfoliating from the membranes within a few days. This evidence
demonstrated the hydration stability of the crosslinked iG& menbranes, which is

critical for maintaining robust lonterm separation performance.
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Fig. 5. (a) Water permeance and contact angle of PES/PDAIrG® membranes with different
surface coating mass; (b) Streaming potential and (c) BET analyses of PES membrane, PES/PDA
membrane and rGO Fe thin film (rGO mass equals to 6 mg), pore size and pore volume were
calculated based on DFT method; (d) stapilcomparison between crosslinked and -non
crosslinked PES/PDA/rGD Fe membranes at different pH.

6.4.2 Performance evaluation

6.4.2.1 Removal of PNP micropollutant

p-nitrophenol (PNP) is representative of recalcitrant nitroaromatic micropollutants of
prime importance in effluents across various industries such as pharmaceuticals, textiles,
oil refining and coal conversidB7], and thus was selected as a model micropollutant for
membrane separation. We investigated the effect of pH and PNP concentration on PNP
removal using PES/PDA/rGBe membranes (FiguGa and Figure S6). Removal of PNP

was monitored over time, with PNP concentrations in the permeate measured30r 25
and 75mL of feed filtered through the membrane. High PNP removal (PNP concentration:
6.5 mg/L) was obtained for the first 25 mL permesttall pH, reaching 98.8% at pH 7.2,
93.4% at pH 8.6 and 88.9% at pH 5.4. The removal efficiency decreased to 75%bfor the

mL treatmenbf permeate, and further decreased to 36.5% at pH 8.6 and 27.8% at pH 5.4,
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