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Lay Abstract

Wastewaters sourced from i ndd#odtrreiadld mpmue
to high contaminant concentrations and thverying compositionaproperties Recent
advancements in membrane technologies have demonstrate gneésepio treating
industrialwastewaters, however, thesembrane®ften need to be integrated with other
treatment technologie® overcomechallenges withtreating these wastewaterhis
thesis aims to push the adoption of integrated membrane procesdesaing high
strength industrial wastewaters. By utilizing advanced analytical techniques to investigate
the effects of high contaminant loadings and variable feed properties on membrane
processes, it was determined tlsreening tools are needed tapidly design and
optimize membrane process that are tailored toptioperties of the wastewaterhis
thesis introduces a highroughput and miniaturized screening platform that combines
analytical centrifugation and filtgglate technology to holistilg screen twostage

coagulatiorfiltration processes with little time and material requirements.



Abstract

Wastewaters that are produced by indusii@cessesre nore challengingo
treat than municipal wastewaters, primarily due to two reasoRsstly, industrial
wastewatersontain high concentrations of several different contaminaatg. (netals,
nutrients and organicetc), which can be challenging for a single process to treat.
Secondly, the compositional properties of the wastewateryvary significantly as it is
dependent on several upstream procesSesnmercial membrane technologies have
shown significant adoption in desalination and municipal wastewater treatment
applications. Thie favourable selectivity and tunable properties engarneed interest
from both academia and industry to push these technologiesnthistrial wastewater
treatment Despite showing promising contaminant remaealults current studies have
shown that fouling due to high contaminant loadings, and Jariagament efficacies
due to feed property variations, limit the adoption of commercial membrarnethése
applications Current researctaddresseghese challenges through the new material
development or surface modifications, however, there is a teegppoach these
challenges at a process levelibjegratingexisting membrane technology into adaptive

processes.

This thesis aims to advance the adoption of commercial membrane technology
into -totoegthdé industrial wstlys theeeffexcts ef rhighapp | i ¢
contaminant concentrations and variable feed properties on membrane treatment is
studied by sing advanced techniques, such as gas chromatogiaphgs spectrometry,

to resolve the composition of feed and permeate streams rfrembrane processes



treating real wastewaterslt was determined that fast and efficient screening tools are
required tooptimize and adapt membrane processes to respond to this variability. This
thesis then introduces highroughput and miniaturized screéeg platform that combines
analytical centrifugation with filter plate technology to rapidly optimize -stage

coagulaion-filtration processes with an extremely low material and time requirement.
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Chapter 1 Introduction

1.1 Membrane Filtration
1.1.1Introduction to membrantchnology

Membranes are serpermeable barriers that preferentially transport one chemical
species over another, thereby enabling theaisgion of a multcomponent mixture
through a difference ithe transport rate of individual specteResearch irmembrane
science can be traced back to the &ggteentrcentury, however, the modern membrane
was developed in the early 1960s by Lcaid Sourirajan, who developed a phase
inversion technique for making anisotropic reverse osmosis membranes usitageellu
acetaté This discovery kickstarted the production of commeramémbranes, and by the
late 1980s, several membrangsre availale in a variety of materials, geometries and
cut to be usedh variouscommercial applications.

The three dominant thing forces inpressure drivemembraneseparationsare
pressure, concentration, and ion transfer, as shown in Figure 1.1. In theedirag,
applied pressure on one side of the membrane induces viscous flow from a region of high
to low pressure through a membrane aonhg pores. This is best described through
Darcyds | aw LgiEmembrand permeabiliy iethe applied mssurex is
the membrane thickness apdis the solution viscosity. This is the dominant transport
process in pressugriven membrane processes such as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (R@iffusion is a

spontaneous process that transpon@terial from a region of high to low concentration

and is best descri bed t hD and@lare the difkistoa | aw
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coefficient (similar to per meabdebiiThigyis i n Da
the dominant transport roleanism in diffusiordriven membrane processes such as
pervaporation, membrane extraction, and membrane distiftatiinally, ion transfer

under a voltage gradient occurs in membranes containing charged grdaps. Like

diffusion under a concentiah gradient, ion transfer occurs under a concentration
gradient but is also influenced by the magnitude of the voltage gradignarid the

valency of the ion 4;) being transported. This is best described by the N&lasick

equation (Eg. 4), whichian extension offi ®©hm@Gs aldawdés Hex
(96485.3 C/mol @, R is the gas constant (8.3145 J/mol K), anid thetemperature (in

°K). This mechanism dominates in electrically driven membrane processes such as
electrodialysis and electrophorésisBoth diffusion and ion transfer are spontaneous
processes, meaning that transport occurs from a region otdiigkv Gibbs free energy

( ¥Yo.

'G’QoEll"n‘j Egq.12) 0 O Eq.1.3
u‘.Qd)(q--)uoab(q--) v ) (Eq.13)

The most prevalent industrial membrane processes are press@re and have

been applie@xtensively in municipal and industrial water treatment and purification
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Viscous flow due to applied pressure Diffusion across a potential gradient len transfer under an applied voltage field

Phase’ Phase” Phase’ Phase” Phase’ Phase”

» A"

Driving Force P > P Driving Force C'> C' Driving Force ' > ¢’

Figure 1.1. Three primary regimes in membrane transport processes. The decrease in
vertical height of species being transportedder a diffusion or voltage gradient
represents a decrea$e .i Fi Gublsadhpeederi e og

Synthetic membranesre madewith materialssuch as polymers, glass, ceramic,
liquids, and metals. Polymeric membranes are the mpogtlardue totheir tunable
properties (such as pore size, surface charge, hydrophobicity, and component affinity) and
flexibility which allows them tobe packed into modules with lagh packing density
(large membrane filtration area in a small module voldm&omnon membrane
polymers include polyvinylidene fluorigde polyether sulfone polyamide and
polypropylené. The geomey of a membrane is known as a module. Spiral wound,
tubular and hollow fiber geometries are commonly used due itchilgla packing density.

Flat sheet membranes resemble a flat surface upon which filtration occurs and are used
extensively in the lab anBlenchscale membrane testing, however, it is rarely used
industrially due to having a low packing density.

Pressuralriven membranes can be classified based on their pore size as MF, UF,
NF, or RO. Macroporous membranes (MF and UF) rely on viscous fla s&ae

exclusion to create separation, whereas microporous membranes (NF and RO) create
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additional separation based the solubility of a species within the membrane (diffusion)

and charge group interactions between the membrane and component (chaigjergxcl

Table1l.1 compares membrane types.

Table 1.1. Comparison of tb four main membrane types

Type Pore Molecular Mechanism of | Mechanism of Examples of
Size Weight cut- Transport Rejection rejection
Range off (Da)
MF i L >100,000 Viscous flow Size exclusion Bact_erla, cells,
pum colloids
27 10 100071 Viscous flow, . . B_lopolymers,
UF e Size exclusion | viruses, small
nm 500,000 diffusion ) ,
colloids, bacteria
05i 2 Viscous flow, ?(')leb?ﬁ(tdusmn’ Divalent salts,
NF ' 4007 500 diffusion, ion Y, sugars, organic
nm charge
transfer : compounds
exclusion
Viscous flow, Size exclusion
RO Poreless | <200 diffusion, ion e | Monovalent salts
solubility
transfer

1.12 Membranes inwater andwastewater treatment

Membrane processes serve an important role in water and wastewater treatment
due to their extensive trement capacity The modern membrane was developed for
water softening applications, where chargedlutes such as sodium, chloride,
magnesium, and calcium can be removed up to 99% with relatively low energy
requirements compared to alternative technegiMembrane technologies play a
critical role in modern drinking water and municipal wastewgplants, in part due to the
reliability of the incoming feed properties that allow for processes to be developed and

customized for the specific applicatidn. Canada, membranes play an important role in

drinking water treatment applications, where plafitted with membrane technology
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served 8% of the population in 2011, which amounts to ~383 million cubic meters of

water filtered. Municipal wastewater cgounts for approximately 65% of wastewater

entering wastewater treatment facilities entering Cahada s e w e & In mynigipak ms
wastewater treatment applications, membranes bioreactors that combine membrane
processes with biological processes (sustam@aerobic and aerobic digestors), are used
together to treat the high organics loadihddoweer, increasing water consumption and

strict discharge requirements have created a precedence to push this technology from
drinking water and municipal wastea t e r treat metot r, eatnd tion dfutsd

wastewater treatment applications.

1.13Membransinfit otog r eat 0 applications
The nextfrontierf or membr ane technology it& i n tF
treato i ndustri al pplicatonse Wdusteal wadtewateast are n t i

wastewaters that are produced from industrial process. Wastewaters account for
approximately 18% of wastewater discharged into Canadian Sewsnigke municipal
wastewater, which tends to have constant faeacteristics, industrial wastewaters have
extremely high concentratiomd a variety of contaminds’ (e.g., COD concentrations in

the 1000F 10000 mg/L range)and the volume and composition of these wastewaters can
vary over timé®. For facilitiesthat produce industrial wastewater, the wastewater must
either be treated esite before being dibarged into a sewer or be externally transported
to a facility to a dedicated industrial wastewater treatment facility for treatim&ath
methods candchallenging, for facilities that treat wastewater on site, federal regulations

such as théNastewger Systems Effluent Regulatiopat strict discharge limits on the
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quality of water that can be discharged into selefBhe regulations are becoming
stricter as the demand for water increasasd arebecoming increasinglylifficult to
achievewith conventional treatment technologissich as bioreactors and settling tanks
Failure to comply with these regulations can lead to strict fines; for exarmpl€ity of
Toronto fines $100,000 per day when discharged sewage ieampliant®. Seconty,

for facilities that haul their wastewater to external treatment facilities, haulage can be
extremely costly, and scales with the volume of wastewater produethe frequency

of shipment¥".

1.1.2.1Challenge 1High concentrations of contaminarmtsd membrane fouling
ATougthr eat 06 i ndustri al wastewaters typi:

several different compounts Figure 1.2 shows a schematiof the different

contamination sources that can be foundhotustrial wastewaters, and thiechnologies

that are traditionally used to target these compounds. The high selectivity and tunable

properties of membranes matteeman attractive alternative twaditional technologies.

Severalstudieshave investigatedhe use of membrane technology ftreatment of a

variety of industrial wastewaters, such as mining, pharmaceutical waste, textile dyes,

diary production. Table 1.2 summarises a tdvwhese stueés and highlights the class of

membrane used, the influent properties of the wastewatdrthemnlevel of treatment

achieved via the membrane.
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Table 1.2. Examples of MF, UF and NF membranes in five ddfér industrial
wastewater applications. The influent and effluent measurements of select quality
parameters are shown, along with the percentage removal.

Wastewater Quality Influe nt Effluent
Class | Parameters , Concentration Reference
Source Concentration (Removal %)
NE  |COD (mg/L) 240 20 (92%) 5
Bh cal TDS (mg/L) 2460 384(82%)
armaceutica \e | -COD (mglL) 4516 79 (98%) .
TDS (mg/L) 712 BDL (100%)
Conductivity 0
- (mS/em) 4.6 0.4 (91%) -
SIS 2620 168 (94%)
- (mg/L)
Mining Calcium
80 16 (98%)
NFE (mg/L) 18
Sulfates 0
(ma/L) 3500 126 (96%)
COD (mg/L) 708 177 (75%)
o 19
UF Conductivity 38 2.66 (30%)
Textile D (mS/cm)
extile Lyes COD (mg/L) 2960 770 (74%)
NF T 20
Tz‘l\rlg'g')ty 1500 7.4 (99.5%)
ME COD (mg/L) 1182 678 (43%) 2t
Landfill BOD (mg/L) 651 238 (63%)
Leachates N |COD (mglL) 500 100 (80%) 22
SS (mg/L) 130 BDL (100%)
COD (mg/L) 3256 3065 (6%) 5
MF Turbidity 0
| (FAU) 160 40 (75%)
Dairy
Wastewater COD (mg/L) 346 17 (95%) 04
UF I ssmoi) 111 11 (90%)
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Figure 1.2. Schematic of the types of contaminants present in industrial wastewaters, and
the traditional technologies that are used to treat th@mughto-tread industrial
wastewaters will typically haveigh concentrations of many of these contaminants, and
seveal technologies need to be combined to fully treat these wastewaters.

Overall, membranes in theSimughto-t r eapplications have shown significant

promise, however, the treatment efficacy elegis on the type of membrane selected and

the influent propdres of the wastewater. One significant challenge that membrane

processes face when treating wastewaters with high contaminant concentrations is

membrane fouling. Fouling is a phenomenon in wipelticles that are being removed

either

a d h e o éhe membrane asukfaed) whicim tauses an increase in the

resistance for filtration.This manifests as either an increase in the transmembrane
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pressure (TMP) to maintain a certain permeate flua alecrease in permeate flux to
maintain a certain TMP, the foer being the more common. Consequently, fouling
decreases membrane productiity Foul i ng can be cl assified
productivity can be restored through physical cleammngt h o d s , or Oirreve
loss in membran@roductivity cannot be regained or regained only through aggressive
chemical cleaning. In reversible fouling, a cake layer of loosely bound foulants forms
over the filtration surface to increase the resise to filtration, whereas irreversible
fouling results in the chemosorption of foulants onto the membrane surface and pore
plugging. For nofporous and microporous membranes that rely on diffusion such as RO
and NF, an important concept is concentrafpmarization. Here, the concentration of
accumulatd particles on the membrane surface is higher than that of the bulk fluid,
causing back diffusion into the bulk under a concentration gradi€@rossflow filtration

is better able to control concentaat polarization as shear forces prevent the foionaif

a concentrated fouling layéf. The most common foulants that are found in membrane
feed streams are best classified in review articles by Gud &t AlSawaftha et af’, and

are summarizin Table 1.3.

10
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Table 1.3. Description of the types of foulants found in membrane filtration processes

and their mechanism of fouling.

29

the salt and its

solubility in water.

Colloidal Fouling | Organic fouling Scaling Biofoulants
Monodispersed A broad range o] Deposition of| Accumulation  of
insoluble organic inorganic sak on| microorganisms
suspensions il compounds  with the membrang and their seretions
water that arg molecular weightg surface. on a membrang
classified by sizg ranging from| The most commor surface
as settleable solid 1,000 i 100000 | scalants in
(>100 pm), supra| De. membrane
colloidal solids (1| The largesty processes ar
c | : : -
=} | 100 pm), | fraction is| carbonate, silica
2 | dissolved  solidg hydrophobic sulfate, calcium
§ (<10 A) (humic) acids tha iron, and
Q contain severa magnesium due t
© aromatic  groupg their ubiquity and
L and conjugate( low solubility?2.
& double bonds. Th
remaining fraction
includes
transphillic ~ and
amino acids
proteins, and
carbohydrates, tha
contain more
aliphatic carbons.
Colloids that arg The hydrophilic| The concentratiol Extracellubr
similar in size to| fraction of NOM| of salts during| polymeric
the pore size caus contributes  mos| filtration leads to| substances (EPS
pore blocking,| significantly to| their solubility | secreted by
g while larger| membrane limit being | microorganisms
‘© | colloids form a| fouling®*3, while | exceeded, thereb adhere to the
8 | cake layer. large compound{ causing these sall membrane surfac
® | Cake formation of both| to precipitate an¢ and leads tq
= |involves initial | hydrophobc and| foul a membrang subsequent
2 deposition, hydrophilic surfacés. The| attachment
g compaction into g fractions degree of scaling (bioadhesion)
L tight skin layer,| contribute to| is dependent ol followed by growth
and gradual gpwth | reversible both the| (multiplication) or
over the skin laye| fouling®. concentration of organisms on thg

membrane
surfacé*

11
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1.1.2.2Challenge 2Time Varyindgreed Poperties

The seconcthallenge associated with the treatment of industrial wastewaters is
the prevalence of wastewaters with temporal variability in their fjeeperties This can
either be variability in the volumes of wastewater that are treated;othposition of
wastewder, or seasonal variations in the temperature of the wasteRedgrousstudies
have explored the effect-totorfedte®® dapmlrii@ati ioa
surface wateéP ", municipal wastewater treatmé&ht’ and seawater applidgans'®+%
Though the wastewaters used in these studies had lower contaminant concentrations as
compared to industrial wastewaters, these studies have demonstrated the effect of feed
variations on membrane processes. For example,etal. observed higin natural
organic matter (NOMJouling and salt precipitation when tligssolved organic carbon
(DOC) and conductivity of the incoming feed of a surface water was Higiigrache et
al. showed that seasonal variations in the nutf@sding of municipl wastewaters can
affect the prevalence of biofouling on reverse osmosing membranes. Finally, Sui et al.
studied how variations in the loading of specific pharmaceuticals affect MBR treétment
Higher pharmaceutical loadings obsethme the summer mohs lead to an overall lower
removal ratdoy MBR treatment. Additionally, certain pharmaceutical compounds such as
carbamazepine and sulpiride were not removed via membrane treatment, and thus bulk
removal of pharmaceuticals was loweremhhigher concentriains of those compounds
were present.

A very limited number of studies have investigated the effaicfeed variability

on industrial wastewater samples. Silva et al. showed that variations in the ratio of

12
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COD/SQ? in sulfaterich wastewaters sourcedofn ethanol production led to variations

in the performance of an MBR fitted with an UF membrane. Higher COD removal rates
were observed when the ratio of CODiS®@as higher, and higher fouling was observed
when the ratio was lower iffher sulfate conceration). Conversely, Farizoglu and
Uzuner showed that extreme variations (COD ranging between 921 and 9004 mg/L over
an eightmonth period) in the influent organics loading of a dairy wastewater to a UF
system had minimal impact on theatment efficieng however, a higher fouling rate

was observedvhen the influentCOD was highef®. Though limited, these studies have
shown the extent to which variable feed properties can affect the efficacy of membrane

treatment processes.

1.2 Integrated membrane pra@esses

A variety of solutions have been proposed to adapted membrane processes into
At otoghh eat 06 applications. Thi s includes re
research pipeline, from novel membrane materials to fully integratedhbrane
system&. Currently,the majority of newmembrane research is focused on developing
polymers that have beneficial properties when cast into membranes. Very few of these
materials ever move forward into viable membrane modules, and even fakeitimto
commercial applicatiot4 There is a tsong need for researchers to focus on taking
existing membrane technologies that have already gone through the strenuous research
and development cycle, and develop smart and integrated processestheoottdtreat

industrial wastewatet$

13



Ph.D. Thesi$ A. Premachandra; McMaster UniversityfChemical Engineering

Though may commercial membranes exist with high selectivity for several
different contaminants, low membrane throughgatised by membrane foulingmains a
significant challenge when pushing these technolagiest o -fo-t negho appl i ca
Integrated membree processes refer to how membranes interact with other treatment
processes within a larger treatment trairhese challenges can be overcome by

integrating membranes with other treatment technologies.

14
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Figure 1.3. (A) The research and development pipeline required to take a novel material
and develop it into a viable membrane technology that can be used -scéldl
applications. (B) The current number) @nd share (2) of papers focused on polymer,
membrane material, @dule, and process research between 1980 and 2020, highlighting
that the majority of current research is focused on polymer and material research.
Reprinted with permission from Beuscheakt* under Creative Commons license.
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1.2.1 Multi-stage process

Membrane processes are often coupled with other separation technologies such as
disinfection, coagulatioflocculation, activated carbon, and media filtration to remove
foulants before firation. Typically, these processes are placed upstream ofratiditt
process to reduce the fouling propensity of membranes by removing larger contaminants.
Disinfection prevents membrane biofouling by reducing the number of fmigemisms
in the feedvater’. Chloride is the most used disinfectant, however;radiation and
oxidizing biocides such as hydrogen peroxide are alsdusgaagulatiorFlocculation is
a highly effective in removing turbidity and suspended solids before filtration.
Coagulgion-Flocculation before membrane filtration has been widely stlithr MF*©47
UF*4 NFP?*land RG?systemsHere, a coagulant (typically a positively charged metal
ion) is used to destabilize colloidal suspensions via charge neutraljzation floc
formation occurs once van der Waals forogsrcome repulsive forc&s Microflocs are
then aggregated via the addition of a polymeric flocculant to form settleable -macro
flocs*. Even though it is highly effective, it can be expensive tplément due to
chemical costs and high plant footprieguirementsas large reaction and settling tanks
are required if idine coagulation/flocculation is not useéctivated carbon, either as
powderedPAC) or granular (GAC) activated carbon, is useadsorb DOC through van
der Waals interactions betweenntaminants and the PAC/GAC grandte$AC/GAC
has been widely studied as a membrpretreament technology and has shown to be
effective in removing organic fractions from wastewtetr Media filtration involves

filtering the feed water beforentering a membrane process and includes simple physical

16
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separation techniques such as sand filtr&jomdsorptive resii8 and large porsized
MF and UF membranes before NF/RE. Integratedmembrane processes can be
designed to solve the twoentral challenges associated with industrial wastewater

treatment (high contaminant concentrations and variable feed properties).

1.2.2 High-throughput sreening tools
Multistage processes improve thgerformance of downstream membrane
processes by reducing the fouling propensity of the incoming feed. Several design
considerations must be accounted for when developing these processes such that both
processes are not onfgiloredto the wastewater thas being treated, but also that the
operation of thanembrangrocessdoes nobperatessuoptimally due to changes made
to the water properties by tipeetreatmenprocess. A common example of this is the use
of coagulation prieeatmeniprocesses prior tmembrane filtration. Coagulation processes
effectively remove large colloids, such as NOM, that would otherwise foul membrane
surfaces, however, the coagulant dgsneeds to be carefully administered. Underdosing
the coagulant can lead to significantlomlal fouling on membrane surfaces, whereas
overdosing can lead to scaling as metallic precipitates deposit on membrane surfaces.
This can be particularly challeimg for processes that face significant feed variability, as
the coagulant dose needs to tEadjusted. Similarly, other processes pretreatment
processes needed to be similarly adjusted to optimize downstream membrane processes.
Process screening is a madhof rapidly desiging and optimimng processeby
using asmaller scale version of the mstrial processes to rapidly evaluate the process

under a variety of design parameters and process alternative at a bench or pildhiscale.

17
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is partcularly beneftial when designing integratadembraneprocesses foéoughto-
treabindustrial wastewats asoperating paragters can beptimized forthe particular
wastewater being treated. Additionally, screening tools can be usétiently re-adjust

those procesgariables wherthe influent propertiesttange over timeCurrent screening

tools that are used in wastewater treatment applications involve large bench scale
equipment that allow practitioners to evaluate screening tools, however, the screening
processwith these technologiesan be timeconsuming and have a low throughptiis

thesis bcuses on highhroughput screening (HTS) fowo-stage coagulation and
filtration processeghat enables rapid designing and optimization of these integrated

processes.

1.2.2.1. Membrane HTS

The current standard for evaluating membrane processes inuawves a lab
scale or pilot scale membrane module. An example of this is an 1812 spiral wound
membrane module that fits a large membrane surface into a module that hamem 18
length, and 1.2nch diametét'. Another example of this is the use of a 8ERII, which
is high pressure filtration cell that evaluates flat sheet membranes with an ~%40 cm
active surface ar€a These bench scale filtration technologies are often fitted into a
bench scale filtration system that includes a tanitd@ce seeral litersof wastewater, and
a pump that can generate high pressure and crossflow rates. The stirred cell is another
common screening tool that is used frequently in bioseparations applications. Here, a
sealed vessel is filled with between 300 mL ofliquid and filtered through a flat sheet

membrane using pressured supplied through a gas source. A magnetic stirring apparatus is

18
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included inside the vessel to emulate crossflow filtration process where shear forces
prevent deposits from forming on the migrane surface. Even though widely used in

both practice and research, these technologies struggle with havingtadaghput (one
membrane screened at a time) and long testing time (several hours per test to evaluate
membrane fouling).

Several higkthroughput and miniaturized alternatives have been presented in the
literature that ovecomethe challenges with standard bench scale filtration technologies.
This includes systems that have parallelized several filtration systems to test several
membranes siultaneousl§* %, or ultrascaled down filtration cel®®that can evaluate
membrane performance with a low material requirement. Filter plates are a technology
that is widely used in optimizing membrane processes (membrane adsorbers) in
bioseparatins applications. Here, the wells of a microplate are fitteth witnembrane
filter in which between 12 and 1536 different solutions can be filtered simultan®ously
However, this technology is currently limited as these plates are typically fittedhaith
same membrane type. As such, only variationthénsolutims being placed into the filter

platecan be screened, and comparing membranes requires the use of multiple plates.
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Figure 1.4. Examples of lgh-throughput or miniaturized membrane screening tools. (A)

Am niaturized testing cell designed by OO0 Ne
performance to be evaluated with microliters of testing soltfti¢R) A parallelized flat

sheet membrane testiagparatus designed and built by Vandezande et al. that allows 16
membranes to be screened simultane®@siR e pr i nt ed wi th permissio
Jensen, and Vandezande et al. from Creative Commons license.

1.2.2.2 CoagulatioHTS

Jar testers are watly used to optimize coagulation processes; however, these large
systems have a low throughputi(4 jars) and requires a large material requiremeint (1
2 L/jar). This can be challenging when several combinations of operatidgiona must
be screer (pHs, concentrations, coagulants etc.). Like membrane processes, several
alternatives that address the material and time requirements of screening coagulation
processes have been proposed in the literature. Technologies thatedacedr the
volume inclule coagulation screening in microwell pldf€d microfluidic device& and
miniaturized mixing vessél One such study has looked to reduce the experimentation
time by introducing a novel spinning disc device, however, onlg condition can be

evaluated at a timé.
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1.3 Objectives and thesis outline

The goal of thighesisis to advance thadoptiono f me mbr ane-$- i nt o
treato applications, and dhe first @bjettiye isat@ hi e v i
develop a understanding of howigh strength industrial wastewaters with variable feed
properties affect membrane processes by using-atdle-art techniques to resolve the
compositions of influents and effluents of membrane processes. The second objective is
to develop a HTS tool that enables the rapid design and optimization of integrated
membrane processes

Chapter 2 investigates the application of four commercially available
nanofiltration membranes in the treatment of twaeying mult-sourced industrial
wastewaters. Tiee batbes of wastewater were sourced frondustrial wastewater
treatment plant that collects, blends and treats wastewater from various industries. As
such, the influent properties vary daily depending on the volurdecamposition of the
various wastewatersdhare received. In this study, it was shown Hatheswvith similar
bulk properties (such as COD) have very different treatment efficacies when treated with
these membranes. Gas chromatograplags spectromstr (GC-MS) was used to
fingerprint the compason of the membrane influents and effluents, asdow that
different compounds have different selectivity when filtered, and the overall removal was
heavily dependent on the composition

Chapter 3 investigateghe application of nanofiltration membraresa polishing
treatment technology at the back end of a MBR that is treating dewatered digestate

stream. Two batches of MBR permeate were sourced from a biogas generation facility
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and treated using three commial nanofiltration membrane. Thishapterinvestigated
the tradeoff between permeate recovery and quality that was observed across the three
membrane processemd investigated how the difference in upstream conditions (namely
the concentration of ammonia) affected the removal performance ofwastteam
membrane process.

Chapter 4 aimed to demonstrate the use of analytical centrifugation as a viable
HTS tool for rapidly developing and optimizing coagulation processes. Jar testing is an
inefficient and material intensive coagulant screening tmad, current alternatives have
either increased the throughput or reduced the material requirement for screening.
Analytical centrifuges assess the stability of solutions by measuring the transmission of
nearinfrared light along a sample. Through this heclogy is primarily used for
assessing the stability of formulated solutions in industries such as personal cactsprod
paints, and food items, we demonstrated that this technology can be used to approximate
the colloid stability of coagulated wastewemrt systems through an optibased
measurement. In thishaptey we use the AC to optimize the coagulation treatment
solution conditions (pH and coagulant dose) for a single batch of wastewater with a low
material and time requirement. Additionally, we darstrate how the stability
measurements via the AC can be used to compare coagulants and make process
adjustments whefaced with feed variations.

Chapter 5 builds upon the work presented in chapter 4 by using an analytical
centrifuge to optimize a coaguionflocculation pretreatmentprocess prior to a

downstream nanofiltration. Previous studies have shown that dowgrahe zeta
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potential is important when selecting coagulant dosages prior to membrane filtration.
However, zetgpotential measurementseanot accurate for industrial wastewaters that
have a high salt concentration. In this chapter, the liquid fracfialewatered digestate
was pretreated via coagulatifincculation, and an AC was used to select three coagulant
dosages based on measuretsef instability index (undertreatment dose, a dose at the
critical coagulant concentration, and an overdose). €lexted doses were then used to
pretreat a large volume of wastewater at each condition (10 L+) and filtered using a SEPA
cross flow filtmtion cell fitted with a commercial nanofiltration membrane. The filtration
results highlighted the importance of amfling the coagulant dosbased on colloid
stability, and the AC provides a viable method to achieve this for high salinity
wastewaters.

Chapter 6 introduces a HMS pipeline thatscreensintegrated twestage
coagulation filtration processes in unisonisTfills an important gap in the literature as
current studies that are either developing or optimizing integrated coagtittaiion
screening processes often resort to slow and material intensive jar testing anddadech
membrane equipment. Thougleveral combinations of design considerations exist for
both coagulation (e.g. pH, coagulant type, concentration) and filtration (engbnaree
material, operating pressure) processes, the use of conventional screening technology
limits the scope othe mmbinations of variablethat can be tested. In this chapter a
screening pipeline that combines analytical centrifugation for coagulesgnscg, and
filter plate technology for membrane screening, was developed to dmwdeprocesses

in unison. Additim al | vy, el ement s of O6next gener ati
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adopted from the biomanufacturing industries by introducing elememtg@afturization
(performing coagulation experiments and filtration experiments in microwell plates),
automation(usinga liquid handling system to perform all liquid transfer tasks), and rapid
measurementtechniques (using rapidabsorbancdédased techniques) In all, 648
combinations of coagulatiefiltration experiments where six coagulants were screened at
all combinatiols of nine concentrations and four pHs, with a AcroPrep filter plate fitted

with 30K Omegaultrafiltration membranes.
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2.1 Abstract

Restrictions on the volume of organics discharged from industrial wastewater
treatment plants has created an impetus to implement nanofiltration (NF) membrane
technobgy at these facilities. However, NF membranes are rated based on simple
performance metrics (e.g. permeability and salt rejection), not their capacity to reject
organt content. In this study, thr@edustrial wastewater (IWW3$amples with varying
concentations (measured via COD) and compositions (analyzed via gas chromategraphy
mass spectrometry) were filtered using four commercial NF membranes (NF90, TS80,
NFS and NK). The NFOO membrane demonstrated the best COD removal, however
compositional differenes between samples significantly influenced the magnitude of
COD reduction, thepermeate fluxperformance during filtration, and the measured
hydraulic permeability andalt rejection before and after filtration. To investigate this
further, separate solohs of commonly occurring chemical compounds (benzyl alcohol,
2-phenyl ethanol, pentanoic acid) were made with equivalent COD concentrations and
filtered through the R90 and NFX membranes. The NF90 membrane demonstrated

significantly better COD removalbf all three solutions. It was found that the NFX
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membrane achieved an increase in permeate flux during constant pressure filtration which
was attributadtiwata omsoolpvheentomena. -offhese
concept o6 t hat branesneanrsignifieahtly ridtce the @OD concentration

of IWW, however, performance metrics that encompass both bulk and compositional

properties must be adopted andchsi@rdized.

2.2 Introduction

Membranebased processes play an integral role in the tey#trof wastewater
that is generated from a variety of industrial sources. It is anticipated that forthcoming
stricter regulations related to environmental dischargedatas will create an even
greater demand for the usage of membiaesed processes. Fexample, the Canadian
government has approved a new set of Wastewater Systems Effluent Regulations (WSER)
that set stricter discharge limits for the facilities thaaitrand discharge over 150 billion
liters of wastewater each year Industrial wastewater (IWW) will typically contain
dete¢able amounts of organic compounds (e.g. glycols) with the possibility of ve
complex compositions depending on the exact industrial sdur©dten the levels of
these compounds, which is normally quantified using bulk property measurements such
as chemical oxygen demand (CQD#¥ill preclude the use of biological treatment
processes due to the associated toxiamy thus facilities rely on an assortment of
physicachemical techniques such a®agulatiorflocculation, sand filtration and
activated carbon adsorption*. Theuse of pressurdriven membrane processes as a
Apolishingd step in the treatment of | WW

requirements of new effluedischarge standards
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Nanofiltraion (NF) membranes were originally developed as a-poggsure
alternative to reverse osmosis membranes for water softening applicatidiee overall
performance of NF membranes is governed by the h dacti ve | ayer 06
(typically polyamide) that is generated through interfacial polymerization, specifically a
polycondensabn reactior® ® °, The mechanism for organic solute and solvent transport
through NF membranes is rather complex due to the conhlgiffiects of convectiodue
to transmembrane pressure gradients, diffusiole to concentration gradients, and
electrostatic repulsion effeéts'?. Given the complexcomposition of IWW, it is very
challenging to predict the treatment penfiance for a given NF membrane because the
membrane manufacturers only report a few simple performance metrics, namely the
permeability of water, rejection of common salts (typicalgdium chloride and
magnesium sulfate), and molecular weightaffittMWCO). The typical MWCO value
for commercial NF membranes is the range of 200 to 500 Da, however the manufacturers
provide no details on how these values were determined. Previdlisssiave shown
that MWCO values are not well correlated with the rema¥airganic compounds 4,
the transport of organic compounds through NF membranes is marehcamplex given
the dependence on multiple properties includthgrge, hydrophobicity, and ionization
constant!® 15, Furthermore, it is possible that certain chexthicompounds present in
IWW may swell the active layer of NF menalnes and cause a permanent change in its
structure in a similar manner to that reported for reverse osmosis membranés
Undestanding those effects that may occur simultaneously along with the more well

known effects of membrane fouling is a challefffé 2.
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In this study, we evaluated the performance of four commercial NF membranes as
a Apol i s hithneg BVWs of €gnpldx @amposition theavere obtained from a
specialized IWW treatemt facility that receives daily delivies of IWW that is generated
from a variety of different industries. Thus, the composition of the incoming IWW varies
considerably and yet the effluent from the facility must be continuously below the
discharge statards for the local municipality. Whildaere have been numerous studies
that examined the use of NF membranes for treatment of IWW from a single source, t
the best of our knowledge, there are no published studies related to this particular
application & membrane technologies. Our comprehemsicomparison included
membranegoroductivity (via permeate flux measurements in constant pressure filtration),
treatment efficacy (via COD rejection measurements), and membrane stability (via
changes in salt rejectioafter the wastewater filtration teshj. order to obtain detailed
guantitative information on the composition of each IWW and the relative performance of
each NF membrane in terms of rejection of specific chemical compounds, we analyzed
the feed and pereate samples usirgas chromatograpbhyass spectrometry (GRIS);
previous studies have a used a similar approach for the evaluation of treatment
performance for other applicatiofs?* 24, Based on the emerging trend towards use of
NF membranes in soal | e d-totéort mautgbh appl i cati ons, it
performance metrics need to be adopted and standardized acrossesdust that the

outcomes from this stly lay the groundwork for that development.
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2.3 Materials & Methods
2.3.1 Nanofiltration Membranes

Four commercially available flaheet polyamid&lF membranes were purchased
in large sheets and then pisely cut to fit within thebenchscale crossflow SEPA cell
(Sterlitech) A summary of the membrane characteristics, as provided by the
manufacturers, is presented in TaBlé. These membranes were selected based on their
previous and promising applicati in industrial settingg particularly for treatment
processes involving a singg®murced wastewater (i.e. textile wastewater). The primary
purpose of these membranes is for monovalent and divalent salt removal, however with
niche industrial applicatiorss stated by their respeaimanufacturers. For example, the
NF90 can be used for nitrate, iron, and some organic molecule removal. Similarly, the
NFS membrane is specialized for sulfate removal from flood injection wastewater
produced by the oil and gasdustry, while the NFX isated for several industrial
applications ranging from lactose demineralization to textile dye concentration. Finally,
the TS80 membrane developed by Microdadir can be used for the removal of

uncharged organic solutes fronastewater.

Table 2.1. Properties oNF membranes as provided by the manufacturers.

Membrane ID Membrane Rated MWCO Ra_ted' MgSQ, Ra_ted' NaCl
Manufacturer Rejection Rejection

NF90 Dupont 20071 400Da 99.0% 90.0%

TS80 Microdyn-Nadir | ~150 Da 98.51 99.2% 80.0%

NFS Synder 1007 250 Da 99.5% 50.07 55.0%

NFEX Synder 15071 300 Da 99.0% 40.0%
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2.3.2 Benckscale crossflow filtration system

A schematic of the filtration system used in this study is ptegan Figure2.1. A
mor e detail ed schemat tiepl wlcieoh tiamd&l udperse sa
pressure relief valves, and the rotameters used in the system is presented iA.Bigfire
the Supplemental Materials. In regular operation, a fluig (ater, cleaning solution,
wastewater etc.) is placed into the feed tank (T01) and pressurized using a Hydracell
MO03-S positive displacement pump (P01) then sent tabd#mehscale crossflowSEPA
cell (filtration area of 140 cA). The concentrate and pegate are recycled back into the
feed tank, with permeate samples collected periodically through a sampling port (V04).
During filtration, the bypass valve (V02) was closed, the feed contteé (&¥01) was
fully opened, and the tramsembrane pressure (TNIRvas manually controlled to the
desired fixed value using the concentrate control valve (V03). The three pressure gauges
PG01, PG02, and PG03 were used to record the feed preBsurthe concentrate
pressure,0 , and the permeate pressure, respectively; the TMP pressure was

calculated from those recordings according to Equafid). (

0 — 0 (2.0
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Figure 2.1. Schematic of the benedtale crossflow filtration system used in this study
see text for details and descriptions of the system components.

2.3.3 Memmane performance testing

Three IWW samples were acquired from a treatment facility that receives WW
from approximately 100 different clients from chemical, food, automotive, and other
industries. The samplds e epnetreé¢ d 6 usi ng \chamicalpuosesspsh(g.gs i ¢ 0
flocculationcoagulation, hydrogen peroxide with aeration, sand filtration) aede w
collected over a period of approximately three weeks to ensure diversity in their
composition. In our lab, the samples were filtered using-thigbon filters (Whatman)
and then analyzed to determine their respective COD, pH, and conductivity Vidiees.
COD was measured ugiamgedbhe&OBadclesdhnghKkits
supplieros i nst raomductivilynveere mdabueed ysiAg #5522

pH/conductivity meter (Hanna Instruments). Since the IWW is sampled at the end of the
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existing procss, it should be noted that there is virtually no suspended solids in the
wastewater and the pH of wastewater is close to neutral (7.0 £ 0.2) due djuptinents
made during the procesBable 2.2. shows the average measured COD and conductivity
of eachwastewater.

Table 2.2. Measured feed parameters of the wastewaters studied in this investigation.

Averagevalues and standard deviations for each parameter are based on 8 measurements
for Wastewater A and I®easurements for Wastewaters B & C.

Wastewater ID COD (mg/L) Conductivity (uS/cm)
A 1212 + 92 4681 + 275
B 2624 + 144 1423 + 32
C 2694 + 83 1602 + 84

To complement the testing done with the three real IWW samples, a select number
of solutions containing just one chemical found in the IWW samples were created. The
three compounds selected for this study were benzyl alcohol (>97.0%, VVpR&ng!
ethand (>98.0%, TCl America), and pentanoic acid (>98.0%, TCl America). The
theoretical oxygen demand (ThOD) was calculated for each compound to determine the
mass required to make the required amount of solution in deionized water with an
approximate COD 01333-mg/L. After thoroughly mixing the solution, the actual COD
was measured using the same Hach testing kits.

The hydraulic permeability of each NF membrane was measured before and after
each filtration test. The permeate flux of regular tap water thugh the membrane was

determined via timed collection at transmembrane pressures (TMP) ranging from 4.14 bar
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(60 psi) to 9.65 bar (140 psi) in approximate increments of 1.38 bar (20 psi). According to
Equation 2.2), the permdaility of the membrane wasetermined by conducting an

ANOVA regression analysis of average permeate flux versus TMP.

— (2.2)

The saltrejection properties of each NF membrane were also measured before and
after each filtration test. Solutions of either sodium chloride (99.5%-+, Fisher Scientific)
or magnesium sulfate heptahydrate (99.4%, Fisher Scientifie)e prepared at
concentration®f 2000 mg/L and then filtered in a crossflow configuration with constant
recirculation for 30 minutes at a constant TMP of 7.58 bar (110 psi). The pressure and
solute concentrations were selected based on manufacturemmecalations. After 30
minutes offiltration with recirculation, three feed and permeate samples were collected.
The concentration of salt in those samples was determined from conductivity
measurements (HI5522 pH/conductivity meter) and a snadge calibation curve. Salt

rejection vales were determined via Equatich3):

Y b — pTT (2.3)

whereCrandC;, are the average salt concentrations in the feed and permeate samples.
The wastewater was filtered through each membrane in a crossflow comdigurat

at a constant TMP of 6.89 bar (100 psi). The wastewater was initially allowed to filter

through the membrane with complete recirculation for 20 minutes; based on our

preliminary work (results not shown) it was found that was sufficient time to reaatyst
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state conditions. Next, the permeate was collected in aeuycle operation over & 2

hour period with the permeate flux recorded every 20 minutes by measuring the time to
filter 2-ml of permeate, with five measurements taken at each time interkal. T
normalizedpermeate fluxvas calculated via Equatio@.4) to compare the permeate flux

at a given timev to the initial permeate flux0 .

0 K - (24)

Two samples of the feed were collected at the start (t = 0) and end (t = 120) of the
filtration period. COD measurements of the feed and permeate samples were used to

calcuate the COD percentage rejection according to Equa2isi. (

2 p pTIT (25)

2.3.4 Gaxhromatographymass spectrometry analysis

The asreceived samples of IWW and collectedngdes from the NF filtration
experiments were analyzed as described below. Firstly, a 100 mL aliquot of each sample
was acidified with ~2 mL of 1.0M hydrochloric ac{d6.41%, LabChem) to reduce the
pH to approximately 2.0. The solution was then placed atseparatory funnel along
with 100 ml of ACSgrade dichloromethane (99.5%+, VWR) and continuously mixed
through vigorous shaking for 3 minutes. After mixing, theaaigrich solvent phase at
the bottom of the tw@hase mixture was separated and filtausthg ~59g of anhydrous
sodium sulfate (99.1%, Fisher Chemical) to dehydrate the DCM layer. The solvent phase

was then concentrated to a volume ef(bmL using a vaaum rotary evaporator with a
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water bath set to 4Q (boiling point of DCM). Next, the soént phase was further
concentrated to 2 mL via nitrogen purging; that method allowed for better control of the
final volume. Following concentration, it was necessdny perform chemical
derivatization on the organic compounds that were extracted frowakewater. The
purpose of chemical derivatization is to facilitate separation in the GC column by
reducing functional group polarities through trimethylsilylationjolhentails replacing
the functional group with a trimethylsilyl grouf To this end, a 25 uL aliquot of the
solvent pase was mixed with 25 pL ofmethykN-(trimethylsilyl)trifluoroacetamide
(MSTFA) (>98.5%, Sigma Aldrich) containing 1% chlorotrimethylsilane (TCMS)
(>99.0%, Sigma Alddh) in a 2 ml glass insert. The TCMS was added to the MSTFA
solution to serve as a catalyst for the derivatization reaction, while a 25 uL aliquot of 18.8
ng/mL soluton of 3anthracene methanol (97%, Sigma Aldrich) was added to the glass
insert as an inteal standard. The insert containing the mixture was then placed into a
sealed glass vial and vortexed for several seconds to ensure adequate mixing before being
placal into an oven set to 80 for one hour to allow the derivatization reaction to take
place.

Following the derivatization step, a 1 pL aliquot of each sample was passed
through a 6890N gas chromatograph (Agilent) with aIJRT column (30m x 0.25 mm
ID x 0.15 um film thickness). Theobile phase was transferred through the column by
injectinghelium carrier gas at a flow rate of 1.1 mL/s. The initial column temperature was
set to 50C, was increased to 38D with an 8C ramp. The column was then held at

300°C for 15 minutes, resulting in a total run time of 46.25 minutes. The integrated
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guadrypole massspectrometer analyzed each compound with a fitassarge (m/z)

ratio of 50 to 800. Bruker Data Analysis 4.1 was used to analyze tHd$&fesults with
appr@riate singleto-noise ratios being selected. Those peaks were subsequently analyzed
using Automated Mass Spectral and Deconvolution Identification System (AMDIS) with
massspectral data croseferenced using a compound library. Matches were determined
based on the R.MATCH probability values and visual comparisons for the characterized
and lbrary compounds, with R.MATCH values greater than 800 being considered good

matches.

2.4 Results & Discussion
2.4.1 Comparison dflF membrane performancetW real industrial wastewaters

The COD measurements of permeate samples and normakzeteagie flux
profiles over the twénour filtration period for the four NF membranes with the three
IWWs are presented in FiguBe2. The filtration testperformed using Wastewater A and
B resulted in higklguality permeate for all four NF membranes; theDC@jection for all
eight combination of experimental conditions was greater than 85%. Notably, for
Wastewater B there was no statistical difference betwihe COD values for the
permeate samples obtained for each NF memblms=d on overlapping standard
deviation error values across replicate measurem@wasrall, these results match those
from previous studies of NBased treatment of singg®urce IWW For example, Lau,
Ismail, and Fridaus were able to achieve similar levels of COD reduction wigheditf
NF membranes to treat car wash wastew&tdn addition, Galambos et al. reported a

significant reduction in the COD of two wastewaters sourced from the food processing

44



Ph.D. Thesi$ A. Premachandra; McMaster UniversitfChemical Engineering

industry using a commeet NF membrane (NF200Y. The filtration tests performed
using Wastewater C and three NF membrgfi&80, NFS, NFX) yielded lower quality
permeate samples with COD rejections ranging between 54 +5#tefélFS membrane
and 75%+/- 1% for the TS80 membrane. The exact cause for these differences is not
known, but our working hypothesis is that it is daaifferences in the type of additives
that are used during the manufacturing of the NF membrarssipde comparison of the
results for Wastewater B and C indicates that the wastewater composition is an important
factor in the filtration performance. &rous studies with singigource wastewater have
shown that COD rejection is only marginally impacteyg variations in feed COD
concentrationg® 2°, Interestingly, the COD rejection value for the NF90 membrane and
Wastewater C was not significantijfferent than the corresponding value for Wastewater
B. Thus, within the limitations of this study, the NF90 membrane was the most robust in
terms of CODrejection.

The normalized permeate flux over the thaur filtration period was also found
to depead on the NF membrane and the wastewater source. For example, while there was
no significant variation in the permeate flux profile of the NFX membrani@gl the tests
with Wastewaters B and C, the permeate flux steadily decreased to 79 + 4 % ahlts init
value after 120 minutes of exposure to Wastewater A. Conversely, the NFOO membrane
had only a slight reduction in permeate flux (less than 10%) whgosed to
Wastewaters A and C, but a steady decrease to 72 = 4% of the original flux following
exposue to Wastewater B. The summary of results shown in Figure 2 suggests that both

the COD rejection and permeate flux behavior dffamembrane épend on its specific
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interactions with the organic compounds present in the IWW. Our observations are
supported by those of Hong and Elimelech who found a strong relationship between
membrane permeate flux behavior and chemical composition of the wastéfvat
Additionally, membrane surface chargeidgrfiltration significantly affects both removal

and flux performanceor this study, the pH of all three wastewaters was ~7.0, while the
isoelectric point for most NF membranes (the pH at which the surface charge on the
membrane changes from being nagdy to positively charged) is typically between 3.5

T 4.53 32 Therefore, pore blocking due to organic fouling is most likely due to the
attachnent of organic molecules that exhibit a positive charge at a nettil As such,

the membrane surface charge during the filtration of all three of these solwisns
negatively chargedWith this mllective knowledge, it is apparent that the typical
performance metrics that are provided by NF membrane manufacturers (namely water
permeability and salt rejection) are wholly insufficient for the design of memibased
treatment processdsr IWW. Also, bulk measurements of the organic content of IWW
such as COD are not well correlated with treatment efficacy. Thus, it is critically
necessary to use sophisticated analytical tools to relate the composition of IWW and

treatment efficacy.
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Figure22.Top Panel : The average feed (Yy) and

the four NF membranes and three IWW samples. Bottom Panel: The normalized
permeate flux profiles for the four NF membraregtween ¢ and 2o for each IWW
sample; standard deviati@mror bars are shown for each permeate flux measurement (N

=5).

A comparison of the GBIS chromatograms for the three IWW samples is shown
in FigureA.1 (in the Supplemental Materials). It is apparent that there is good diversity
with respect to compd#n and concentration for the three samples that were obtained
from the one specialized treatment facility. For example, only Wastewater B contained a
significant amount of dodecanol (peak with retention time ~11.8 min) and only

Wastewater C contained #sificant amount of benzoic acid (peak with retention time

~8.9 mn).
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As shown in Figur.3, the chemical compounds that were present in Wastewater
A and could be identified based on mass spectra analysis were mostly organic acids,
namely: 2ethylhexawic acid (5.2 min), ethandioc acid (5.7 min), nonanoic acid (7.0
min), decanoic acid (7.2 min), phosphonic acid (12.7 min), hexadecanoic acid (18.4 min),
octadecanoic acid (20.5 min), and-b@nzenedicarboxylic acid (25.7 min). The -®{S
chromatograms fothe corresponding permeate samples obtained with the four NF
membanes were fairly similar to one another, but quite different from that for the feed
sample. All the permeate samples contained no peaks with retention times between 9 and
18 minutes; unfortnately, due to limitations of the database, it was not possible to
identify all of the compounds that were effectively rejected by the NF membranes. The
chemical compounds that were present in the permeate samples (thus contributing to the
respective COvalues shown in Figur2.2) mostly had retention times between eitb
and 9 minutes or 18 and 28 minutes; note that the one peak that appears at 22.9 minutes is
the internal standard {@nthracene methanol) that was added to all the samples during the
derivatization step. The most obvious differences between the ctograms of the
permeate samples are seen in the sizes of the two peaks with retention times of 26.2 min
and 27.3 min. Our results would suggest that the two compounds associated with those
two peaks could be used in a new performance standard to compareatment efficacy

of NF membranes for IWW applications.
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Figure 2.3. GC-MS chromatograms for Wastewater A and the permeate samples from
testing with four NF membranes. Peak intensities for retention times between 0 and 45
minutes, and compounds characterized via MS and their respective retention times are
shown.

As shownin Figure 2.4, the chemical compounds identified by the -BS
analsis of Wastewater B were fewer in number but higher in concentration to those
found in Wastewater A; note that thewyis scale of Figur2.4 is much larger than that for
Figure2.3. It appears that most of the COD reading for Wastewater B is attributiée to
presence of dodecanol (retention time ~11.8 min), a fatty acid which, as mentioned above,
did not appear in an appreciable amount in either Wastewater A or C. THd¢SGC
chromatogramsair the permeate samples from the NF membrane tests displayed far
fewer and mostly smaller peaks than the feed sample. Also, while dodecanol was
effectively rejected by all four NF membranes, there was a considerable amount of

ethylene glycol butyl etheemaining in the permeate for all four NF membranes.
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Figljre 2.4 GC-MS chromatograms for Wastewater B and the permeate samples from
testing with four NF membranes. Peak intensities for retention beteseen 0 and 45
minutes, and compounds characterized via MS and #sgpective retention times are
shown.

As shown in Figure.5, the GEMS analysis of Wastewater C identified many
compounds at much lower concentrations than those shown in Figurgvadtawater B.
It is particularly interesting to make this comparisa@tduse these two samples had
statistically identical COD values (2624 + 144 and 2694 + 83) and thus we can now better
appreciate the large differences in COD rejection efficacy (lrsttime membrane) that
were shown in Figur@.2. The chemical compound thithe largest peak intensity was
benzoic acid (retention time ~8.9 min) which, as mentioned above, did not appear in an
appreciable amount in either Wastewater A or B. TheM& chronatograms for the
permeate samples show that all of the chemical comowiill retention times between
12 and 25 min were essentially completely rejected by all four NF membranes; this would
include sebacic acid (17.3 min), hexadecanoic acid (18.4 mith)d@ecanoic acid (19.5
min). However, the permeate samples were fotma@ontain certain chemicals with
lower retention times including ethylene glycol butyl ether in agreement with the results

shown in Figure2.4 for Wastewater B. This finding in panti@ar suggests that the lower
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overall COD rejection observed in Wastewdfewas due to the presence of more lower
molecular weight compounds that constitute the COD of 2694 + 83 mg/L, as compared to
wastewaters A and B. Unfortunately, we were not ableotdidently identify the two
chemical compounds with retention times jostow and above 12 min that appeared in

all of the permeate samples. Also, there were significant variations in the peak intensities
for certain chemical compounds. For example,diter of peak intensity for nonanoic

acid (retention time ~7.0 min) wa&d-S > NFX > NF90 ~ TS80. This observation would
also suggest that nonanoic acid could be used in a new performance standard to compare
the treatment efficacy of NF membranes for IWpplications. Interestingly, as shown in
Figure2.2, there was a similasrdering to the permeate COD values for Wastewater C.
For this particular IWW sample, it is interesting to note that better removal of benzoic
acid (MW = 122.12 g/mol) was observed eavhcompared to nonanoic acid (158.23
g/mol), particularly with the NFX red NFS membranes. These results are in good
agreement with those from previous studies that reported no correlation between the

rejection of chemical compounds and MWCO valié4
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Figure 2.5. GC-MS chromatograms for Wastewater C and the permeate samples from
testing with four NF membranes. Peak intensities for retention times between 0 and 45
minutes, and compoundaharacterized via. MS and their respective retention times are
shown.

2.4.2 Evéduation of nanofiltration membrane integrity and stability

Based on the experimental results presented in FRRreve felt it was judicious
to monitor for any changes in tiperformance of the polymeric NF membranes following
their exposure to the complex composition of chemicals in the IWW samples used in this
study. A comparison of the pexposure and posixposire measurements for hydraulic
permeability, sodium chloridesjection, and magnesium chloride rejection are presented
in Figure2.6. The three columns of results correspond to the three IWW samples.

As shown in the top panels of Figuit®, there wasome variability in the
pre-exposure hydraulic permeabilityaes for all four NF membranes; this is likely
attributed to variations in the membrane pore structure across the large sheets
(approximately 1 rf) that were procured from eachanufacture?®. The mostextreme
variation was found for the TS80 membrane for which the one cut segment that was fit
within thebenchscale crossflow SEPA cell had an initial hydraulic permeability. 5+

2.2 LMH/bar (for filtration test with Wastewater A) while another cugnsenthad an
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initial hydraulic permeability 0oi3.5 + 1.4 LMH/bar (for filtration test with Wastewater

C). Despite these variations we observed recurring trends in the relaanges in
hydraulic permeability. For instance, the NF90 and TS80 membrasetaydd the
highest percentage decline in hydraulic permeability regardless of which IWW was used
for the filtration test. These results are in good agreement with the degbieingeate

flux profiles shown in Figure.2. Conversely, the NFS and NFX memtea displayed no
change in hydraulic permeability and for a few of the filtration tests, the hydraulic
permeability was slightly higher in the peastposure testThis trend of écreasing post
wastewater permeability that is observed for the NFO0 and w&B@branes is correlated

well with the improved COD rejection that is also observed with these membranes. A
denser and tighter pore structure on the NFO0 and TS80 membranes! dtoweproved
rejection, but at the expense of greater membrane fouling.

As shown in the middle panels of Figuzé, there was negligible variation in the
pre-exposure sodium chloride rejection across the different segments that were cut from
the same mmbrane sheet. However, the variation between different NF membranes was
quite significant. Notably, the order of NF membranes in terms of measured values of
sodium chloride rejection (i.e. NFO0 > TS80 > NFS > NFX) is in perfect agreement with
the valuesreported in Table2.1 by the respective manufacturers. It was much more
difficult to identify trends in the posixposure sodium chloride rejection values. For
example, there was a significant decrease in rejection for the TS80 membrane following
the filtration of Wastewaters A and C, but an increase was observed followingofiltrat

with Wastewater B. This outcome is likely due to swelling of the NF membrane upon
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exposure to the particular chemical compounds in Wastewat&tr Bhere was no
significant change in sodium chloedejection following exposure to the IWW samples

for the NFS membrane. This observation in combination with the hydraulic permeability
results outlined abovdndicates that the NFS membrane displayed the greatest
performance 0st abihe WWsamplegpused in g¢his stady. U-arter t o
studies using longer exposure times and IWW of different compositions should be
conducted to confirm these results. As shown in thtobopanels of Figur2.6, the pre
exposure magnesium sulfate rejection valofeall four NF membranes were well below

the manufacturers reported values of 99% and 99.5% (seeZlAbléAgain, we observed

slight variations across the different segmehts were cut from the same membrane
sheet. Only for the NFX membrane did #ifee segments have magnesium sulfate
rejection values less than 90%. In general, the relative changes in magnesium sulfate
rejection following exposure to the IWW samples wemdl correlated with the sodium
chloride rejection results. The one anomahs for the TS80 membrane and Wastewater

C.
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Figure 2.6. Effect of wastewater filtration on permeability, sodiwmloride rejection,

and magnesium sulfate rejection. Top Panel: Measured permeability befode and af t
(Yy) exposur e t o t he t hree wastewat er sar
conducting an ANOVA analysis on clean water permeate flux measurenadets t

between 4.14 bar and 9.65 bar; the error bars correspond to a 95% confidence interval
around the permeability. Middle Panel: Rejection of 2000 mg/L (w/v) sodium chloride
before (VY) and after (y) filtrati dmon St an
triplicate (N = 3) measurements of the feed and permeate samples. Bottom Panel:
Rejecon of 2000 mg/ L (w/v) magnesium sul fate
the three W. Standard deviation error bars are shown based on triplicate (N = 3)
measurements of the feed and permeate samples.
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2.4.3 Comparison of nanofiltration performanegh single component solutions

Based on the collection of results presented in Sections 3.1 and 3.2, it is readily
apparent that the complex composition of IWW aagnificantly affect the filtration
performance of NF membranes particularly with respec€®D rejection and permeate
flux. The origin and complexity of the three IWW samples used in this study makes the
work very practical, but also presents a chakkemgidentifying the specific interactions
that may occur between individual chemical commsuand polymeric NF membranes.
Thus, for the final part of this study we selected three chemicals to use in another set of
filtration experiments: benzyl alcohd;phenyl ethanol, and pentanoic acid; see Talde
for the properties of the solutions paeed with each chemical. All three were found
present in a multiple number of IWW samples from the same specialized treatment
facility (see FiguréA.3 in Supplemetal Materials). Benzyl alcohol was selected for two
reasons: first, it was found to be pmelseén a majority of the IWW samples that were
analyzed by GEMVIS; second, it has been reported that benzyl alcohol can affect the
filtration performance of polyamideased reverse osmosis membrades2-phenyl
ethanol was selected because it has a similar structure to benzyl alcohol but different
polarity. Pentanoic acid (also known as valeric acid) was selected because it was one of

the more commonly occurring acidic components in the IWW samples.

56



Ph.D. Thesi$ A. Premachandra; McMaster UniversitfChemical Engineering

Figure 2.7. Measured feed parameters of each single component solution. Each solvent
makes a different contribution to COD; thus, each solvent has a different mass
concentration. Average values and standbdation errors for each parameter are based

on 16 measurements.

Solution COD Mass Concentration pH Conductivity

(mg/L) (mg/L) (US/cm)

Benzyl 1329 + 60 530 6.9+04 82 + 62

Alcohol

2-Phenyl 1278 + 86 560 7.1+03 15+6

Ethanol

Pentanoic 1330 + 1@ 509 40+0.1 105+ 17

Acid

Only the NF90 and NFX membranes were selected for this part of the study and since we
were not limited by the available volume of wastewateq runs were carried out on
different segments from the same membrane sheet. As shdvigure2.7, there was a
dramatic difference between the two NF membranes in terms of the rejection of each
individual chemical compound. Indeed, the NFX membrane failed to reduce the COD of
any solution to below 1000 mg/L, with the highest percentageval foundfor the
pentanoic acid solution (15 + 2%). In contrast, at the same experimental conditions, the
NF90 membrane had a percentage reduction approximately 4 times higher than the NFX
membrane. The overall better rejection performance observeheWNEF90 canbe
attributed to the tighter pore structure on the membrane, which allowed better removal of
each of the three compounds as compared to the NFX membrane. The percentage
rejection varied for the three chemicals with the highest rejection (28)iohtainedor

the 2phenyl ethanol solution. These results complement the key findings from the GC
MS analyses presented in Section 3.2. Firstly, these results also reflect the meoibrane

membrane variation in the removal of specific compounds, suctheasemovalof
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ethylene glycol butyl ether in Wastewaters B and C. Secondly, different levels of rejection
for certain compounds were observed across all membranes, the clearest example of
which being the rejection differences between ethylene glycol bthigk and ddecanol.
The preferential removal of@henyl ethanol over benzyl alcohol confirms that variability
in the removal of individual compounds is due to specific interactions between the
compound and the membrane. It has been shown that hydrogeimdp effets determine
the rejection of phenol by polymeric membrariesAlso, it has been shown that the
filtration of phenolic compounds resulted in higher rejections for NF90 over other NF
membraes *¢. Studies have shown that pH is also an important factor in determining
rejection, as acidic solutes have a higher affinity to the membrane surface and therefore
low rejections, as observed in awsults. Wha the pH of the solution is lower than the
pKa of the acid, the cationic behavior of the acid leads to low rejectfonBhis
specifically affects the rejection of pentanoic acid, as therted pKa 6 pentanoic acid
is 4.81. This is | ower than the pH of the
superior rejection can be attributed to its tighter MWCO, which would lead to higher
rejection via sieving. Nonetheless, the literaguwggests thehigher rejections could have
been attained for both membranes by adjusting the pH of the solution.

The permeate flux profiles for both NF membranes (see Fi§uteshowed a
slight difference in that the NFX membrane exhibited a small, igotfisant increase in
permeate flux over the course of the 2 hour filtration test; the greatest effect (10%
increase) was observed for the pentanoic acid solution. Given that the3re was no

statistical change in permeate flux during filtration of tap w@tsults né shown), it is
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believed that this effect is due to specific cheminaimbrane interactions. Previous
studi es have reported on the phenomena
membranes during the filtration of solutions containing zgenalcohol ¢ and
dimethylformamide’® through a combination of pore opening and swelling mechanisms.

Previous studies on this topic have showat txposing a polyamide membrane to an

o 1

Aactivating sol vent 0 & bentyl almahol Will pnedticé w| f or n

Aheal i ng ienfcfreecatsoe st htahte me mbr aneds per meance

rejection properties. The proposed thesnggests that this effect is induced via two
separate mechanisms. Firstly, dissolution of small polyamide fragments that block the
pores of the mebrane result in an increase in water permeance. Secondly, an increase in
rejection properties is observed doeswellinginduced compaction effects.

Our results suggest that the action of certain chemicals in the IWW samples can

i nduce a stiinbinldare fdofaecctti vvai t h t he NFX membr ¢

nanofiltration of wateralcohol and wateacid bnary mixtures have made observations
like those made in this studifor example, Geens et al. found that, in the filtration of
wateralcohol mixtues using hydrophilic membranes, the less polar compound has a
significant influence on the permeability dfiet more polar compound, causing it to
increase when the polarity difference between the two is large erdulghportantly,

solvent activation effects have been shown to not affect the salt rejectperpes of

reverse osmosis membranes. Our results from sodium chloride and magnesium sulfate

rejections tests (see Figukeb) are consistent with the literature results.
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Figure 2.8. Average COD rejecton observed for NF90 (Yy) an
three singlecomponent solutions with approximate COD concentrations of 3-13@

OJ/L. The average rejection was calculated for two separate filtration experiments for
each membrane and solution, with dogle measurements taken for the feed and
permeate samples. Standard deviation error bars are shown for each calculated.rejecti

2.5 Conclusions

Four commercially available NF membranes (NF90 [Dupont], TS80 [Microdyn
Nadir], NFX [Synder], and NFS [Syndgmnwere used to filter three samples of multi
sourced IWW to evaluate their C@@duction ability. The three IWW samples variad
both concentration (as measured through COD) and composition (as analyzed through
GC-MS). COD reduction was dependent on whinembrane was used (the NF90 and
TS80 membranes consistently produced a permeate with lower COD concentrations than
the NFX al NFS membranes) and the wastewater being filtered (greater COD reduction

was achieved in the filtrations with Wastewaters A Bhd
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GC-MS analysis of the feed and permeate samples showed variability in the
concentration of each compound present in the IWW samples, as well as in the levels that
were removed by filtration. For example, Wastewater B contained high concentrations of
dodecaol and ethylene glycol butyl ether; while all four membranes completely removed
dodecanol during filtratignethylene glycol butyl ether rejection varied depending on the
membrane that was used. Furthermore, changes in magnitude and directione(bbserv
increase or decrease) in membrane permeability, monovalent (sodium chloride) and
divalent (magnesium sulfate) salt rejection after filtration, as well as the flux behavior
during filtration, varied based on the wastewater that was filtered. For instiunece
permeate flux of the NFX membrane declined during filtration with Wastewater A, but
remained relatively table during filtration with Wastewaters B and C. Conversely, the
permeate flux of the NFO0 membrane declined during filtration with WastewatgetB
remained wbleduring filtration with Wastewaters A and C.

To further investigate this finding, three compouhdenzyl alcohol, Zphenyl
ethanol, and pentatonic adidvere selected based on their recurrence in the characterized
wastewater. Solutian with COD concentrations of ~1333 mg/L were prepared and
filtered using the NF90 and NFX membranes. The NF90 membrane consistently
produced a permeate with a lower COD concentration than the NFX membrane. The
permeate flux behavior of the membranes dutivege tests demonstrated that exposure
to these solvents induces an increase in permeate flux during filtration. Previous studies
on Asol vent activationo have s hoaobleckingt hat

fragments on t he mygimbeasamgveat@spersaancé. ahisesyggestsh er e
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that solvents in IWW strongly influence the transport properties of compounds in the
wastewater, and it confirms the results of the-l@€ analysis. Ultimately, the application
of this technology for the treatmeat multi-sourced IWW can yield varying results in
terms of rejection and permeate flux behavior, depending on the composition of the

wastewater being filtered.
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3.1 Abstract

The growing adoption of biogas production from sotgeparated organics has
resulted in a need for adwaad treatment processes for the resulting liquid waste by
products. While previous dlies have demonstrated the potential of using nanofiltration
(NF) membranes to polish the outlet stream of a membrane bioreactor (MBR) in
municipal wastewater applicatisnthere is little known about the performance of such
membranes to treat the more quivated streams that result from the processing of
source separated organics. In this study, crossflow filtration experiments with three flat
sheet NF membranes (NFS, XIFNF90) were run on two batches of MBR permeate
(identified as Batch A and Batch B)at were sourced four months apart from a biogas
production facility.For each batch, there was a remarkable difference in performance of
the three NF membranes withckear tradeoff between permeate quality and recovery.
For example, the NFO90 membrane/gdhe best permeate quality but the lowest recovery.
Interestingly, the NFS permeate COD for Batch B was approximately 60% lower than

that for Batch A; it is believed #t this was due to differences in the amount of ammonia
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in the two batches. This worlridges a technical gap in the wagsrergy nexus by
demonstrating the viability of using NF technology to polish liquid waste streams from
biogas production processeshile highlighting their susceptibility to variable feed

conditions caused by upstregmocess deviations.

3.2 Introduction

The production of metharich biogas from source separated organics (SSOs) in
an anaerobic digestion (AD) facility is @merging cleatech solution to divert organic
waste away from landfills. There are currelyt nearly 300 AD facilities throughout
Canada, which collectively produce approximately 6 million gigajoules of energy each
year. Notably, only nine of thesecflties are equipped to process SSOs, despite a 50%
increase in biogas facilities between 2@t 202C°. The onsite treatment of waste, in
particular the spent feedstock known as digestate, is a challenge for many facilities.
Typically, facilities wi | 6dewater 6 the digestate into
fractions using process equipmesuch as screw presses and centriftifeIhe solid
fraction is disposed via larohsed applications (e.g., as fertilizer) in landfills or
sometimes incinated. The liquid fraction (comprising up to 90% of the total mass of
digestate) is either hid away to a separate treatment facility or is treatesiteh Over
the past 30 years, membrane bioreactors (MBRs) have becomeestablished water
treatment technology that require minimal footprint while achieving water quality effluent
that is free of pathogenic microorganisms. The vast majority of MBR facilities in
operation treat municipal wastewater, however MBR technology is seeing rapid adoption

in industrial treatment applications such as for wastewaters sourced from tanneries, pulp
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and p@er production, textile dyeing, pharmaceutical production, and landfill le&éhate
The application of MBRs have also been extended to treating liquicbinactf anaerobic
digestate, namely sourced from farm mafie In these particular MBR feestreams,
the high concentrations of salts, natural organic matter (NOM), and nutrients demands the
use of advanced O6pol i shi n geéincteasiaghtsimregent pr o
constraints on water quality dischat§eFor example, the WastewatBystems Effluent
Regulations in Canada established national standards for deleterious substances that are
known to have environmental impacts (e.g-iomzedammonia has a discharge limit of
1.25 mg/L}>.

Nanofiltration (NF) membranes were developsl lowpressure alternatives to
reverse osmosis membranes for water softening applications, however they have since
been adopted for a wide array of challegginappl i cati ons such as t
strengthod industrial wensrhiram aconeentrationk” &.t cont
Previous studies have shown that a combined N\BRprocess results in a better quality
effluent than just an MBR for treatinfeeds from landfill leachat®?°, dairy production
21 pharmaceutical productioff and municipal wastewater facilitié$?* These studies
have shown that the addition of NF polishing greatly improves the quality of the process
effluent, espeailly for reducing COD and NOM concentrations, however there are two
shortcomings that remain wldressed for applying a similar treatment process for
treating MBR effluents from digestate sourced from municipal organic waste. First, the
performance of NF embranes is source dependent as contaminant transport and removal

is highly dependent on spedifisolutemembrane interactiofs?¢ Therefore, two
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wastewaters with similar bulk properties but different feed compositions may have
completely different tratment efficacies, and studies using real MBR permeates sourced
from an SSO processing facilire required to truly assess the treatment performance
Second, studies using feeds with high NOM concentrations reported significant NF
permeate flux dealies due to membrane fouling. This outcome is undesirable as it results
in higher operational ctsdue to the need for frequent cleaning cycles. As such, a fouling
mitigation technique may be required to make an M¥Rprocess more viable.

The present work aims to bridge these concepts by investigating a hybrid
coagulation NF process for polishinyiIBR permeate sourced from the liquid fraction of
dewatered AD. The addition of an inorganic coagulant is an effectivegdetvmethod of
removing NQM foulants prior to membrane filtration that has been shown to improve
membrane productivity (fluX}'3L. To understand the true performance of NF in this
application, three commercially available membranes were evaluated with two batches of
MBR permeatenith complex compositions that were sourced from a generation facility
that produces biogas via anaerodigestion of municipal SSO wastave felt it was
crucial to assess the treatment performance using actual MBR permeates rather than
proxy solutions @ avoid making inferences based on simple chemical mixtur@sir
study is divided into four areas ohuestigation: (1) characterization of the MBR
permeate through bulk measurement techniques (i.e., COD) and more complex analytical
techniques (i.e., C-OCD); (2) highthroughput screening of a commercial coagulant in
order to identify an operating pointathmaximizes NOM removal while maintaining a

negative zetgotential; (3) filtration experiments to assess membrane performance based
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on COD removalgermeate quality) and permeate recovery (membrane productivity), and
(4) understand the influence of vargiupstream feed properties on treatment efficacy by

comparing the filtration performance of two batches.

3.3 Materials & Methods
3.3.1MBRpermeatesampling and characterization

Two batches of MBR permeate were sampled from a local SSO processirty. facili
Here, shipments of municipal SSO waste are-ppoeessed to remove namnganic
material (mainly plastic bagsand fed into an anerobic digestar produce biogas.
Foll owing digestion, the &6spentd di gdest at e
fraction is treated using an MBR, at which point samples of the MBR permeate can be
taken. Both batches of MBRermeate were sampled four montharaand characterized
in terms of the following:

COD was measured using a Hach 8000 HR COD Kit (Dige$tiethod) following
the method provided by the supplier.

1 Zetapotential was measured using a Zetasidano ZA instrument (Malvern
Analytical).

1 pH and conductivity were measured using an HI5522 pH/conductivity meter.

i Total organic carbon, ion (sodium, pa®sn, magnesium & calcium), and
nutrient (chloride, sulphates, ammonia, nitrites, and nitrates) stratiens were
measured by AGAT Laboratories (Oakville, Ontario, Canada).

91 Liquid chromatographyi organic carbon detection (LOCD) analysis was

conductecht t he University of Waterl oods Wat
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A comparison of the quality parameters of Batch 851 that was sampled in March
2021) and Batch B (60 L that was sampled in July 2021) is given in Bahlerhe
average measurements and standard dewiatimrs are presented for those parameters
that were measured by our team; all parameters were redasuduplicate for each
bucket in which the samples were received (11 buckets for Batch A, and 4 buckets for
Batch B). Most of the parameters were quit@ilar between the two batches, however
there were a few exceptions. Most notably the concentratiammonia in Batch A was

nearly 300 times higher than that in Batch B.

Table 3.1. Measured parameters @fd batches of MBR permeate. All parameters
denoted with an asterisk (*) were measured by AGAT labdes.

MBR permeate, Batch A| MBR permeate, Batch B
Parameter (March 2021) (July 2021)
Chemical Oxygen Demand (mg/L 666 + 142 654 £ 17
pH 7.7+0.1 8.3+0.03
Conductivity (uS/cm) 19.6 +0.4 20.9+0.2
ZetaPotential (mV) -15.6 £ 3.7 -17.5+£2.8
Total Organic Carbon (mg/L) * 208 225
Sodium (mg/L) * 2770 4390
Potassium (mg/L) * 1310 1460
Magnesium (mg/L) * 74.5 42
Calcium (mg/L) * 95.9 47
Chloride fng/L) * 1570 1520
Sulphates (mg/L) * 114 112
Ammonia (mg/L) * 134 0.48
Nitrites (mg/L) * 59.4 34
Nitrates (mg/L) * 1640 1770

3.3.2High-throughput and jar testing protocol
An inorganic alurrbased coagulant (PAX8, 9.05% Al) was obtained from
KemiraWater Solutions and used poetreathe Batch A of MBR permeate in advance of

the membrane filtration tests. An aluminum based coagulant was selected because the
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optimal coagulion pH (7.57 8.0) is similar to the pH of the MBR perme&t& The

effed of coagulant dosage was studied using a Apoithit magnetic stirrer and eight lab
beakers of sufficient size to accommodate 80 mL of MBR permeate and coagulant
concentrationsanging from 40 to 120 mgl3*/L; each beaker was mixed for 3 minutes

at 300 pm then the beaker contents were allowed to settle for 30 minutes. Previous work
has shown that this smaltale highthroughput (HT) screening of coagulants provides
good scalkility®. The effect of pH adjustment to 7.6 using 0.1M HCI and NaOH (VWR,
98%-+) was also studied.

A PB-700 Jar Tester (Phipps & Bird) was used repeatedly to produce 60 L of
coagulated MBR permeate as follows. Each jar was filled with 2 L of MBR permeate
dosed with the desired amount of PAR, and then mixed for 3 minutes at 3. The
mixture was then allowed to settle for 30 minutes, after whickupernatanivas filtered
using a imicron bag filter to remove any unsettled flocs. The compositiothe
coagulated MBR permeate was determined using the same battery ofetestibed
above for the aseceived batches of MBR permeate, including compositional analysis

and LGOCD analysis

3.3.3 Membrandiltration system

Rectangular coupons (140 &nof three flatsheet polyamide NF membranes
(NFS [Synder], NFX [Synder], and NBgDuponi) were cut from a large sheet in order
to fit in the SEPA crossflow filtration cell used in this study. The coupons were wetted in

deionized (DI) water prior to filtratioand refrigerated when not in use.

74



Ph.D. Tresisi A. Premachandra; McMastemiversityi Chemical Engineering

The surface charge properties of the ¢hmeembranes were determined using the
streaming potential method of a SurPASS 3 electrokinetic analyzer (Anton Paar) as
follows. A pair of rectangular membrane samples (2 cm om) were cut and then
attached onto the adjadble gap cell of the SurPASS Jhe distance between the two
rectangular samples was set to 100 (+ 10) micrometers. The NFS and NFX membranes
were soaked in DI water for 12 hours prior to testing, while theONfRembrane was
soaked in a 25% isopropyl alcohol solution for 1 hour befesdrng. The zetpotential
measurements were performed using an electrolyte solution of 1 mM KCI, which was
adjusted from pH 2 to 10 using 0.05 M HCI and 0.05 M NaOH solutioitst Aach zeta
potential measurement, the system was rinsed twice with ttteofj¢e solution.

A schematic of the benedtale crossflow filtration system used in this study is
shown in Figure3.1; additional details are provided in Figétel. The flud from the feed
tank (TO1) is pressurized using a positive displacement p&@p) @nd fed directly into
the SEPA cell membrane housing (M01) at a constant flow rate of 6.6 L/min. The
transmembrane pressure (TMP) is calculated using equation 1, whdte dhd B are

the feed, concentrate and permeate pressures respectively.

0 — 3.2)

The TMP is controlled through a precision needle valve (V04) and is manipulated
to control thebackpressuref MO1. The concentrate stream is recycled backé¢ofeed
tank, and the permeate stream is continuously withdrawn from the system through valve

VO05. A temperature controller in the feed tank ensured that the fluid temperature stayed in
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the range of 20°C; a Typ€ thermocouple gave a precise measuremettieofictual fluid

temperature.
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Figure 3.1. Schematic of the benehcale crossflow filtration systeosed to evaluate NF
membrane performance. A full process & instrumentation diagram is available in Figure
A2

Each membrane coupon was first compacted under a TMP of 6.9 bar and flowrate

of 6.6 L/min or 30minutes with regular tap water. Following the compaction step, the

water permeability, —5— was determined from an ANOVA regression asayof

average permeate flux,— versus TMP (ranging from 4.1 to 9.6 bar) via Equa8@)

where® , is the dispensed permeate volur@eE is the time required to dispense the

volume,! | s the surface area of the membraBe A A @ the transmembrane
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pressure,— = s the dynamic viscosity of water at the fluid temperature and

S =2 isthe dynamic viscosity of water at°Z0)

O 0 ° (3.2)

Permeate flux was calculated from timed measurements to collect 1 mL of
permeate, with five measurements taken at each TMP. A sodium chloride (NaCl) rejection
test was also conducted on each membrane coupon as followsNaGI solution at a
concentration of 2000 ppm was prepared in deionized water and the system was run with
complete permeate recirculation for 30 minutes at 6.9 bar, after which three 10 mL
samples of the feed and permeate were collected. The electrical conductivity was
measured usg a H 5522 pH/conductivity meter (Hanna Instruments), and rejection was

calculated via Equatiod.3,

Y b —— pmmh (3.3)

where%# — and%# — are the average electrical conductivities of the feed and

permeate samples, respectively. The average permeabilities (and the 95% confidence
interval around the regression line) and average salt rejection (andrdtaiedaation

error) for the thee nanofiltration membranes used in this study are presented i3Igble

the corresponding values for each individual membrane coupon used in this study is listed

in TableB.1 in theSupplementaMaterial.
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Table 3.2. Properties of the commercial nanofiltration membranes used in this study. The
molecular weight cubff (MWCO) values are those reported by the membrane
manufacturer whereas all other values were measured. The peteeabity and

sodium chloride rejection values are the average and standard deviation error measured
across a minimum of six coupons. Zeta potential values are the average and standard
deviation measured for three membrane coupons, with each mendmamen haing

two zetapotential measurements taken at each pH value (a total of 6 measurements per
membrane). The full zeta potential versus pH profiles are shown in Fgjlirm the
SupplementaMaterial.

Membrane| Manufacturer MWCO Water NaCl Rejection Zeta
ID (Da) Permeality (%) Potential (pH
(LMH/bar) 7.6) (mV)
NF90 Dupont 200400 10.1+£0.9 89+ 11 -23+1
NFS Synder 100250 7.4+1.1 44 + 18 -33+1
NFX Synder 150-300 3.7+1.1 37+6 25+ 2

Filtration tests with MBR permeate (or coagulatt4BR permeate) were
conducted at a constant TMP of 6.9 bar and constant feed flow rate of 6.6 L/min. Each
experimental conditions (e.g. membrane type, feed solution) was tested in duplicate
(referred to as Replicate 1 and Replicate 2) in order to cotifieneproducibility of the
results. Within an experiment, the permeate was collected in a container located on top of
a loadcell that recorded the cumulative mass at-omeute time intervals. The
cumulative mass data was converted to temperatrectel flux by conducting a
numerical differentiation on the mass and time data sets obtained from each experiment.

Permeate recovery for each filtration experiment was calculated via Equatipn

where6n  , is the total permeate volume at the endhe filtration period.
0A01 RAGA GRROUL pnmp (34)
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The constanpressure filtration experiments were conducted untio8rs had
elapsed p80% permeate recovery had beeached. Two feed and permeate samples
were collected at every 20% increment of permeate recovery, as well as at the end of the
8-hour filtration period. The COD of the feed and permeate samples were measured using

the metlod described in section 2.1, apdrcentage removal of COD was calculated via

Equation3.5 where# — and# — are the feed and permeate concentrations,

respectively. NFS and NF90 permeate samples collected from the filtration of both
batches wear sent for compositial analysis. Additionally, NFS and NF90 samples

collected from the filtration of Batch A were sent for43CD analysis.

2 P — pmnm (35)

3.4 Results & Discussion
3.4.1Determination of coagulation operating point via hitjiioughput screening tests

A comparison of the treatment results obtained with Batch A MBR permeate is
shown in Figue 3.2; the measured COD and z@@tential of thesupernatanare shown
at differentcoagulant dosages without pH adjustment (left panel) and with pH adjustment
(right panel). As expected, the zgtatential steadily increased as the coagulant dosage
increased. It has been previously shown in the membrane litetafneeutralization or
reversal of the colloidal NOM charge can result in increased cake formation due the loss
of charge repulsion between the negatively charged membrane surface (s&2Jainie
cakeforming foulant$®38, and thus our objective wdo determine theoagilant dosage

that maximized NOM removal while maintaining a negative solution-getantial. It
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was found that ftarge neutralization occurred between dosages of 8Bl and 85
mg-AI®*/L in the absence of pH adjustment. In a iimmanner, the COD ofhe
supernatansteadily decreased until charge neutralization was attained, at which point it
plateaued around 370 mg/L. As reported in a previous study with a polyaluminum
chloride coagulant, this suggests that charge neutralizas the dominant fornof
coagulant®. A visual comparison of the effect of increasing coagulant dosage is shown in
Figure B.2 in the SupplementaMaterial. As shown in Figur8.3 in the Supplemental
Material, it was found that the pH of teapernatandecreased from 7.6 tround 4 with

the addition of coagulant; it is believed that this is due to the consumption of alkalinity
brought about by aluminum hydroxide formatidrinterestingly, a negative zepatential

was observed for each coagulant alyes after thesupernatat pH had been adjusted to
~7.6. This is most likely due to deprotonation of colloidal matter as the solution pH is
increased, thereby leading to a lower gmtéentiat. Once again, the measured COD
steadily decreased up to aagolant dosage of 90 m®y3*/L, after which point it

remained relativelytableat around ~370 mg/L.
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Figure 3.2. Comparison of COD concentration and zptdential values for the
supernatanbbtained after dosing Batch A MBR pesate with PAX18 coagulant. The

left panel shows measurements without adjustments teuiernatanpH, and the panel

on the right shows nasurements with the pH adjusted to ~7.6. Standard deviation error
bars are shown for duplicate measurements.

Coagllation tests performed with the siell jar tester were required to produce
the large volume of coagulated MBR permeate that was requoeddnducting
crossflow filtration experiments. At the dosage of 90-Ahgf/L, the supernatant
produced in the jatest had a slightly higher zepmtential ¢10.3 + 0.1 mV) than the
corresponding samples from the beaker tedt3 & 2.0 mV). The averageOD of the 60
L of coagulated MBR permeate was 354 + 16 mg/L which was approximately half of the
corresponding vale for the aseceived sample (see Tal8el). In order to gain further
insight into the coagulation induced changes in composition of the pmeate, the as
received and coagulated samples were analyzed using liquid chromategrgahic

carbon deteatin (LC-OCD); this semiguantitative analytical method resolves
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compounds based on their molecular weight and hydrophobicity into five groups:
biopolymers, humic substances, building blocks (decomposed humic substances), low
molecular weight (LMW) acids, @ LMW neutralé’>. An overlay of the LEOCD
chromatograms for the MBR permeate and coagulated MBR permeate is shown in Figure
3.3. Peak integration was used to estimate the concentrations of biopolymers and humic
substances in both the coagulated and escived MBR permeate and showed
approximate removals of 80% and 90% respectively. The peaks of smaller building
blocks, LMW acidsand LMW neutrals were too low in concentration to accurately
integrate, however Figur8.3 shows that these fractions were nheainremoved by
coagulation. The total organic concentration (as measured via TOC) remaining in the
coagulated MBR permeate w&4 mg/L, and the poor removal of the smaller NOM
fractions can be assumed to the primary contributors to the measured TOCafus
NOM fouling observed while filtering the coagulated MBR permeate can be attributed to

these unremoved fractions.
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Figure 3.3. Overlay of LGOCD chromatograms for the -ssceived Batch A MBR
permeate,coagulated Batch A MBR permeate, and permeate sample obtained from
filtration of Batch A with NFOO membrane.

3.4.2Effect of pretreatment conditions on filtration performance

As shown in Figur&.4, the filtration performance was first compared in terins o
the permeate flux profiles obtained for DI water (included in our study as a control), the
asreceivedVIBR permeat, and the coagulated MBR permeate (obtained froredixar
tests). The continuous flux profile for each test condition was obtainea manerical
differentiation of the mass versus time data, which was obtained througitdibad
measurements. Two riggate filtration experiments (using separate membrane coupons)
were conducted for each membrane and feed condition, thus a total of p8nidelt

filtration experiments are presented in FigB8ré. In terms of the filtration of DI water,

83



Ph.D. Tresisi A. Premachandra; McMastemiversityi Chemical Engineering

the flux remainel quite $able throughout the filtration experiments conducted with all
three membranes demonstrated negligible fouling. InterestinglifEBemembrane gave

a DI water flux (~41 LMH) nearly double that of the NFX membrane (~20 LMH), despite
both membranebkaving similar rated MWCOs (see Taldd). Yet, it was found that the
NF90 membrane demonstrated the highest DI water flux (~50 LMH),hwhas been
reported in the literature as being due to the hydrophilic nature of the NF90 due to the
presence of cadxylic acid and amine functional groups that facilitate water transfer via
hydrogen bonding interactioi¢*

The NFS and NFX membrané®th showed similar initial wastewater and DI
water fluxes, however flux decline due to membrane fouling was daasevith the NFS
membrane, whereas a relatively flat profile was observed with the NFX membrane. In
contrast to this, despite having the heghDI water flux, the NFO0 membrane had the
lowest wastewater flux. Additionally, the flux of the NFO0 membraneedsed from ~12
LMH to ~8 LMH during wastewater filtrationThis discrepancy between the initial
icleano and fwast e savedby Dolafet 4k whe seposted a8 53% | s o
decline in flux when changing from the filtration of-vater to landfl leachate. While it
has been reported that the NFO90 membrane has a tight pore stfustewveral factors
such as the polymeric struce, the hydrophobicity and the membrane surface charge
could have contributed to the dramatic differences in felyes that was observed.

It was found thapretreaing the MBR permeate with coagulant did not improve
the flux performance of any of therée nanofiltration membranes. Previous studies have

shown examples of coagulatidF hybrid processes where coaguathad minimal to
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no impact on fouling mitigatioi”*8 46, Liang et al. suggests that a higher residudt Al
concentration leads tonancrease in osmotic pressure on the permeate side which in turn
reduces the concentration differential that dripeameation; the aluminum concentration

in the coagulated MBR increased from 0.2 mg/L to 1.5 mg/L, which suggests that this
phenomena is akely cause for the lack of improvement seen in the flux perforntnce
Targeted NOM removal via coagulation faléo improve on the permeate flux and
recovery, which can be explained via two possible mechanisms: first, there was
insufficient coagulantiosing to remove smaller NOM fractions (building blocks, LMW
acids and LMW neutrals), that still enabled NOM foujisgcond, residual amounts of
Al®* build up on the permeate side reduced the osmotic pressure that drives permeation.
The corresponding pemate recovery values for the twelve filtration experiments shown

in the bottom three panels of Figugd are giverin Table3.3. For all three nanofiltration
membranes, there was no appreciable improvement to permeate recovery following

coagulation of th MBR permeate.
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Figure 3.4. Permeate flux profiles for the crossflow filtian of DI water (top three
panels) and coagulated or as received MBR permeate (bottom three panels) using three
NF membranes: NF (left panels), NFX (middle panels), NF9O0 (right panels). Replicates

of each condition are shown with red, unfilled markers.

Table 3.3. Percentage of the originall5feed recovered through permeate usingNF
NFX, and NFO0 membranes after either 8 hours of filtration or attaining 80% recovery.
Asterix (*) denote trials thatiere completed in less than 8 hours.
MBR permeate recovery (%) Coagulated MBR permeate
recovery (%)

Membrane Replicate 1 Replicate 2 Replicate 1 Replicate 2
NFS 80.9* 71.8 79.0 78.9
NFEX 53.2 50.3 43.6 39.0
NF90 23.4 21.9 23.7 19.3

Due to thecrossflow configuration of the system used in our study and given that
the filtration experiments were conducted with the permeate streartinwously
withdrawn from the system (i.e. permeate was collected in container located on top of a
load-cell), the poperties of the feed solution changed during each filtration test. As an
example, the results we obtained for the filtration of theeasived MBR permeate

(Batch A) using the NFS membrane are shown in Fi§ue The four points for each
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filtration ted correspond to samples of the feed and permeate that were taken when
permeate recoveries of 20%, 40%, and 60% were achieved and anotbksaeiples

taken at the of the-Bour filtration experiment. While the feed COD increased steadily to

a concentratin nearly four times the initial COD of 666 mg/L, the permeate COD
remained constant. As a result of this, the COD rejection (calculateg Hsuation 5)
increased with permeate recovery. This trend was also observed with the NFX and NF90
membranes unddroth feed conditions (see FiguBe4 in the SupplementaMaterial).

This result highlights the robust nature of NF membranes.
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Figure 3.5. Comparison of feed and permeate COD concentrations (top panel) and
corresponding percent COD rejection (bottom panel) durihgu8 filtration experiment
of the as received MBR permeate (Batch A) with €S membrane (same experiment
presented in the baiin left panel of Figur@.4). Standard deviation error bars are shown
based on duplicate feed and permeate COD measurements taken at each sampled
recovery.

Since vastly different permeate recoveries webgined with each membrane,
removal performance was compared based on the COD measured at the end of the
filtration experiment (i.e., the highest obtained recovery aftéro@s, or at 80%

recovery). Figure.6 shows the feed and permeate COD measurerbtdased for the
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filtrations of coagulated and as received MBR permeate using each membrane. Similar to
the flux results, no improvements in removal were observed following the coagulation of
the MBR permea, despite the initial feed COD was significgntbwer. The NF90
membrane produced the highest quality permeate, while the COD measurements obtained
for the NFS and NFX membranes were comparable and nearly double that of the NF9O0
membrane. Once again, gated NOM removal did not improve permeate dyair the
permeate recovery rates of the three membranes. Referring back to FRjutean be

seen that the LAOCD chromatogram for the NF90 permeate shows the near perfect
removal of all organic fractian This trend was observed for the permeateairodd from

all membranes under both feed conditions, which suggests that some inorganic species are
not being removed by the membrane and are contributing to the observed permeate COD.
These results are in gd agreement with those reported by Chang etfaihat the
removal of COD obtained with a nanofiltration process was unaffected by the addition of
an aluminurrbased coagulant. The superior COD removal observed with the NF90
membrane may be attributed t i t 6s t i ght por e sdartedunctheur e,
literatureé’. The enhanced removal ascertained by the tight pore structure is however
accompanied by a lower flux and greater fouling potential. Additionally, charge effects
may also explain # high rejection observed with the NFO0 membt3neowever as
presented in Tabl8&.2, there is no significant difference in membrane surface charge
between the NFX and NFO90 membranes, yet the NFOO membrane produced a permeate

with a much lower COD.
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Figure 3.6. Comparison of feed (samples taken before filtration) and permeate (samples
taken at 20% increments of recovery) COD measurements taken following the filtration
of coagulated and as received MBR permeate using three NF membranes. Measurements
weretaken fran the same filtration experiments presented in the bottom panels of Figure
34. Average measurement and standard deviation error bars are based on duplicate
measurements of feed COD, and multiple measurements of permeate COD, where the
number ofsamples tken depended on the permeate recovery of the filtration experiments
(two samples taken at 20% increments of recovery and two final samples taken after 8
hours of filtration).

3.4.3Effect of feed properties on filtration performance

The filtration perfornance of the NF90 and NFS membranes was also determined
for the second batch of MBR permeate (i.e. Batch B); the NFX membrane was excluded
from these tests, as filtration results using Batch A indicated that it offered neither the
high recovery rees of theNFS membrane, nor the high permeate quality produced by the

NF90 membrane. Additionally, the MBR permeate from Batch B was used as received
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since we determined thairetreaing with the coagulant had no effect on filtration
performance.

Figure 3.7 compres Batches A and B with respect to the flux (panel a) and COD
removal (panel b) observed during filtration with the NFS and NF90 membranes. The
NF90 membrane produced very similar flux profiles during the filtration of both batches.
Specifically, very lav fluxes (compared to the clean water flux) were observed, including
similar flux declines over the-Bour filtration window. This resulted in very similar
permeate recoveries obtained for both batches. Interestingly, a marginally lower flux was
observed dr the NFS membrane when it was used to filter Batch B, with recovery rates
of <70% being recorded across both replicates. Regardless, the NFS membrane displayed
superior overall wastewater flux performance compared to the NF90 membrane for both
batches. e most striking observation pertains to COD removal, where the NF90
membrane produced high quality (<100 mg/L) permeate for both batches, however the
NFS membrane produced a much higher quality of permeate during the filtration of Batch

B (95 +14 mg/L) han it did for the filtration of Batch A (234 + 14 mg/L).
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Figure 3.7. (a) Flux performance and (b) COD removal between Batch A and Batch B
following filtration with the NFS and NFO0 membranesdtweplicate filtrations). Results

for both batches were obtained via the filtration of as received Jg@®/eate (without
coagulantdosing). Error bars on COD measurements represent duplicate (N = 2)
measurements of feed COD, and multiple measurementsrimeaee COD, where the
number of samples taken depended on the permeate recovery of the filtration experiments
(two samples takent 20% increments of recovery and two final samples taken after 8
hours of filtration).

Results in Figur®.7 are presented ternative format in Figurd.8 to explicitly
show the tradeff in filtration performance. Here, the percentage of permeate eestv
by each membrane and each batch, to the permeate COD concentration. This graphical

approach was originally developed byolieson to visualize the trade of between
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selectivity and permeability of polymeric membranes used for gas septaiiomas

since been used to visualize the trad#f in performance parameters in other areas of
membrane research such as the advancenw desalination membranes, the
development of electrically conductive membranes, and the development of metal
organic framewor®? %4 To our knowledge, this is the first time this analysis has been
extended to wastewater byproducts from biogas ptamycand for analyzing the
performance of membranagen filtering wastewaters with varying feed propertigse

plot area is dided into four quadrants, with the lowmeght quadrant (i.e.. recovery

greater than 50%, permeate COD lessthan 180 mg/t.)eepe nt i ng t he HAhi gh
recoveryo operating region. A permeate COD
typical sever discharge limits. Notably, for filtrations with Batch A, a tradee was

observed between permeate recovery and the pern@b concentration. As a result,

none of the membranes operated in the fhig
fitering Batch B with the NFS membrane operate
operating region, despite Batch B having vemikir bulk properties to Batch AThis

analysis highlighted how different membranes behave differently when filtering a single
saurce of wastewater. However, this analysis also showed that the treatment efficacy of a

single membrane can be impacted byatens to the incoming membrane feed.
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Figure 3.8. Comparison opermeate quality (in terms of COD) and permeate qui:
(in terms of percent recovery) for the crossflow filtration tests that e@nducted wit
three nanofiltration membranes and two batches of wastewater. The average |
recovery and standard \dation error bars were based on the percentage pel
recovery obtained from two (N = 2) independent filtration experiments. Vemg
permeate COD and standard deviation error bars were based several meas
across two independent filtration, arde each run had several COD measurements
on the permeate recovery of the filtration experiments (two samples taken
increments of recovery and two final samples taken after 8 hours of filtration).

In all cases, NF enabled the removal of more than 90% of TOC from the permeate
(as observed in LAOCD results presented in Figa), which implies that the vatian
in the permeate COD observed betwéeth batches was derived from a ranganic
fraction. In order to further investigate this batokbatch variation, feed samples from
both batches and permeate samples obtained from both membranes were senf to AGA

Laboratories for a compositional anagjswhich provided measurements of select
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nutrients, metals, and ions. As shown in FigB& the rejection of the various species
(values given in Tabld®.2 in the SupplementaMaterial) was compared to the Stokes
radius to account for both solute sizalahydration shell effects. The Stokes radius for
each solute was calculated assuming an infinite dilution using the SHokssin

equation (Equatio3.6),

2117 — (3.6)

whereE % is the Boltzmann constant, + is the solution temperaturg, = is

the solution dynamic viscosity ai&l — is the diffusion coefficient (obtained from the

CRC Handbookof Chemistry & Physics). As shown in Figure3.9, the rejection of
solutes by both the NFO0 and NFS membranes was well correlated with their respective
Stokes radius values. We found that solute molecular weight was a poor predictor of
rejection (seeFigure B.6 in the SupplementalMaterial), which has been previously
reported in the literatufé The solutes with the largest Stokes radius (e.g., magnesium)
had the highest rejection values. Additionally, for those solutes with similar Stokes radii
(e.g., potassium and chloride), tlghest rejection values were found for negatively
charge solutes. This observation agrees with the membranpatetdial measurements
presented in Tabl8.2 and FigureB.2. For each solute, greater rejections were oleser

with the NFO90 membrane as coanpd to the NFS membrane, and thus indicates why the
NF90 membrane was consistently able to produce a permeate with a lower COD

concentration. As shown in Figu&6 in the SupplementaMaterial, the same trends
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were obsered in the filtration experiments conducted with Batch B. The relationship
between Stokes radius and rejection has been previously reported in the literature,
however those comparisons were based on experiments done with-ceimglenent
solutiors or simpé multccomponent mixture®>’. The results from this study show that

the relationship between Stokes radius and solute rejection can be extended to complex
industrial wastewater mixturedn particular, the removal of individual components
observed byw ar i ous membranes can be compared to
within the wastewater that passed through the membrane and negatively impacted
permeate quality can be readily identififithe significant source of difference between

the o batcheswas the concentration of ammonia, which was significantly higher in
Batch A (134 mg/L) than Batch B (0.48 mg/L) due to incomplete nitrification in the
MBR. Figure3.9 shows that ammonia was virtual unremoved by the NFS membrane and
exhibited vey low removal with the NFO0 membrane. Although it is wkllown that
standard COD measuring kits that use dichromate oxidizers do not oxidize ammonia, it
can form an interference when present in conjunction with high concentration of
chloride’®. The oxidation of diloride ions into chlorine significantly affects the accurate
measurement of COD, but the addition of mercuric sulfate can mask chloride interference
by forming mercuric chloride complexes that cannot be oxidized. However, in the
presence of higlconcentrdons of nitrogenous compounds, the oxidation of chloride to
chlorine occurs through the formation of chloroamine intermediates, even in the presence
of mercuric sulfat®. Thus, the high permeate COD in the samples from Batch A were

likely due to the hgh concentrations of ammonia and chlorides in these samples.
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Furthermore, nitrites also have a profound impact on COD, which has a theoretical
oxygen demand of 1.1 m@./L per 1 mg/L of NG®*°. The higher COD concentrations in
the permeate proded by theNF90 membrane filtrations of Batch A were likely due to
the relatively better performance with respect to chloride removal offered by the NF90

membrane, as observed in FigGr@.
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Figure 3.9. Comparison 6 rejection of the various wastewater solutes (in Batch A) and
the Stokes Radius of the solute, obtained from crossflow filtration experiments with the
NF90 and NFS membranes.

3.5 Conclusions

This research assessed the ability of three commercially laleaflatsheet NF
membr anes to Apolishd the permeate stream
dewatered anaerobic digestate, apbyduct from the conversion of municipal source

semrated organics into biogas. Batch A was subject to coagulaebreament, whereas
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Batch B was filtered withoupretreament. Intrinsic differences between the three NF
membranes evaluated and the composition of Batch A resulted in eoffanleserved
between the volume of permeate recovered and the permeate @©éntation. More
permeable membranes (NFS & NFX) demonstrated a higher permeate recovery, however
often at the sacrifice of permeate quality. To improve membrane performance,-90 mg
AI®*/L (determined through higthroughput screening) of an aluminum hseagulant

was dosed to reduce the NOM concentration. Despite reducing the COD concentration by
nearly 50%, precoagulation failed to improve permeate quality or recovery. This was
hypothesized to be due to the failure of the coagulant to remove sm@alMrfictions
(building blocks, LMW acids & LMW neutrals) and a builgp of residual alum that
decreases the osmotic pressure needed to drive filtration. Filtration of Batch B (sdmpled
months after Batch A), showed a significant improvement in COD renwdver filtered

with the NFS membrane (Batch A: 95 + 14 mg/L vs. Batch B: 234 + 8 mg/L), without
sacrificing the high permeate recovery. Analysis of the permeate indicated high
concentations of both chlorides and nitrogenous compounds (namely, ammonia and
nitrite). The interference caused by the oxidation of chloride into chlorine is usually
masked by the addition of mercuric sulfate in standard COD kits. However, this approach
is ineffective in the presence of high levels of ammonia, as the oxidationlafdeh
occurs through the formation of chloroamine intermediates. Comparing individual solute
rejection to the solvated size of the solu
determine thathe NFO0 was able to produce a better overall perntpatea | | t y due t

superior removal of chloride ions. Ultimately, this work shows that, under the right
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conditions, the NFS membrane is a good candidate for polishing liquid wesdenst
resulting from biogas pr oduc tniaconcentrtiomr t her r
was due to incomplete denitrification occurring upstream of the MBR permeate, which
highlights the susceptibility of NBased PTPs to deviations in-sfpeam processe

Thus, acomprehensive sensitivity analysis is required to understhadoperating

window of these membranes.
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Chapter 4 High-throughput screening to evaluate optimum coagulation conditions

via colloidal stability analysis
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4.1 Abstract

Current methodsof optimizing the coagulantdosagein wastewatertreatment
processesypically rely on the useof labor and materiatintensivejar testerswhich are
inadequatavhen coagulationprocessesequirefrequentadjustmentsiueto variationsin
propertieof theincomingfeed.Analytical centrifugegACs) employanintegratedoptics
systemthatsimutaneouslymonitorsthe positionof the boundarybetweenwo separating
phasesn multiple samplesof fairly low volumes(D2 mL) i thusit was expectedthat
ACs would be ideally suitedto study the stability and settling kinetics of coagulation
treatmentprocessesln this study, wastewatesamplesrom a biogasgeneratiorfacility
(known ascentrate)wvere collectedin February2022 (BatchA) andJuly 2022 (BatchB).
A comprehensivecreeningof the treatmentperformanceor Batch B was conductedat
threepHs (5, 6, and7) andnine concentration®f ferric chloride (0 500 mg-Fe3+/L)1 it
wasfoundthatthe front-tracking profiles measuredy the integratedoptics systemcould
be usedto identify the minimal coagulationconditionsneededo transitionfrom slow to
rapid settling. While the settling velocity was found to be well correlatedwith the

instability index, a dimensionlessaumberbetween0 and 1 (where valuescloserto 1
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indicate betterseparation)jt was determinecthat the percentagef COD removalfrom
the centratesamplesincreasedup to an instability index of approximately0.5 andthen
plateauedFinally, it wasfound thatthe front-tracking profiles could be usedto estimate
the volume of sludgeproducedat variouscoagulationconditions.Thus, the resultsfrom
this study establishACs asan importantscreeningool for rapid evaluationof treatment
performancewhile consumingminimal materialandtime 7 in this study, a total of 132
screeningexperimentswere conductedusing approximatelyD11 L of centrateandD6

hoursof operatottime.

4.2 Introduction

Colloidal natural organic matter (NOM) is a significant source of contamination in
several wastewater sourée3ypically between 1 nm and 1 um in size, colloidal NOM
remains tablein wastewater systems via electrostatic repulsive forceptaaentit from
coalescing into larger aggregates that would otherwise settle into a separatetl® phase.
Since aquatic NOM possesses a hegative surface charge over a wide range of pHs,
positively charged coagulants (such as ferric chloride) are genessly h treatment
processes to destabilize and aggregate colloids into settleable flocs that can sediment out
of the wastewaterThus, coagulant dosages must be carefully determined to ensure that
the added amount is sufficient to destabilize the wmdloand maximize treatment.
Treatment facilities typically employ conventional jar testing to optimize coagulant
dosages, as this method effectively simulates common coagulation processes via a simple
parallel stirring apparatus containing between four sird-2L jars® Though the use of

jar testing is widespread, it can also be both {inamd materiaintensive, as
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comprehensive screenings of multiple conditions (e.g., pH, coagulant concentration,
coagulant type) requiring several liters of wastewated a gh number of operator
hours>® Additionally, jar testing assesses separation performance by measuring the
removal of specific analytes and requires the use of externapattatial analyzers to
obtain information about colloid stabilify.For facilities that experience seasonal
variations, rapid and scaletbwn screening techniques are needed to respond quickly to
variations in feed propertiés.

Recent research efforts have aimed to address these challenges. For example, prior
studies haveaddresed the large volume requirements of jar testing by screening
coagulants in micravell plates®®° microfluidic devices*? and ultrascaleddown
mixing vessels that emulate jar tester¥, combined with measurement techniques that
requre low sample volumes such as optical density measureriieants, various imaging
techniques® Despite enabling the successful screening of coagulants using only
milliliters of wastewater, these techniques remain time intensive, as sedimentation must
still be conducted under gravitational conditions. Furthermore, these approaches often
require external analysis techniques, such as confocal int&gingapillary suction time
measurement$,and, in the case of microfluidic devices, it is necestafglricate a new
device when evaluating a new condition. A
attempt to determine colloid stability by calculating the critical coagulant concentration
using a 96well plate assay; however, this technique isl sitthe-consuming, as it is
conducted under gravitational conditiohsStudies have also attempted to reduce

screening times by coupling techniques such as capillary suction time and focused beam
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reflectance measuremerifspr by developing novel spinmj disc devices to assess
colloid stability!® Unfortunately, both of the aforementioned techniques are limited, as
they only allow the evaluation of one condition at a time. Thus, there is a need for a
screening tool that can rapidly assess the separgerbrmance of coagulants while
using a low volume of wastewater.

Analytical centrifugation is a technique wherein centrifugation is combined with
optical density measurements to study the sedimentation kinetics and $Pabflity
multiphase suspeaion?® In analytical centrifugation, the position of a phase boundary is
identified by measuring the transmission of light along the length of a sample and
tracking the phase boundaryés ?manalicale nt ur
centrifuges (AC) arapplied to rapidly assess the stability and shelf life of formulations
under accelerated conditions in a variety of industries, including the pharmac&utical,
food and beverag€,and personal care prodéftindustries. Previous studies have used
ACs for environmental applications, specifically for evaluating the performance of
coagulants and flocculants with various colloidal materials (e.g., 2f&y, titanium
dioxide?® , calcium carbonat&, and quartZ®) suspended in water. Thougese studies
demonstrate the utility of ACs, results obtained with these ideal solutions do not
adequately reflect the separation performance that is expected with complex wastewater
samples. To the best of our knowleddesre is only one study that hdsmonstrated the
usefulness of ACs for a treatment application. Sobisch & Lerche used an AC to measure

the compaction of anaerobic digester sludge after treatment with polymer flocculants,
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however, no measures of colloidédlsility or water quality paranters were made in that
study?®.

In the present work, we demonstrate the extreme usefulness of ACs to perform
rapid and higkthroughput screening of coagulants to optimize the treatment of centrate,
which is the liquid faction obtained following the detering of anaerobic digestate.
Firstly, the solution conditions (i.e. pH and coagulant dosage) were optimized for a single
batch of centrate that was sampled in July of 2022 by leveraging readily available
measurements aftability and settling kineticsSecondly, centrate experiences significant
seasonal variability and coagulation processes need to be adapted to responded to changes
in influent properties, either by readjusting the coagulant dosage or by using a different
coagulant entirelyWWe show howstability measurements inherent to ACs can be utilized
to quickly compare coagulants and readjust dosages. This was achieved by using two
batches of centrate, which have different compositional properties and were sampled i
February (winter) and July (sumer) of 2022 Finally, we demonstrate how transmission
profiles provided by the AC can be used to identify the positions of phase boundaries,
which in turn can be used to estimate the volume of sludge that is produced after
coagulation and adapt downstmessludge handling processes in response to dosage

adjustments.

4.3 Materials & Methods
4.3.1 Anaerobic digester centrate sampling & characterization
Wastewater samples were collected from a biogas generation facility th Nor

America, where municipal orga waste is anaerobically digested to produce biogas and
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the spent digestate (typically between8@ liquid) is dewatered via a centrifuge. The

liquid fraction coming off the centrifuge, referred to as centrate, is aeafrhigh

strength industrial astewater. Six batches of wastewater were collected in February,
April, June, July, Augusiand December of 2022, with the batches collected in February
(Batch A) and July (Batch B) being used directly in this wddble 4.1 lists the values

for 18 water quality parametersneasured for Batches A and B, as well as the average
values measured across the six sampled batdtes chemical oxygen demand (COD)

was measured using a Hach 8000 HR CODirkiaccordance withthe manufz t ur er 6's
instructions, andhie 2tapotential was measured using a Zetasizer ZA Nano instrument
(Malvern Analytical). All other measurements weayerformedby AGAT Laboratories

(Oakville, Canada).
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Table 4.1. Measured water quality pameters of centrate from a biogas generation
facility in North America. Parameters denoted with an asterix (*) were measured by
AGAT laboratories.

Catgory Parameter Units Average Bat%%g‘z(l): eb (JBua:ggng)

Chemical(géyDg)en Demalr mgiL 6388 4788 5883

Total O(r_lggrg:i)c Carbon mglL 1023 780 874

True Colour TCU 6367 2110 6990

Bulk Properties Turbidity NTU 1009 664 689
Total Di(s'|'38|s\,/)ed Solids mgiL 9288 2080 8940
ZetaPotentiat mV - -15.4 -17.1

pH ~ 8.30 8.51 8.29
Electricd Conductivity | uS/cm 21882 19000 21400

Ammonia mg/L 2268 1920 2220

_ Sulphates Mg/L 113 42.5 309

Nutrients

Chloride mg/L 1585 1510 1730

Total Phosphorous mg/L 42.1 21.3 33.4

Total Calcium mg/L 98.6 48.1 97.0

Total Magnesium mg/L 70.3 43.6 48.6

Total Potassium mg/L 1317 1080 1020

Metals

Total Sodium mg/L 1918 1360 1230

Total Aluminum mg/L 2.9 0.408 0.515

Total Iron mg/L 17.2 6.32 9.69

1Zetapotential wasmeasured only for the two batches used in this study.

The amount and type of solid cagic feedstock entering the process upstream
influences the&eompositionof the centrat@and drives the considerable seasonal variability

in the measured water quality anetersTo demonstrate the intdatch variability, the
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time variations for six selé@arameters are shown in Figure 4.1, with the measurements

for Batches A and B highlighted in red and blue, respectively.
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Figure 4.1. Time-variations of COD, TDS, chloride, total phosphorus, total sodium, and
total iron across batches of centrate sampled in February, April, upeAdgust, and
December of 2022. The two batches selected for analysis in this study, Batch A (February
2022) and Batch B (July 2022), are highlighted in each panel
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4.3.2 Coagulation experiments

Liquid ferric chloride (FeG| 13.1% Fé&") and polyaluminum chloride (PACI,
9.05% AP*) coagulants were obtained fromemira Water Solutions. The -asceived
centrate was portioned into ~1L aliquots in beakers, and thefpthch aliquot was
adjusted using either HCI (36%) or NaOH (5M). For pH adjustment, the centrate was
placed on a stir plate and mixed at 100 rpm, witBl ldr NaOH being slowly added
dropwise until the pH was reduced from ~8.5 to either 5, 6, or 7 (Hestraments,
HI5522). The pHcorrected centrate was then distributed into eighimB0beakers
containing a 25 x 8 mm stir bar and then placed on a4puitit stir plate. The coagulant
was then pipetted into each beaker at a concentration of 50 to 58@hfhgand mixed
for 3 minutes at 300 rpm to induce coagulation. After mixing, a 1.6 mL aliquot of the
two-phase mixture was transferred to a specializelgcpdoonate vial containing an

optical window (see Figuré.2) for analysis using an AC.

4.3.3 Analyical centrifuge screening
A LUMiFuge (Lum, GmbH) AC was used to study the settling kinetics and

separation performance tife coagulantsThe LUMiFugeusel in this workcontaired a
chargecoupled device (CCD) camerahich tracked the position othe phaseboundary

in the two-phase mixture by measuring the transmission of near infrared (NIR) light at
discretized radial positions along the lengthtloé optical window on the vialThe
LUMiFuge analysis involved centrifuging theghkt vials containingthe two-phase
mixtures obtainedvia the coagulationexperimentgdescribed inSection4.2.2) at 2000

rpm (483g) for 5 minutesand recording théransmission profileat 1s intervals2000
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rpom was selected as thetation speedas it was thanaximum speedat which it was
possille to resole the settling kinetics of rapidly settling samples (ilegh coagulant
dosages)at the highest sel@ble resolution (i.e., 15). These parameters allowed a
maximum of 300 profilegso be recorded, resulting in arbinute centfugation time.
Additionally, the LUMiFuge allows for temperature control and an ambierpast
temperature satoint of 25°C was maintained for all experiments.

The transmission profileobtained from each sample contiithe percentage
transmissiorof NIR along tle length of the viaht 1stime intervas. The position of the
phase boundarywas visually observed as the positiat which alarge drop in
transmissionwas observed this positioncould be measured for a single percentage
transmission. Fo all the sampls in this study, the phase boundary position was
determinedas occurringat 30% transmissignas this valuewas a typical midpoint
between the transmission of the liquid and solid phtsgisvas observedy extension,
front-tracking profles were generated by plotting the position of sbéd-liquid phase
boundary ersugsime.

The stability of the twgphase miture wasquantifiedvia theLUMiFuge software
using an fi nstability indexo metric, which is a dimensionless number betweermrd 1
(stable mixtures showng poor separation hava value closer to zet?). The instability
index was calculated aghe ratio of transmissions (T) measuredatime interval (i)to
their radial positions along the sample vial (j), as shown in Equatiéorlfurther detall,
please see Equatio@.1 in the Supplementalinformation In this chapter, the final

instability index vale (i = 300 s) is reported.
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A schematic of the coagulant screening workflow that is described in sedtihhs

4.2.3 is shown in Figur€.1 of the Supple®ntal Information.

4.3.4 Sludge volume

The volume of sludge produced was estimated by assuming that the sludge layer is a
compacted disk with a radiusqual tothe inner diameter of the LUMiFuge vial (10.5
mm). The height of the cake wagterminedbasedon the transmission profiles as the
distance between the phase boundasy p oos thé lasbprofile (300profile att = 5

min.) and the end of the vial. The cake volume was then calculated as the volume of a
cylinder using the vial radius and the gledheight.The dudge volumes reported in
Section4.3.3 were normalized by diing by the initial centrate volume placed iritee

LUMiFuge vial (1.6 mL).

4.4 Results & Discussion
4.4.1 Optimizing coagulation performance for a single batch of centrate

Figure 4.2 shows representative transmission profile data obtained from the
LUMiFuge analysis. A representative transmission pedslshown in Panel A, and was
obtained via AC analysis of Batch B centrate that was first adjusted to a pH of 5, and then
treatel with 250 mgFe**/L. For each transmission profile, an analysis window is set
between the meniscus (radial position of thdiguid phase boundary) and the last phase

boundary (radial position of the soliduid phase boundary). The solidquid phase
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boundary is denoted by the sharp decrease in transmission, and shifts rightwards as floc
settling occurs, this phase boundargues to higher radial positions along the vial (right
ward shift). As described in sectiod.23, each transmission profile coms
transmission measurements taken at 1 second intervals, and the color of each profile
transitions from red to green betwnethe first and last profile.

Panel B shows the effect of two different coagulant dosages on the subsequent
transmission profile. Here, raw centrate from Batch (@ft-most image in Figurd.2)

was pH adjusted to 5 and treated wattow (50 mgFe**/L) and high (300 meFe’*/L)

doses offerric chloride (see Section 4.22), followed by processingn the LUMiFuge

using the method desbed in Section 4.23. The resulting transmission profiles and
instability index values are shown alomgth images of the vials after the -Bhinute
centrifugation period.Panel B highlights three important facets thate crucial to
interpreting the data presented in later sectis. Firstly, highcoagulant dosagewere
characterized bylarger difference in light transmission between the two phases
compared to lower dosages. The position of the phase boundary is best observed in the
transmission profileobtained for the 300 mEe*/L dosage where a clear drop in
transmission from 80 to 5% can be obserdadcontrast, a much smaller difference in
transmissionbetween the two phases was observed for the 5Fefif). dosage The
relationship between NIR tnamission and instabilitindex is shown in Equatiod.l1.

Simply put, the equation calculates instability index as the ratio of the total change in
transmission (known as clarification) across the analysis window at a given time

(B 4 ), to the maximum possible clagétion (4 4 E E by
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assuming that the maximumttainable transmission of the supernatant phase is the
difference between the transmission of pure water j and the averagtransmission at

the first time point 4 . *° The higher coagulant dosage generates greater colloidal
instability and clarifies the supernatant phase more than a lower dosage, and thus
providing a higher instability index valudhe images of thevials after coagulation
supports these observationas the supernatant phags significantly clearer after
treatment with a higher dosage.

Secondly, as floc settling occurs, the phase boundary moves to higher radial
positions along the vial (rigiward shift); once again, this movement is best observed in
the case of the higher coagulant dosage. Rranking profiles are generated by plotting
the position of this moving boundary measured at a set transmission of 30% at 1s
intervals. Finally, due to thiarger difference in transmission observed betweenio
phases, higher coagulant dosages yielded higher instability index values (see Eq.1).
Although the instability index quantifies the instability of a mixture, it was used as a
pseudo metric for catidal stability in this study.

The reproducibility of the LUMiFuge data was assessed by conducting
coagulation experiments at three adjusted initial centrate pHs (5, 6 and 7) and two
coagulant dosages (50 and 300-R&'/L) in triplicate The fronttracking profiles and
instability index valuegseeFigure C.2 of the Supplementalinformation) indicated the
good reproducibilityof the obtained measuremenisd provide confidencen the use of

these metrics as coagulant screeningstool
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Figure 4.2. (A) An example of an annotated transmission profile showing the position of
the meniscus, the last phase boundary, the analysis window, and direction of phase
boundary movement with time. This transmission profikes takenafter coagulating a
sample of centrate from Batch B with 250 4Rg*/L and initial pH of 5. B) (Left)
LUMiFuge vial (10 mL, polycarbonate) containing centrate from Batch B next to a
Canadian quarter for reference. (Right) Transmission profildained éllowing the
coagulation of Batch B centrate (adjusted pH of 5) with 5eFeiyL and 300 megFe**/L

of ferric chloride, and centrifugation at 2000 rpm for 5 minutes and transmission profile
recording every 1s. Images of the vials following coagoh andcentrifugation are
shown beside their respective transmission profile.
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The same process was used to assess the separation performance of ferric chloride
under various solution conditions. Figut@& shows the fronatracking profiles (top) and
instability index values (bottom) obtained following the coagulation of Batch B centrate
at three pHs (5, 6, and 7) and ten coagulant dosagés5@ mgFe**/L). The raw
transmission profiles used to generate this data are presented in Kg@8 in the
Supplematal Information. Standard error bars for conditions tested in triplicate
(described above) are shown for the instability index data in the bottom panels. The trends
observed in the data demonstrate that ACs artaldeifor use in screening coakant
condtions. Firstly, for a given pH, it was possible to identify the concentration dfLFe
required to achieve rapid settling. For example, the {fraicking profiles obtained at a
pH of 5 revealed that rapid settling occurred when the concemtrati F€* was
increased from 100 to 150 migg**/L. These results showed good agreement with the
obtained instability index values, which increased from 0.204 to 0.672. The instability
index increased to 0.831 at a dosage ofragd€**/L and remained refavely unchanged
for higher concentrations. This data implies that, at a pH of 5, a coagulant dosage between
150 and 200 mgre**/L should be chosen, as higher doses will not achieve further colloid
instability or higher settling. These trends were als@oiezl forthe higher pHs that were
tested.

The results presented in Figu4e8 also illustrate the effect of pH on both the
front-tracking profiles and instability index. As can be seen, rapid settling and higher
instability index values were achievedtla¢ lower pH values; for example, at a coagulant

concentration of 200 mEe**/L, rapid settling was observed at a pH of 5, whereas almost
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no settling was observed at pHs of 6 and 7. This result was mirrored in the instability
index values, which were 0.83 a pH of 5, and 0.258 and 0.120 at pHs of 6 and 7,
respectively. The effect of pH on ferric chloride coagulating agents isuwwe#rstood. In
particular, it is welknown that F& rapidly hydrolyzes when added to aqueous solutions,
with higher propoibns of positively charged hydrolysis products (i.e., Fe(©H)
FeOH") being observed at lower pHs. As such, lower coagulant concentrations are

needed to neutralize negatively charged coll&tds.
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Figure 4.3. Fronttracking profiles (top panels) and instability index values (bottom
panels) obtained following the coagulation of Batch B centrate with ferric chloride at
concentrations ranging between 0 and 500-Fet/L. The three columns show data
colleaed from three adjusted initial centrate pHs (left to right: pH 5, 6, and 7).
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The 30 independent screening experiments presented in F@gBretook
approximately 85 minutes with the AC, which is much faster than stima&ed 370
minutes (assuming 1 hoof gravitational settlingf>% it would take with a standard six
cell jar tester. Additionally, only 2.4L of centrate was required for screening with the AC,
which is much lower than the 60L that would be requirh whe jar tester. Moreover, the
time estimate for jar testing does not include the additional time required to assess
separation performance via external water quality tests (e.g., turbidity removal, COD
removal). A comparison of the estimated time regplito screen coagulants with the
LUMiFuge and a standard jar tester is shown in T@hle These results convincingly
demonstrate that ACs can be used to rapidly optimize a coagulation process, while
requiring low material consumption and time commitmevitile our study demonstrated
the utility of ACs for coagulation optimization using centrate, we see an opportunity to
apply this method to other high strength industrial wastewaters, such as from the dairy
(COD: 15007 5200 mg/L) or pulp and paper industfy000i 15000 mg/L)%®, or in
munidpal wastewaters, such as raw influeffter primary effluents’, where coagulation

induces a change in optical density of the wastewater.

4.4.2 Coagulant selection and dosing in response to feed variation

Beyondscreening the separation performanta single coagulant within a batch
of wastewater, data provided by ACs can be used to rapidly compare coagulants and
batches of wastewater with different compositional properties. This is demonstrated in
Figure4 .4, which shows the impact of feed propest(left) and coagulant type (right) on

the instability index. The left panel compares the instability index values obtained
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following the use of ferric chloride to coagulate Batch A (February) and Batch B (July) at
an adjusted pH of 6. As can be seerg ihstability index was higher for Batch A
compared to Batch B at each concentration between 50 and 3B€°iflg Both batches
reached a maximum instability index of ~0.83, which was achieved with ferric chloride at
adosage of 250 m§e**/L for Batch A and 400 mgFe**/L for Batch B. These differences

can be explained by the compositional differences between both batches (sekI}jable
For example, the higher COD, TOC, and TDS content in Batch B suggests higher NOM
loading; thus, Batch B requires a higheoagulant dose to achieve charge
neutralizatiort®2® This finding is supported by the higher zeta potential measured in
Batch B ¢17.1 mV vs-15.4 mV for Batch AY.

The right panel compares the instability index values obtained following the
cogyulation of Batch A with either ferric chloride or polyaiinum chloride. For these
comparisons, the instability index measurements were made at the sae/lmg
concentrations for both coagulants. As with the results in the left panel, a maximal
instabilty index of ~0.83 was achieved for both coagulants, ewehis was achieved at
a lower concentration with ferric chloride, likely due to differences in the equilibrium
concentration of positively charged hydrolysis observed at the adjusted centrafe pH
6.324! Figure C.6 in the Supplemental Informatiorh@wvs the instability index vs.
coagulation concentration curves for both coagulants at adjusted pHs of 5, 6, and 7. While
similar trends to those previously described can be seen across the réesfedpHs,
higher instability occurs at lower concentoas when the centrate pH is adjusted to a

lower value, which aligns with the results observed in Figuse?*! Figure 4.4 shows
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how ACs can be used to make rapid adjustments to coagulatioespesc Once again,
coagulant screening was much fasteQ~minutes vs. 220 minutes) and require less

material (1.44L vs. 36L) when using an AC compared to a jar testfdbleC.1).
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Figure 4.4. Comparimg the effects of coagulant concentration on the instalidices for
two coagulants (Fegbhnd PACI) and two batches of centrate sampled in February 2022
(Batch A) and July 2022 (Batch B) with a starting pH of 6.

Thus far, separation performance ha&erp assessed based on instability index.
However, it is mportant to understand how the instability index, which is intrinsic to
ACs, correlates to traditional separation performance metrics. Following centrifugation,
the COD of the supernatant fraction time LUMiFuge vial was measured. The COD
removal was caldated as the percentage decrease in comparison to the condition without
the addition of coagulant. Figuee5 illustrates the relationship between COD removal
and the instability index observed i 8oagulation experiments conducted at a pH of 6

and usimg ferric chloride and polyaluminum chloride at concentrations ranging between 0
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T 500 mgion/L. The results indicate that COD removal increases at higher instability
index values, but plateaus at we$ beyond ~0.4 0.5. This trend approximately aligns
with the inflection point of the instability index vs. coagulant concentration curves shown
in Figure 44. These results establish instability index values as tabdeimetric for
guiding the selectio of coagulant dosages, as the data presented in Fi@drend4.5
indicate that operators should strive for dosages around the inflection point of the
instability index vs. coagulant dosage curves. This correlation cabdsgved across the

pH range tht was studied (5 7) and is presented in Figu@7 in the Supplemental

Information.
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Figure 4.5. Relationship between Instability index and COD removal for Fa@iPACI
and two batches of centrate sdeapin Feb2022 (Batch A) and Jt#022 (Batch B) at an
initial adjusted pH of 6.
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4.4.3 Estimating sludge production rate

Estimating the amount of sludge produced by coagulation is critical to developing
waste disposal processes and strategies. IitiEciwith coagulation processes, the
supernatant fraction is either discharged or undergoes further downstream treatment,
while the solid sludge is dewatered as much as possible and then shipped off for external
disposal. As solid waste disposal can kigeenely costly, facilities may look to optimize
their coagulant dosing by minimizing the amount of sludge produced. Thentsaitn
profiles obtained from ACs can be used to assess the amount of sludge produced by
measuring the height of the solid phasel using it to determine the volume (as outlined
in Section4.2.4). The top panel of Figur¢6 shows the last transmissionofile (t =
300s) obtained following the coagulation of Batch B with 100, 300, and S&efd. at
an adjusted pH of 6. The pasit of the solid liquid phase boundary is highlighted for
each profile. As can be seen, the phase boundary shifts to lowarpasitions along the
length of the vial as the coagulant concentration increases, thus indicating a larger cake
height.

This techniqgue can be extended to the full range of evaluated coagulant
concentrations. The bottom panel of Figdr@ shows how té solid volume (normalized
by the initial concentration of coagulated centrate placed into the LUMiFuge vial) varies
with the coaglant dosage. Standard error bars are also shown for conditions evaluated in
triplicate (50 and 300 mEe**/L). The amount o§ludge produced increases alongside the
coagulantconcentration butppears to plateau at concentrations greater than 400 mg

Fe*/L. Notably, sludge production appeared to plateau at approximately same
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concentration as in the instability index experimefitss trend can be extended to the
range of pHs evaluated in this study and is illustrated in FiGwen the Supplemental
Information. As discussed in Sectigh3.2, operating at a concentration around the
inflection point of the instability index vs.oagulant concentration curve provides the

best trade off between coagulant dosage and COD removal. Based on the results shown in
Figure 4.4, this concentration is around 250 4fe*/L for Batch B, which, according to

the data presented in the bottom pasfdfigure4.6, the use of this concentration should

yield 0.09 mm of sludge per 1 mL of centrate treated. The inflection poinBfatch A

occurs at around 200 mige**/L, which would be expected to result in the production of
lower volumes of sludge. Thidata can be used to rapidly adjust downstream sludge

handling processes in response to varying feed properties and coagulgesdosa
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Figure 4.6. (Top) The final transmission profile (t = 300s) obtained with coagulant
dosages of 100, 300, and 500 -Fej*/L, with the position of the soliiquid phase
boundary of each profile higlglhted. (Bottom) The calculated sludge volume based on
the final phas boundary position and the corresponding instability index. The data
presented in thiBgure was collected using Batch B with an initial adjusted pH of 6.
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4.5 Conclusions

The results othis study demonstrate that an AC can be used to rapidly screen
cogyulants with very low material consumption. The ability of ACs to measure
transmissions over the length of a sample enables unique measurements of settling
kinetics and sample stability,hich are ideal for assessing the separation performance of
coagularg. To demonstrate this application, two batches of centrate were sampled from a
biogas generation facility in February (Batch A) and July (Batch B) of 2022. The centrate
was sourced fromedvatered anaerobic digestate and exhibited significant variaility i
its composition depending on the upstream organic waste that entered the process. Thus,
such facilities need a tool that allows coagulant dosages to be rapidly optimized in
response toefed variability. Batch B was subjected to a comprehensive scresityg
wherein the separation performance of ferric chloride was assessed at all possible
combinations of three adjusted pHs (5, 6 and 7) and 10 coagulant concentrati@&@® (0
mgFe*/L). The obtained frortracking profiles enabled the identification difie
minimum coagulant dose required to achieve rapid settling at a given pH, and these
results were further supported by a sharp increase in the instability index. The data
obtained vialie AC were then used to compare the performance of two coagul#mts wi
a single batch of centrate, and the performance of a single coagulant for two batches of
centrate with different compositional properties. The resultant instability index vs.
coagulam concentration curve was used to rapidly compare coagulants &sd assv the
feed properties impacted their performance. Furthermore, the findings showed that COD

removal is positively correlated with the instability index up to a value of ~0.5, after
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which plateauing occurs. This trend corresponds to the inflectiart pbthe instability

index vs. coagulant concentration curve and may represent an operating point that can be
used in coagulation processes. Finally, transmission profiles were use@noide the
volume of sludge that was produced, with results ingigathat sludge production
increases alongside the coagulant dosage. Estimating sludge volume using ACs is useful
for making rapid adjustments to sludgendling processes when sludge prcitbn
changes in response to alterations in the coagulant dosageallD 132 individual
screening experiments were conducted in this work, which required approximately 10.6L
of centrate and 6 hours of operator time. Ultimately, the results presenteih her
demonstrate that the proposed approach can be used to rapaiy soagulants while
enabling minimal material consumption. An unexplored benefit of the LUMiFuge is the
ability to conduct coagulant screening experiments at different temperaturesartos

used to simulate coagulation processes to emulate seasmparature fluctuations that

treatment facilities experience and is a direct extension to this study.
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Chapter 5 Leveraging colloidal stability measurements to optimize the treatment of

anaerobic digester centrée

Abhishek Premachandra, Matthew McClureranil Sarkar, Kevin Lutes, Sasha
Rollings-Scattergood, David Latulippe

In preparation for submission tiwe Journal of Environmental Chemical Engineering.

5.1 Abstract

CoagulatiorFlocculation (CF) processes are commonly used to remove natural
organic matter frmm wastewater streams prior to downstream membrane processes. When
paired with nembranes, CF processes needs to be appropriately calibrated to ensure
coagulantsare not over or underdosed. This is often done through colloidal stability
measurements viazetapotential analyzer; however, these measurements are affected by
the salinty of the solution. Zetpotential is challenging to use as a metric for optimizing
coagulantdoses when the salt concentration of the incoming feed is either too hibh, or
concentration varies with timewhich is commonproblem for many industrial
wasewaters. In this study, an analytical centrifuge is used to rapidly and efficiently
estimate the colloid stability of a CF process that is treating a real industrial wastewater
containing a high organic loading (TOC = 1791 mg/L) and salt concentration
(corductivity = 23,600 uS/cm). Based on this optimization, ferric chloride doses of 50,
250 (identified as the critical coagulant concentration), and 506 atif. were selected
to represent a range of treatment levels. Additionally, measurements of setllagyw
were used to select 200 mg/L as an appropriate dose of an anionic polyacrylamide

flocculant. Wastewatepretrea¢d at these conditions were filtered using a commercially
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available nanofiltration membrane in a crossflow filtration cell. The averagabrane

flux increased from 11.4 + 1.8 LMH without any pretreatment, to 16.1 £ 2.5, 17.6 £ 1.7
and 21.7 + 3.5 LMH for the low, intermediate, and high conditions. Despite htheng
highest average flux, a significant flux decline was observed at thecbinglition, which

was attributed to excess iron pooling in the supernatant at doses above the critical
coagulant concentration. Finally, the permeate TOC tended to increaseevéhsing
coagulant dose, and thus the intermediate condition was deterripedvide the best
tradeoff between flux improvement and NOM remowvainongst the four conditions

tested.

5.2 Introduction

Coagulatiorflocculation (CF) and membrane proceskase been widely paired
together to treatariety of watet 3 and wastewaté®. In these studies, CF processes are
used to pretredahe water by removing suspended colloidal material that would otherwise
foul the membrane surface. Natural organic erafiOM) is a colloidal contaminant that
encompasses a broad class of naturally occurring organic compounds, that range in size
betweenl nmi 1 unY. Unlike nutrients, salts and metals, NOM is much larger than the
membrane pores of ultrafiltration (UFhé nanofiltration (NF), and completely fouls the
membrane surface by forming a lgsrmeable cake layeNOM remain ablethrough
electrostatic repulsive forces that prevent colloids from coalescing into settleable
aggregates

Colloid stability istypically measured through zepatential, which is the surface

charge on a colloid that is suspended in a liquid mefiuMOM in wasewater
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predominantly negative zefmtential over a wide range of pHsCF processes remove
NOM by first destabilizig the colloids through the addition of a positively charged
coagulant (ahydrolyzing metalsuch as A" or F€%)!? and then the adibn of a
negatively charged polymer flocculant to form large flocs that settle out of the
wastewater, leaving a supetaiat with less colloidal material that would foul membrane
surfaces. Measurements of zetaential are useful in identifying the coaguoi dose
needed to achieve charge neutralization (¢
under or overdosed. Preu® studies have shown the importance of monitoring- zeta
potential in hybrid CHnembrane processes. For example, previous studies byetAng
all®%and Schrader et &.have shown that maintaining a negative qmitential allows
electrostatic repulsion between colloids and the surface of negatively charged polymeric
membranes to minimize fouling. Additionally, numerous studies hdwevrs that
coagulant overdosing leads to additional fouling from suspended metal hydrolysates that
become foulants themsel¥&48. Thus zetgotential is a critical process parameter that
should be monitored in hybrid @Rembrane processes.

Zetapotentid is indirectly measured by measuring the movement of solutes under
an applied electrical field (electrophoretic mobility), and it is affected by factors such as
concentration of colloids and the pH and ionic strength of the dispersing stlufieta
potential measurements become challenging to accurately determine in high ionic
strength solutions due to Debye screening, a phenomenon where the measured zeta
potential is reduced due to a shielding effect that is caused by the presence of excess

counter ons®?° The distance over which charge screening occurs is a function of the ion
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concentration, composition, and valency of ions pré&efius,using zetgpotential as a
CF control parameter for wastewaters that contain a high salt and colloit&r ma
concentrations, such as pharmaceutical wastet#atetandfill leachate¥-?> dewatered
digestate®, and textiles wastewaféy is not recommended, with one source citing 1000
uS/cm being the highest allowable conductifity

Analytical centrifuges (ACs) use an integrated optics system to measure the
separation kinetics and solution stability of multiphase mixtures under accelerated
conditions, and they are primarily used to study the stability of formulated mixtures. In
our previous work we introduced the use of ACs as a higloughput screening tool that
can be used to optimize coagulation processes through rapid approximations of colloid
stability using an i nt egr®aTheidstalfliymdetusedi | i ty
a raio of transmissions between the two separating phases to assess solution stability, and
this was shown to be well correlated with coagulant concentration. As this technique is
optical and does not rely on measurements of ion mobility, thene agportuity to use
ACs to optimize coagulatiopretreament processes based on colloidal stability for
wastewaters that contain high concentrations of salt and colloidal matter. In this study, we
build on previous studies on the effect of colloid stbibn membane filtration using
zetapotential measurements by evaluating membrane performance at various instability
index values for a real wastewater containing a high NOM concentration and ionic

strength.
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5.3 Materials & Methods
5.3.1 Wastewater saripg and claracterization
The wastewater used in this study was sampled in August of 2022 from a biogas
generation facility operating in North America, and is the liquid fraction of spent digestate
that forms after a centrifugation dewatering procedsich is knownas centrateThe
centratecontains a high organic loading (total organic carbon = 1791 mg/L) and salinity
(conductivity = 23,600 uS/cm), and thus is an ideal real wastewater system for this study.
A more detailedableof measurements provided TableD.1.
Several techniqgues were used to characterize the untreated and teatiede
throughout the study. This includes:
1 Total organic carbon (TOC) measurements using a Shimadzu TOC analyzer
1 Chemical oxygen demand (COD) measurements using Ha€hHBRACOD kt by
following the manufacturers instructions
1 Conductivity and pH were measurements using a bench top HI5522
pH/conductivity meter
1 Iron concentrations measurements using a Varian Vistdndwectively Coupled

Plasmd Optical Emission Spectrosgy (ICP OES instrument

5.3.2 Coagulation and flocculation experiments
Coagulation and flocculation experiments were first conducted at an 80 mL scale
to rapidly identify doses for investigation, and then at a 2 L scale at to produce enough

pretreatectertratefor membrane filtration. The agceivedcentratewas first acidified to
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a pH of 5 using 36% hydrochloric acid. To induce coagulation, ferric chloride (Kemira
Water Solutions, 13.1% Al) was dosed at concentrations ranging betweerb00 mg

Fe**/L and mixed ér three minutes at 300 rpm using a magnetic stirrer. Icémtrate

was also being flocculated, the pH of the solution was increased to betwekh Using

5M NaOH while slowly being mixed at 50 rpm. Aigh molecular weight anionic
polyacryamide floculant (Superfloc AL50, Kemira Water Solutions) was added at
concentrations ranging betweeni0200 mg/L (w/v) and mixed for 3 minutes. If
experiments were being conducted at the 2 L scale, flocs were allowed to settle under
gravitational condibns for 1hour, after which the supernatant phase was extracted using

a pipette pump and stored refrigerated for filtration.

5.3.3 Analytical centrifuge screening

A LUMiFuge (Lum, GmbH) AC was used to rapidly evaluate the separation
performance of both egulants ad flocculants. A detailed description of how separation
performance is assessed via analytical centrifugation can be fouBHaipter 4°. In
summary, 1.6 mL of the twphase formed after coagulation looth coagulation and
flocculation was tnsferredd a specialized polycarbonate vial. Up to eight vials were
centrifuged for 5 minutes at 2000 rpm and profiles of 1faared light transmission (T)
versus radial vial position (j) were recorded at 1 second interval (i). Instability index
values and flocsettling profiles were generated by applying data transformations to the
transmission profile data. Instability index valuescalculated from Equation 5.1, which
simply put, is a ratio of transmissions between the treated and untreated plteses

values closer to 1 suggest greater colloid instability.
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) 1 00 AAEA MDY DL ° h (5.1)

The floc settling velocity was determined by transforming the transmission data into
phase boundary position vs. tigeaphs (known as settling profiles). These graphs were
developed by plotting the radial position of the phase boundary in which ~15%
trangnission was observed, for each time point. A 15% transmission was observed as a
typical mi velyes absemrd at low copdentrations, and allowed the movement

of the phase boundary to be measured. The slope of the linear portion of the settling
profiles were used to determine the settling profiles. An annotated graphic showing how

this was done is shown in FigeD.3.

5.3.4 Membrane nanofiltration

A high-pressure crossflow filtration apparatus was utilized to study the membrane
performance at vaous levels of CF pretreatment. A schematic of the system is shown in
Figure 5.1. In summary, liquid is loaded irg¢dher tanks TO1 or T02, with valve V01
being used to select which tank liquid is drawn from. The liquid is pressurized using a
positive dsplacement pump and passed into a cross flow filtration cell (SEPA, Sterlitech)
containing a flasheet membrane wittan active filtration area of 140 émThe
transmembrane pressure (TMP) is set by controlling the opening of a needle valve on the
retentae line (V06). The retentate is passed back into the feed tank, and the permeate is
collected in a vessel that is piisned on three load cells that record the cumulative mass

over time.
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The NFS membrane supplied by Synder Filtration was selected as ysrevio
studies have demonstrated both a high selectivity and flux when filtering liquid streams
contain high organics loings with the membrafd® Filtration experiments were
conducted at a constant TMP of 100 psi, and crossflow rate of 1.6 L/min. Hiltratio
experiments wereeighthours, with DI water being filtered in the first and last hour from
tank TO1, and centratbeing filtered for the intermediate six hours from tank TO02.
Separate vessels were used to collect the filtered centrate and filteredeD | ™aa flux
was measured by performing a numerical differentiation on the mass vs. time data
collected on the loadells. Additionally, the separation performance of the membrane was

guantified by measuring the removal of TOC aftestreatnent and aftefiltration.
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Figure 5.1. Process & instrumentation diagram of thgh-pressure membrane filtration

system used to evaluate filtration performance of commercial nanofiltration membranes.
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5.4 Results & Discussion
5.4.1 Evaluation of colloidal stability in coagulation and floatidn processes

The effect of varying onlythe coagulant concentration on instability index is
shown in Figure 5.2. Coagulation experiments were performed in triplicate with 80 mL of
centratethat was first acidified to a pH of 5, and instability index sugaments were
made immediately after theeminutes of mixing at 300 rpm. Panel A shows the instability
index (left axis) and percentage removal of COD (right axis) at ferric chloride
concentrations ranging betweeri 00 mgFe**/L. Based on the sigmoidahape, the
change in instability index wh concentration is nelinear, with a slow increase observed
between 0i 150 mgFe*/L, a rapid increase between 150400 mgFe*'/L and a
plateauing at concentrations above 400Fetj/L. The plateauing of obsesd at 400 mg
Fe**/L suggests that chargeutralization occurs at this concentration and is supported by
the lack of increase in COD removal observed at a higher coagulant concentration.

Representative transmission profiles obtained from one of theicatipl
coagulation experiments performeddases of 50, 250 and 500 #fg’*/L, along with an
image of the AC vial after centrifugation is shown in Panel A. Each transmission profile
contains 300 measurements of NIR transmission along the length of th&alAtaken
each second, and changes frond te blue between the first and last profile. The
boundary between the liquid dominant and solid dominant phase is denoted by a sharp
decrease in transmission at a given radial position and shift rightwards méhas floc
settling occurs. As expectedhet difference in transmission between the two phases

increases as doses increases, thereby yielding a higher instability index. Transmission
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profiles for each replicate at each concentration is shown in Figq@eand shows that

the difference in transnssi 0 ni) bétwe&n the two phases increases at a similar manner

to the instabil it y;occordng a conosntrations aove 200-ing e a b |
+
Fe*/L.
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Figure 5.2. (A) Instability index (left) andCOD removal (right) measured at ferric
chloride doses ranging betweeri 00 mgFe**/L . Error bars are shown on each data
point to indicate the standard error observed across three imtgpenoagulation
experiments. (B) Transmission profiles obtainé@racoagulating centrate (at an initial
pH of 5) with three concentrations of ferric chloride (50, 250 and 50 eatig.) and
centrifugation at 2000pm for 5 minutes, with a transmissiorofile being recorded at 1s
intervals. An image of the LUMiFugealitaken after centrifugation is shown beside each
transmission profile.

Coagulant doses of 50, 250 and 500-Fed/L were selected for experiments
moving forward to represent a range aatment levelsand henceforth will be referred
to as Of mewdi atéénta@nd Ohi gho. TheoGDangFe’t/lr at i on
concentration was selected as an underdosing concentration where membrane fouling due

to NOM would dominate, whereas the05thgFe**/L was selected as an overdosing
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concentration where it & expected that fouling due to excess iron would dominate. The
250 mgFe*'/L was selected since as it lies right on the inflection point of the instability
index vs. coagulant concentratioarve, which suggests that this concentration is likely
the critical coagulant concentration (CGEY The critical coagulation concentration is
commonly defined as the minimum coagulant concentration required to induce
coagulation. Based on the transmission profiles presented in Figure D.2, an appreciable
chance inp T occurs between 200 250 mgFe*/L, suggesting that the CCC likely
occurs between those two points. This is further supported by the COD measurements,
which shows a very marginal change to the COD removal at concentrations above 250
mg-Fe*/L. It was hypothesized that 250 afg*/L would provide the optimal tradeff
between NOM removal and coagulant doses, in which fouling from NOM and excess iron
would be minimized. The higthroughput nature of ACs allowed eight instability
measurements (and th€C) to be determined in approximately rhihutes per replicate.
Flocculation is a critical for ensuring that floc settling occurs quickly and that
smaller flocs that may remain suspended are effectively removed from the sup&natant
The effect of adithg an anionic polyacrylamide flocculantas evaluated at three
concentrations (0, 100 and 200 mg/L) for each coagulant dose. Figure 5.3 shows the
effect of the flocculant doses on instability index (3A) and settling velocity (3B) for each
of the coagulantioses. By leveraging the fretrackingcapabilities of the AC, the slope
of the linear portion of radial position of the phase boundary vs. time was used to estimate
settling velocity, and an example of how this was determined is shown in Figure D.3. The

flocculant had almost no impact on thestability index, however, did increase the floc
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settling velocity, particularly for the intermediate and high coagulant doses. For example,
increasing the flocculant dose from 100 to 200 mg/L resulted in thengettlocity
increasing from 3.24 to 4.8dm/s for the intermediate coagulant dose, and from 4.05 to
6.11 cm/s for the high coagulant dose. This result was expected as the action of flocculant
is to bridge existing pin flocs into larger settleable flocsl mot to destabilize colloid$

From these findings, 200 mg/L of flocculant was added to aid floc settling and to ensure

smaller suspended flocs were removed prior to membrane filtration.
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Figure 5.3. (A) Instability index and (B) floc settlingelocity (in cm/s) measured after
coagulation with ferric chloride at the three previously identified concentrations, and
flocculation with either 0, 100 and 200 mg/L of an anionic polyacrylamide flocculant.
Error bars indicating the standard error acragplicate coagulation and flocculation
experiments are shown.

Batches ofcentrate were treated with either the low, intermediate or high
coagulant dose, and 200 mg/L of flocculant in 2 L beakers. Each conda®mnepeated
six times to generate sufficient volumes (~10 L) of CF treagedrateprior to filtration.

Samples of the twphase mixture were taken after both coagulation and flocculation, and

150



Ph.D. Thesi$ A. Premachandra; McMaster UniversitfChemical Engineering

the instability index was measured to ensure that resulte & L scale conformed with
results obtained at the 80 mL scale. These results are presented iiD.Pabled show
good agrement between both scales for each condition tested with some variability

observed at the intermediate dose.

5.4.2 Membrane flux @hfouling analysis

The CF treatectentratewas filtered using a commercially available flat sheet
nanofiltration membranes (NFS, Synder) in a ligbssure crossflow filtration cell (A=
140 cnf). The filtration experiments lasted eight hours, with DI ewabeing filtered
during the first and lashour, with centratefiltered for six hours in between at a constant
pressure of 100 psi. Figure 5.4(A) shows the membrane flux measured while filtering
both DI water, anctentrateacross all levels of CF pretreaént, and an image of the
membrane surfacafter the entire ®our filtration window for a single replicate is shown
in Figure 5.4(B). Images of the membrane surfaces following filtration from both

replicates is shown in Figure D.4
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Figure 5.4. (A) Permeate flux obtained following filtrations of (from left to right) as
received centrate, and centrate pretreated with 50, 250 and 5@@’ifig of ferric
chloride and 200 mg/L of flocculant using commercial NEghdej membranes across
two replicates. Filtration experiments lasted eigbtirs, with DI water being filtered
during the first and last hour, and centrptetreagd at various conditions being filtered
for the six hours in between. (B) Images of thenmbranesurface of one replicate that
was taken after the-Bour filtration is shown below each filtration profile.

Table 5.1 shows the average flux measurements across two replicates for each
stage of the filtration cycle. The average DI water flux etentatefiltration across all
eight membranes was 35.9 + 2.9 LMH, and a dramatic drop in flux was observed
immediately after switching toentratefiltration across all conditions. The average flux
across both replicates for the no CF control was 111484 MH bar, which is a 68.7%
decrease from the average DI water flux. Tleatrateflux varied with the level of CF
pretreatent, however a general trend of the average flux increasing with coagulant dose
was observed. The flux increased from 11.4 +viitB no pretreaient, to 16.1 + 2.5 at
the low dose condition and 17.6 + 1.7 LMH at the intermediate dose condition.

Additionally, the average DI water flux aft@entratefiltration was not statistically
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different from the average DI water flux measuredobe fltration, which indicates that
fouling is reversible at these conditions. With reference to the classical Hermia models,
the dominant mechanism is likely some combination of intermediate and complete pore
blocking where NOM foulants occlude the mmane pres®. Images of the membrane
surfaces at these three conditions show that a dense cake layer was not formed, and this is
likely due to shear forces preventing the accumulation of foulants on top of each other
through weak hydrophobic interaatis®.

An average flux of 21.7 + 3.5 LMH was measured at the high condition, however
unlike the previous conditions, flux declines of 43% (replicate 1) and 26% (replicate 2)
were observed between the highest measured flux and the end aainthatefiltr ation
cycle. The flux decline suggests that a cake layer builds over the initial fouling layer,
which gradually becomes thicker as filtration occurs, resulting in a steady decline in
flux34. Additionally, the average DI water flux afteentratefiltration was31.4% lower
than beforecentratdfiltration, suggesting that the form of fouling is partially irreversible.
It was suspected that this is due to fouling from excess hydrolyzed iron products that
remained in the supernatant after coagulatiigure 5.2(A) shows that for coagulant
doses above the CCC, marginal improvements in COD removal were observed with
addition of more coagulant. Thus, the additional coagulant contributes minimally to

charge destabilization, and pools within the supern&tant
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Table 5.1. Average flux measurements during filtration of @fetreagd centrateacross
four treatment levels, and the pr@nd postDI water filtrations. Average and standard
deviations for each flux werealculated based on measurements taken every minute

during each filtration cycle, across two replicates for each condition.

Average DI water

Average wastewate

Average DI water

Flux beforeCentrate flux (LMH) Flux aftercentrate
filtration (LMH) filtration (LMH)
No CF Control 36.4+1.3 114+1.8 36.7+4.7
Low Condition 32.6+£29 16.1+2.5 29.3+6.4
IntermediateCondition 33.4+3.6 176+1.7 31.9+3.6
High Condition 41.1+3.3 21.7+3.5 28.8+1.8

To verify this hypothesis, the concentratiof iron within the supernatant was
measured directly from AC vials following coagulant screening presented in FAgure
Figure 5 shows the measured instability index (left) and the concentration of iron
measured via IGIOES (right) for nine different cgalant doses. It is important to note
that the as receivedentrate had an initial iron concentration of 52.2 mg/L. The
supernatant iron concentration gradually increases with coagulant dose up until the CCC,
however, increasempidly at concentrations gher than the CCC. This confirms that
coagulant dosing beyond theCC results in the excess coagulant pooling within the
supernatant, and the fouling behaviour observed is due to the presence of excess
hydrolyzed iron products.

At a neutral pH, the domima form of ferric is Fe(OH), and the surface zeta
potential of the NFS membrane is28 m\#%3’ Images of the membrane surfaces
presented in Figure 5.4(B) show that a significant orange discoloration is observed on the
membane at the high conditiosuggesting that the formed caked layer contains a high
amounts of hydrolyzed iron products that have adsorbed onto the membrane surface. As

these images were taken after the second DI water filtration, this cake layer was able t
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resist surface shearingittv clean water and explains why a lack of flux recovery was

observed compared to previous conditions.

reversal that allows Fe(OH}YNOM complexes

The excess iron contributes to a charge

to easily adhere onto the membrane

surfa@ through electrostatic itactions. The cake layer that forms on the surface of the

membrane is likely held together via stronger electrostatic interactions between iron and

the NOM, that are better able to resist shearing from crossflow and accunsutatalee

on the membrane gace’?*38
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Figure 5.5. Instability index (left) and the supernatant iron concentration (right) measured
directly from the LUMiFuge vials using ICBES for coagulant doses rang between O

i 500 mgFe**/L. Error bars are shown on each data point to indicate the standard error
observed across three independent coagulation experiments.
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5.4.3 NOM removal performance of CF and nanofiltration process

In addition to the effect omembrane flux, the effect orrganics removal was
also investigated through measurement§ ©f. Figure 5.6 shows the measured TOC
after CF treatment, andlF for the three dosesoagulant doseand the no pretreatment
control. When considering just the @Focess, the average TOC dreps0.6% between
the low and intermediate conditions, from 1691 + 93 mg/L to 666 + 42 mg/L. However, at
the high condition, the TOC only dropped marginally to 520 £ 20 mg/L. These results
compliment the COD removal results leated during coagulant screeg that is
presented in Figure 5.2 and is likely due to the coagulant contributing less to NOM
colloidal destabilization beyond the CCC. Images of samplesmtfatetaken after each
stage of treatment for each conditiortéelsis shown in FigurB.5.

Following membrane filtration that the permeate TOC was reduced by over 90%
across all trials when compared to the original feed TOC of 1791 mg/L. The lowest TOC
was measured at the no CF pretreatment condition at 51 + 11 angdLmarginally
increased to@ £ 7 and 79 £ 3 mg/L for the low and intermediate dose. At the highest
dose, the permeate COD was 136 *+ 2 mg/L, more that double the no coagulant condition.
Similar results have been presented in previous sfiidaesl is ikely due to charge
reversaleffects that allow FENOM complexes to more easily transport through the
negatively charged membrdfeThese results suggest the existence of an interesting
trade off between the gain in membrane productivity and the Iqgerimeate quality that
exists when acentrateis pretreated via a CF process. When considering both the

membrane flux results and the TOC removal results, the best operating condition for the
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combined process is at the inflection point of the instabiliigex vs. coagulant
concentratn curve, or the CCC. The AC used in this study allowed for the CCC to be
rapidly determined (<10 minutes) and proves to be a valuable tool when optimizing CF

pretreatment processes.
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Figure 5.6. TOC measuments taken of samples after CF at the 2L scale, and after
membrane filtration for the four coagulant concentrations evaluated. Standard deviation
error bars are shown for three triplicate measurements of TGg&adbrsample

5.5 Conclusions

In this study,an AC is used to preselect conditions for a CF treatment process
through measurements of colloidal stability and floc settletpcity, and study the
effects of different levels gbrereatment on a downstreanFNprocess. A sample of real
anaerobic digest centrate wasampled from a biogas generation facility. A relation
between colloidal stability and coagulant dosing was first established by measuring the
Al nstability 1 ndexo0 o fngctohgalated with fegiovwchloriderat sy st
concetrations between ® 500 mgFe**/L. Combined with measurements of COD, the
CCC was identified as being around 250-F&j'/L, and was selected for experiments

moving forward, along with a low dose (50 +&g**/L) and high dose (500 mBge**/L).
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The front traking capabilities of the AC were also used to select a flocculant dose of 200
mg/L based on settling velocity. The low, intermediate, and high coagulant doses, along
with 200 mg/L of flocculant, were then used fdetreat thecentrateat a 2 L scale to
produce sufficient volumes of CF treategntratefor filtration with a commercially
available nanofiltration membrane in a crossflow filtration cell. The results showed a
dramatic decrease in flux when filteriogntratecompared to DI water, however, thaxl
generally increased with instability. At concentrations above the CCC, a steady flux
decline was observed, and was attributed to excess iron that accumulates in the
supernatant, and this was confirmed with sugaments of the iron concentration in the
treated supernatant. Measurements of TOC removalaiteCF andNF showed that the

TOC tended to increase with coagulant dose, and the operating point around the CCC
provides the best traddf between flux impovement and TOC removal. ACs have
demonstreed that they can be used to optimize CF pretreatment processes through
measurements of NIR in lieu of traditional ze@tential measurements that are affected

by the ionic strength of a solution.
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Chapter 6 High-throughput and miniaturized screening pipeline for optimizing two

stage coagulatioamembrane filtration processes

Abhishek Premachalna, Erica Lanteign&Vilkins, Jack Ormsby, David Latulippe

In preparation fosubmission t&cnvironmental Science & Technology

6.1 Abstract

Two stage coagulation and filtration processesveadely used in combination to treat
various wastewaters, however, identifying the optimal coagulapoetreatment
conditions is critical for optimizing the downstream membrane process. In this study, we
present an integrated highroughput and miniatured screening (HTMS) pipeline that
combines analytical centrifugation (AC) with filter plate techngldg rapidly and
efficiently screen coagulatiefiitration processes in unison. Elements of automation (via

a liquid handling system) were used to perf@magulant dosing and liquid transfer tasks,

and spectroscopy measurements were utilized to rapidéesssprocess system
performance. The HTMS pipeline enabled a total of 648 coaguifiltiation
experiments to be conducted over the course of four dayghich six coagulants were
screened at all combinations of four wastewater pHs and nine dosingnt@ations in
triplicate. The separation performance during coagulation was assessed using the AC via
an instability index measurement, which quantifies degree to which the wastewater

has been clarified via a ratio of light transmission measuremetsdte the treated
supernatant phases and settling floc. When the instability index is determined for an array
of concentrations, the critical coagulant centration (CCC) can be rapidly identified.

The CCC shifts depending on the solution conditions, kewean instability index of
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~0.2 was measured at the CCC across all coagulation experiments. The supernatant
fraction from each coagulation experiment idsred in 96well filter plates containing

30K Omega ultrafiltration membranes, and the permeabhdme and permeate quality

were determined by measuring absorbances at 977 nm and 272 nm respectively.
Interestingly, the permeated volume tended to am®eonly at concentrations above the
CCC, while the absorbance at 272 nm decreased up until the @CtBen plateaued at

~0.4 above the CCC. When correlating the volume permeated to the absorbance at 272
nm, the best performing pretreatment condition oecl when the wastewater was
acidified to a pH of six and alum sulfate was dosed at a concentr&tif® angAl3*/L,

which resulted in an 83% decrease in 272 nm absorbance and 282% increase in the

permeated volume.

6.2 Introduction

Upstream coagulation pcesses are frequently paired with downstream membrane
processes when treating wastewaters contaiaihggh concentration of colloidal matter
that would foul a membrane surfdce The size of colloidal matter ranges anywhere
between 1 nm to 100 um imzs*, and can be much larger than the typical pore size found
in many commercial UF (I 100 nm} and NF membranes (0.6 1.5 nm§. For
wastewaters containing high concentrations of colloidal matter, such as wastewaters
produced from the textile pradtior!, landfill leachatesand pulp and paper miflsdirect
filtration leads to either porplugging or cake layer formation depending on the size of
the colloid. Natural organic matter (NOM) is a common source of colloidal fouling that

is fourd in many wastewaters, and remaiabde through negative electrostatic repulsive
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forces that prevenaggregation intcsetleable flocs'®. Coagulation via a hydrolyzing
metal (such as B8 can effectively neutralize these charges and promote floc fiomat
However, when paired with membrane processes, careful monitoring of the upstream
coagulation pocess is needed to ensure good operation of the downstream process.
Firstly, the coagulant dosing concentration needs to be controlled to prevent undgerdosin
(suboptimal NOM removal) or overdosing (source of metal fouling and colleid re
stabilization§. This can be challenging fdacilities that experience influent variability
and require the coagulant dose to be frequently readjusted, such as thasg highti
strength industrial wastewatér$? Secondly, changes made to the solution conditions of
the wastewater to optimize the coagulation process, such as changing the wastewater pH
or the amount of coagulant added, can also affect the efficacyeofidiwnstream
membrane proces§ Thus, when developing and optimizing integrated coagulation
filtration processes, a holistic approach that considers both processes in unison is needed.
Process screening involves replicating industrial processesnadléer scale such
that rapid testing can be carried out to optimize operating conditions or dhetogsen
process alternatives. The current standard for screening both coagulation and filtration
process involve large and laborious bench scale equiptm&ntequires several liters of
wastewater and several hours of operator time to effectively spreeasses. Coagulants
are often screened with jar testers, which emulate industrial coagulation processes with
four to six 22 L jars and an integrated paedtirret*. Similarly, membrane technologies
are screened using bench scalé @IOL) membraneystems that similarly require large

volumes of wastewater and have a low throughput as only one membrane can be screened
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at a time. Several studies existwhich the supernatant fraction from fasterhas been
filtered via a bench scale membrane systerevaluate the improvements in membrane
performanc& 18 However, due to the laborious nature and material intensity of both
processes, the scope of shestudies only includes a few combinations of conditions
tested, and optimization of these process#ten occurs independently.e(, the
coagulation process is independently optimized before the filtration process).

Influenced by advancements made ire thiomanufacturing?® and material
discovery! space, screening technologies are moving towards technologies that are
miniaturized and high throughput (HT) such that several combinations of process
variables and alternatives can be evaluated in & pkeaod of time with a low material
requirement. fiough not as mature as technologies that exist for biological and material
synthesis applications, highroughput screenings exist for both coagulation and
filtration process. Previous studies have idtroed the use of microwell ass&/%s
microfluidic device$*, scaled down mixing vessélsimaging method$ and spinning
disc device$ as HT and miniaturized screening alternatives to jar testing. Moreover, our
previously published work edibshed analytical centrifugation as a viable high
throughput and miniaturized (HTMS) tool that rapidly evaluates the separation
performance of coagulants through ligfatsed pseudmeasurements of colloidal
stability?®. Similarly for membrane process v#¢opment, technologies such as filter
plateg®3® parallelized systerd$3, miniaturized testing cefi$* and viatbased

technique¥ have been proposed to facilitate HTMS. However, to our knowledge, studies
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have yet to combine these technidésgto screen integrated coagulatfdtmation
processes.

Inspired by recent work related to combinatorial screening pipelines that combine
multiple screening technologi®s®, this work aims to develop a HTMS platform that
combines coagulation and mbrane screening technologies to facilitate HT preces
development and optimization of integrated coaguldfiitmation processes. This work
builds upon our previous work with ACs as a HTMS tool for coagulant scrééning
filtering the supernatant fction with commercially available filter plate teaiagy.

Filter plates were selected as the volume requirements from AC screening (~1.6
mL/sample) closely matches the well volumes of filter plates (~0.35 ml/well). Though
filter plates are primarily usefbr bioseparations applications (namely DNA and girot
separation), limited studies have used this technology for HT process development
(HTPDY?®, and to evaluate membrane surface modifications to minimize NOM f6tling

To the authors knowledge, it plate technology has yet to be used as parsofeening
pipeline in the development and optimization of wastewater treatment processes.
Additionally, the screening pipeline presented in this study aims to incorporate current
trends in HTPD by incograting elements of automation, and by replacinditinal

water quality characterization techniques with rapid absormam®ed analytical
technique¥. The HTMS pipeline presented in this study enabled 648 individual
coagulatiorfiltration experimerd to be conducted over the course of four workingsda
where a total of six coagulants were screened at four pHs and nine concentrations in

triplicate.
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6.3 Materials & Methods
6.3.1Wastewater sampling and characterization

The industrial wastewater usea ithis study was sampled from a biogas
generation faility in North America. At this facility, municipal source separated organics
are trucked in and fed into an anerobic digestor to produce biogas. The spent digestate is
then separated via a centrifugadahe liquid fraction coming off the centrifuge ring a
high strength industrial wastewater with a hifOM loading known as anaerobic
digester centrateThe centratesample was collected iApril 2023 the TOC, chemical
oxygen demand (COD), conductivityé pH of the asreceivedcentratewere measured
and summarized in Tabg1.
Table 6.1. Measurements of four water quality parameters of the as rece@rdrhte
along with details of the instrument that wased to perform each measurement.

Measurements are shown as the average and standard deviation across three triplicate
measurements of each parameter.

Measurement Averag;:v;;aﬁéindard Instrument
pH 9.1+£0.04 Hanna HI 5522
Conductivity (mS/cm) 14.8 £0.43 pH/Conductivity Meter
Total Organic Carbon (mg/L) 1524 + 193 Shimadzu TOC Analyzer
Chemical Oxygen Demand (mg/L] 4810 + 431 Hach 8000 HR COD Kit

6.3.2HTS of coagulants

6.3.2.1 Automated coagulant screening platform

Six commercially availalel coagulants that were supplied by two companies were
used at a concentration of 2.5% in this study: ferric sulfate and alum sulfate supplied by
Sigma Aldrich, and ferric chloride, polyaluminum chloride, sodium aluminate and
aluminum chlorohydrate supplietty Kemira Water SolutionsAll coagulants were

appropriately diluted to make a 2.5% w/v solution on a per ion asispMotion 5070
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(Eppendorf) liquid handling system (LHS) was used to automate coagulant dosing and
liquid transkr tasks between platesda AC vials. To complement the use of a LHS,
coagulation experiments were conducted in standard polystyremelPglates. The as
receivedcentratewas first acidified to a desired pH with concentrated sulfuring acid
(95%, VWR), ad then 2 mL was transfed into each well of the 24ell plate, along

with a 25 x 8mm magnetic stir bar. Following acidification, coagulants were dosed at
eight concentrations ranging betweeni 2800 mg/L into eight wells of the 24ell plate.

The plats were then removed frothe LHS and the coagulamtastewater mixtures in

each well were mixed on a tumble stirrer for three minutes at 300 rpm (see Figure E.1).
The plate was then placed back into the LHS and 1.6 mL of thelase solution was
transfered to polycarbonate AC aii. Each solution was pipette mixed with the LHS prior

to transferring the solution to the vial to ensure a representative mixture of both phases
were transferred to the AC vials. This process was repeated twice more for themgmain
two sets of 8vells to obtain triplicate measurements at each condifibe. ro coagulant

controls at each pH were conducted independently to this screening.

6.3.2.2 Colloidal stability assessment via analytical centrifugation

A LUMiFuge (LUM GmbH) AC was used to rapidly asse the separation
performance of eight coagulated wastewater mixtures simultaneously. A detailed outline
of the screening procedure and explanation of how ACs can be used to screen coagulation
processes is available through ourviwas publicatiof®. In short, ACs rapidly assess
solution stability by measuring the transmission of NIR along the length of sample

containing a multiphase mixturd dip in the percent transmission is observed at the
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radial position of the phase boumgaand by tracking thegsition of the phase boundary

over time under accelerated conditions, the separation kinetics can be rapidly determined.
For coagulated wastewater systems, the phase boundary is the boundary between the
supernatant layer and thettiag floc later. A metic of solution stability provided by the

AC, known as the instability index, allows for various coagulants, wastewaters, and
solution conditions to be easily compared. Essentially, the instability index is a ratio of
transmission étween the treated supatant fraction and the untreated solids fraction,
with values closer to 1 indicating better separatibime LHS played a pivotal role in
ensuring the uniform mixing of coagulaméated samples before their transfer from the
24-well plate toAC vials. Setsof eight samples were centrifuged at 2000 rpm for 5
minutes and the instability index at each condition was measured via the SEPview

software that was provided with the AC.

6.3.3HTS of integrated coagulatiefiltration process

6.3.3.1 Filter plate expenents
AcroPrep 96well filter plates (Pall Life Science) fitted with 30K polyethersulfone

Omega membranes were used in this study to filter coagulatietneagd centrate
samples. It was determined that prewetting the membraries3@4% isopropy! alcohol
(IPA) was needed to improve permeate recovery (see FiglyeTo facilitate this, 300
ML of 30% IPA was transferred into each well of thev@dl filter plate. A standard
polystyrene receiver plate was placed under each filsge @nd sealed using ladpe.
The joined filter plate and receiver plate were then centrifuged atd &1045 minutes.

The LHS was then used to transfer 3Q0of supernatant directly from the AC vials into
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wells with the filter plate. A new receiver plate was then fit underfilker plate, and
similarly centrifuged at 150§ for 45 minutes. The collected permeate within the receiver
plates were analyzed usiagsparkM10 microplate reader @car) to determine permeate

recovery and quality.

6.3.3.2 Permeate volume recovery

Previous studies have shown good correlation between the absorbance at 977 nm
and the volume of liquid within a wéfl A calibration curvewas first created by
measuring the absorbance at 977 nm for wells within -avélb plate containing the
permeate ofh 30K Omega membrane that filtered the as recepesdirate at volumes
ranging between 0 and 35Q |fsee Figure E.3). Halwing filtration, the absorbance at
977 nm of wells within the receiver plate were then measured, and the calibratien cur

was usedo determine the permeated volume.

6.3.3.3 Quality performance assessment viaAlsneasurements

Permeate quality wasssessed via measurements of absorbance at 272 nm.
Samples needed to be diluted-fbd for the absorbances to be measurable at this
wavelength. The LHS was used to transfer 10 qf permeate from each well of the
receiver plate, and 90Luof DI water intoa well within a UVtransparent 384vell plate.
Each well waghoroughlypipette mixed by the LHS to ensure that each diluted sample
was homogenousA schematic of the entire screening workflow is presented in Figure

6.1.
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Figure 6.1. A schematic representation of tb@agulatiorfiltration screening pipeline.

The coagulant screening is shoin the top panel, and the subsequent membrane
screening is shown in the bottom panel.

6.4 Results & Discussion
6.4.1 Assessments of coagulant performance via-thgbughput measurements of
colloidal stability

The separation performance of a coaguknd given concentration and pH was
assessed by measuring the instability index via an AC. Figu2@d) shows a
conprehensive screening of six commerc@agulants at all combinations of nine
concentrations (@ 400 mg/L) and four initial pHs (58) conducted in triplicate The

instability index values allow practitioners to rapidly compare the performance of
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coagulaits and identify the solution conditions needed to maximize treatment efficacy.
For most coagulants, effective separation only occurs wlestettirates acidified to <7,
and this is best observed in Figure 6.2(B) which shows the maximum instability index
achieved by each coagulant at each pH. This is expected when coagulating with
hydrolyzing metals, as the proportion of positively chargedtdlysis products increases
as the pH is lowered. However, the rapid screening quantifies the degree to which
lowering the pH improves the effectiveness of the coagulation process. Sodium aluminate
and aluminum chlorohydrate remained ineffective regarddfsgpH and coagulant
concentration as the instability index fails appreciably increase with coagulant dose
Increases instability index with coagulant concentration were observed with
polyaluminum chloride and aluminum sulfate, with pH 6 generatingehigtstability
index values. The ferric based coagulants generated the highest instability index values,
with a pH 5favouring high instability index values compared to pH 6. The HTS results
shown in Figure 6.2 includes 648 individual measurements ofbifigtaindex (6
coagulants x 9 concentrations x 4 pHs x 3 replicates). The combination of low volumes
(2 mL), low mesurement time (5 minutes/8 samples) and task parallelization through
automation allowed the entire screening to be completed within twe wlidly less than
1.3L ofcentrate

In our previous work, we describe how ACs allow the critical coagulation
concentation (CCC) to be rapidly identified. The CCC is the minimum coagulant dose
required to induce coagulation, and is influenced by factorh aag pH, NOM

concentration and ionic strength. The instability index vs. coagulant concentration curves
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demonstratea characteristic sigmoidal shape, where a slow increase in instability index
is follow by a rapid increasend the concentration athich thistransitionocaurs at is the
CCC. Based on the definition of the CCC providegh instability index of ~0.2 is
measuredtthe CCC, andshifts to lower or higher values based on the pH of the solution

and the coagulant that is used.
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Figure 6.2. (A) Relationship between coagulant concentration and instability index
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(B) The maximum instability index achieved at each pH for each of the six coagulant

screened. Thaverage measurement and standard error were determined through
independent coagulation experiments conducted in triplicate.
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6.4.2HTS of combined coagulatidiltration processes
As described in section 2.3.1, 300 pL of coagulant pretdesntratewas filtered
using a 30K Omega PES ultrafiltration membrane contained withinveef@ilter plate.
The permeate was analyzed via two absorbaased techniques to determine the
relationship between the level of pretreatment achieved duraxgpagulation process, to
the volume of permeate recovered and the quality the permeate achieved by the filtration

process.

6.4.1.1 Permeate Volume Recovery

The volume permeated during filtration was determined through absorbance
measurements at 977 nmgéire 6.3 shows the relationship between instability index and
permeate volume recovery for each pH and coagulant. The observed trends align well
with previously described trends between the instability index and coagulant
concentration. For example, therpeated volume remains relatively unchanged when
thecentratas pretreated with either sodium aluminate or aluminum chlorohydrate, as floc
formation and separation was not induced with these coagulants. Whesntretewas
pretreaed with either ferric sufate, polyaluminum chloride or ferric chloride, a
proportionate increase in permeate volume are observed with instability index.
Interestingly, increases in permeate volume only occur at instability index values above
~0.2, which aligns with the obsewCCC for thiswastewaterSimilarly, these increases
occur when theentrateis acidified to a pH < 7. A vastly different trend was observed
with aluminum sulfate, where a rapid increase in volume is observed up until the CCC,

followed by a plateauing ithe permeated volume.
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The variations in both the shape and gain of these correlations show that
commercial coagulants have vastly different impacts on improving the throughput of
downstream membrane processes. Moreover, these results highlight tHayiltetween
the CCC and improvements to membrane productivity. For industrial wastewaters that
experience variations in feed parameters that affect the CCC (i.e. salinity, NOM loading,
pH etc.), ACs prove to be a valuable HTMS tool that allows rapid fo=atton of this

concentration.
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Figure 6.3. Average permeate volume recovered following membrane filtration versus

the average measured instability index measuring during coagulation pretreatment for the
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bars represent the standard error across three independent pairs of coagulation and
filtration experiments.
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6.4.1.2 Removal of Absn,

To complement the absorbaneelinique that was used to benchmark membrane
productivity, a similar techniqgue was needid quantify the improvements to water
quality that was achieved after both treatment stages. UV absorbance am254a
widely used measurement that is used to toorthe concentration of NOM (usually
measured via TOC or DOC) since many chromophoresacong conjugated double
bonds (such as aromati cs, phenol s, car boxy
400nm¥>* The ideal UV wavelength to use varies depending on the composition of the
wastewater and can be assessed through absorbamseasca of the wastewater at a
range of wavelengths. Moreover, the addition of chemical coagulants can be a source of
interference for UV measurements. For example, it is well established that ferric ions can
affect UV254 measurements due to strong absadmbetween 200330 nnf>4®

Figure 6.4 shows absorbance scans betweeri Z8ID nm performed on thas
received centratA) and the six coagulants (B) at a 10x dilution. Scans were conducted
at dilutions ranging betweeni8100x for both thecentate and coagulants, and this is
presented in Figure E.ZA minimum dilution of 8x was required to get readable
measurements that were in range of the microplate reader. Feariinate an absorbance
at 272 nm was found to provide a good resolution beiwlee various dilutions that were
measured. The inset within panel A shows a very linear trend between the TOC and the
absorbance at 272 nm. As expected, the two ferric coagulants showed high absorbances
between 250 400 nm. Above 400nm, the absorbancerdases to below that of the

centrate however, the resolution between concentration at high wavelengths becomes too
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low distinguish between concentrations. Interestingly, the sodium aluminate also
demonstrated a high absorbance across the same wavelengthis likely due to the
presence of ADs, which absorbs light in the UV spectrum due to its crystalline
structuré’. Moving forward, a wavelength of 272 nm was used to analyze the removal of
NOM, and samples that have been treated with either fehtaride, ferric sulfate or

sodium aluminate were eliminated from this analysis due to interference.
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The absorbance at 272 nm was measured for each sample after lhsety1diO.
Figure 6.5 shows the relationship between absorbance at 272 nm and the nstdbHit
measured via the AC, for the coagulation step (panel A), and the combined coagulation
and filtration step (panel B). A very linear downward trending cati@t is observed in
panel A. This result is expected as the absorbance is expected tse@s@aore colloids
are destabilized and removed from tbentrate Once again, a large data cluster is
observed at instability index values <0.2, and significdetreases in absorbance are
observed after the CCC is achieved. This is only observed faluhe sulfate and poly
aluminum chloride where coagulation is achieved. The-dms# treatment saw the
absorbance decreasing from ~1.7 to ~0.7, a more thanfotdrodecrease in the
absorbance.

When paired with the filtration process, the measured alsoebdrops to below
0.75 under all instability index values. Similarly, a cluster of data is observed at instability
index values below the CCC and spans absorbasces between 0.5 and 0.75. Beyond
the CCC, the values plateau at an absorbance ~0.38 fiostability index values above
the CCC. This result highlights an important interplay between the permeate quality and
the critical coagulant concentration fortegrated processes. The permeate quality is
mostly dictated by the membrane, however, iétpgated below the CCC, the final
permeate quality is influenced by coagulation process as well. Once again, this result
highlights the importance of identifyinge CCC whenntergratingcoagulatiorfiltration

processes. For facilities where the CCC ef ithcoming feed changes due to variations in
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salt and NOM loadings, being able to rapidlyesgablish the CCC and readjust coagulant
doses can have a significamtpact on the final permeate quality.

A ) Coagulation only B Coagulation & Filtration (30K Omega)

O  Alum Sulfate
O  Polyaluminium Chioride
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6.4.3Tradeoff analysis to identify optimal operatimgnditions

The relationship between permeate quality and membrane throughput has been
widely studiedmost notably to identify the traef these two variables when comparing
membrane materials. The mosttaide example if this is the seminal study by Yytb
Robeson, where the tragdéf between Q selectivity and permeability was determined for
various gasnembranes separating Bnd Q, and an upper boundary was establiéhed
This has been extended to several other fields such as electrically corfduatige
desalinatioA® membranes. In these studies, the relationship between quality and

throughputhave been studied for a variety of different membranes. Here, we utilize the
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HTMS platform to study the relationship between these two variables fongde si
membrane and wastewater source under various levelwretfeatnent, and to our
knowledge this ishe first time such a correlation has been made with a large data set.

In Figure 6.6, the permeate quality and membrane productivity are compared by
plotting the average absorbance at 272 nm against the average permeate volume recovery.
The size of edt data point is proportional to the average instability index measured by
the AC. TheFigure shows a very interesting trend, where improvements to pezmeat
guality happerbefore improvements to permeate qualégd the inflection point of this
curve appea aligns with the CCC. Mechanistically, this finding suggests that the
removal performance of the membrane was only affected whenceahtrate was
pretreated at concentrations lower than the CCC, whereas improvements to the
permeability of the membrane proves proportionally at concentrations higher than the
CCC. Thus, coagulating at the CCC removes some critical compound that has a
significant impact ofboth the quality and productivity of the membrane.

The bestcase treatment occurred when tentratewas pretreated with 400 mg
AI®*/L of alum sulfate with theentrateacidified to a pH of 6. The combined process
reduced the absorbance from 2.20 to 0&@&l the permeate volume recovery increased
from 71.5 to 273.7 pLAnN artificial lower bound line wasicluded such that all available
data points are encompassed within it. Th
Aunattai nabl e 0-stage gacessThe pretreatntent procéssvwas able to
significantly improve the permeate recovery of thembrane process, however, there is

still an opportunity to lower the absorbance at 272 nm (i.e. reduce the organics loading).
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This is likely a limitationof the 30KOmega membrane, and a downward shift may only

be attainabldy usinga tighter membrane i a smaller molecular weight eaff.
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6.5 Conclusions

Integrated coagulatiefiltration wastewater treatment processes are widely paired
together to improve the performance of filtration stage. However, optimizing the
membraneprocess often requires careful tuning of the upstream coagulation, where
factors sgh as the coagulant used, the dosing concentration and the pH all affect the
efficacy both the upstream coagulation and downstream membrane stages. In this study, a
HTMS pipeline is introduced that combines HTMS tools for coagulation (analytical
centrifugaion) and membrane filtration (filter plates) to screen these integrated processes
in unison. Overall, 648 individual pairs of coagulatidtration experiments were
condwcted over the course of fowstandard working days (eight hours/dayhich
includessix coagulants that were screened at all combinations of four pHs and nine
dosing concentrations conducted in triplicate, while only consuming 1.3derdfate
The largevolume of data collected provided great insight into the relationship between
the level of pretreatment achieved during the coagulation process, to the performance of
the downstream membrane process. Firstly, the coagulant screening process unveiled
which coagulants were able to induce coagulation, and the solution conditions (i.e. pH
and coagulant dosing) that were required to achieve effective separation with those
coagulants. The instability index parameter provided via the AC enabled rapid
determinatio of the CCC. The exact concentration shifts depending on the solution
conditions, lowever, an instability index of ~0.2 was observed at the CCC. Identifying
the location of the CCC is critically important for understanding the performance of the

downstrean membrane process. For all coagulants except alum sulfate, improvements to
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the volume of permeate recovered only occurred at instability index values above the
CCC. Conversely, the removal of NOM (measured via absorbance at 272 nm) was only
affected theihal permeate quality when the level of pretreatment is below the CCC and
remained &irly stableat concentrations above the CCC. A correlation analysis between
the permeate quality and membrane throughput confirmed this, and showed that at doses
above theCCC, membrane throughput can be improvehdis finding is particularly
importantthat coagulating below the CCC might not only result in membrane fouling, but
also result in poor permeate quality that results in discharge criteria not being
metHowever, he final quality of the permeate is dictated by the characteristics of the
membrane.The HTMS platform can be used both efficiently screen several process
variables and alternatives when developing these integrated processes, and to optimize
pre-existing pocesses that need to frequently readjust their dosages due to feed
variations. This work demonstrated a HTMS screening platform with a single filter plate,

a direct extension of this study would be incorpordiféerent filter plates containing

variety of membranes typand cut sizes.
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Chapter 7 Conclusions and Future Work

7.1 Conclusions

Treati ntgt Mme @atug@g hi ndustri al wastewaters r ema
membrane technology. Wastewaters generated by industrial processes contain high
contaminant loadings, and the composition of the wastewater can vary significahtly wi

time. Available studies have shown success in treating industrial wastewaters with
commercial membrane technology, however, fouling due to the high contaminant
concentrations, and variable treatment efficacy due to variable feed properties remains a
signn fi cant chall enge when adotpttii et @ hapre! it ea
On-going research efforts lie in trying to develop novel materials with advantages
properties for treating these challenging wastewaters, however, the translati@seof th
technologies into commercial membranes remains extremely low. There is a need for
researchto overcomethese challengesit the process level, where membranes are
integrated into a treatment train that adapts to the properties of the wastewater that is
being treated. This thesis aims to advance the adoption of membrane technology into
industrial wastewater treatment applications through an integrated systems approach. The
first two chapters of this thesis studies the effects of treating-gtighgth imlustrial
wastewaters with time varying feed properties using commercial nanofiltration
membranes by using advanced analytical techniques to resolve the contaminant removal

at the singlecomponent level, while the latter three chapters outlines the devaiopin

a highthroughput and miniaturized screening tool that aids in the development and

optimization of integrated coagulatidittration processes.
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Prior to developing membrasimased solutions for treating industrial wastewaters,
a mechanistic undegending of the effects of varying feed properties was needed.
Chapters 2 and 3 explore the effects of variable feed properties when treating wastewaters
from two distinct industrial wastewater treatment models by applying-ctdbe-art
analytical techrgues, most notably GC MS and LCi OCD. Chapter 2 explores the
effect of treating industrial wastewater that was sourced from a dedicated facility that
collects, blends and treats industrial wastewaters from various industrial facilities. The
treatment dicacy was evaluated by filtering three batches of nudtirced wastewater
with four commercially available NF membranes: the NFS (Synder Filtration), NFX
(Synder Filtration), NFOO (Dow Filmtec) and TS80 (Microdyn Nadir). Despite having
similar bulk propeies (COD: Batch A = 1212 mg/L, Batch B = 2624 mg/L, Batch C =
2694 mg/L), the wastewaters were shown to have very different compositions when
analyzed via GEMS. Most notably, filtering Batch B resulted in a significantly higher
COD removal (>85% for almembranes) compared to Batch C (betweeri 56%)
despite having similar feed COD values. The-M®6 analysis revealed that Batch B
contained a high concentration of a large compound (retention time > 12 min.) that were
easily removed by the membrane, whas Batch C had lower concentrations of several
different compounds, and smaller compounds (retention time < 12 min.) showed poor
removal. Similarly, chapter 3 explores the treatment of a wastewater that is generated
from a single industrial process (basg generation) that varies depending on the
composition of the incoming solid feed. In this study, the wastewater is sourced from

permeate of an MBR that is treating the liquid fraction of anaerobic digestate. Unlike the
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previous treatment model, the vaiaga in the wastewater comes from upstream process
variations, particularly, the operation of the MBR and the solid feed entering the
anaerobic digestors. Once again, both batches had similar bulk COD measurements
(Batch A COD = 666 mg/L, Batch B COD = 654g/L), however, when treated with the

NFS and NFOO membranes, the treatment efficacy was both wastewater and membrane
dependent. Resolving the composition of the wastewater witdCO showed that the
membranes were able to entirely remove the organatidraof the wastewater. Lower
treatment efficacies were observed when the concentration of both ammonia and
chlorides were higher, which affects the COD measurements due to the formation of
chloroamine intermediates that gets oxidized in the presencéclofochate oxidizing
agents. A higher COD removal was achieved with the NFOO membrane as compared to
the NFS membrane, primarily due to the superior removal of ammonia and chloride.
These chapters highlight how both industrial wastewater treatment modelbeca
extremely challenging for commercial membranes, and smart processes that account for
feed variability are needed.

To overcome challenges with feed variability, membrane processes need to be
integrated into adaptive systems that can be finely ttmedcount for variations in feed
properties. In chapters 4 to 6, a hidfnoughput screening platform for an integrated-
stage coagulatiofiltration process that is treating the liquid fraction of anaerobic
digestate is introduced. Chapter 4 introduemalytical centrifugation as an alternative
high-throughput screening tool for designing and optimizing coagulatiocepses.

Analytical centrifugation uses an integrated optics system to rapidly assess the stability of
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a multiphase solution. The optisystem simultaneously measures the transmission of
NIR light along the length of eight sample vials containing ~1.6 mha onultiphase
solution solution. A drastic change in transmission is observed at the boundary between
two phases, and by measuring ttfteange in radial position over time, the separation
kinetics can be resolved. This technology is primarily used to meedlka stability of
formulated solutions, however, in chapter 4, we extend this to approximate colloidal
stability for coagulated systes . I n particular, a metric kno
calculated via a ratio of transmissions between the tvasgs, and can be used to gauge
the level of treatment achieved following coagulation. This metric was used to rapidly
optimize a coagdation process under a variety of solution conditions (pH, coagulant
concentration), to compare coagulants and studgffeets of feed variability. Measuring

the instability index at various coagulant concentrations displays a characteristic
sigmoidal shpe, and the location of the inflection point was identified as the critical
coagulant concentration (CCC), which shifts higher and lower concentrations
depending on the solution properties (particularly the pH and ionic strength of the
wastewater). Therapid screening time (<5 mins. /8 samples) and low material
requirement (80 mL/condition tested) enabled 132 screenimgrienents to be conducted
with 11 L of wastewater and 6 hours of operator time. This technology is particularly
useful when optimizingoagulation processes for highly saline industrial wastewaters, as
traditional zetgpotential measurements are inacoeirathen the ionic strength of the
wastewater is high (>100QuS/cm) and variable. In chapter 5, instability index

measurements were usdd select three concentrations of ferric chloride: a low
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concentration (50 m§e*/L), and intermediate concentration #ite CCC (250 mg
Fe**/L) and a high coagulant dose (500 -fg*/L). Additionally, the fronttracking
feature of the AC was used to s¢l200 mg/L as a dosing concentration for an anionic
polyacrylamide based on improvements made to settling velocity. Wilterning
wastewater pretreated at the three coagulant doses and the flocculant dose, it was evident
that the intermediate concentratiprovided the best traddf between flux improvement

and organics removal (measured via total organic carbon meastsgmerthe highest

dose, fouling via iron hydrolysates was observed which fouled the membrane surface and
resulted in flux loss. Thishapter showed the importance of being able to control the
coagulant dose when it is being used as a membrane pretregimenss, as the
coagulant itself can become a foulant. The AC provides a valuable tool rapidly identify
the CCC and adjust coagulaptetreatment processes prior to filtration processes. A
significant short coming of this chapter was that traditionaltgating was needed to
generate enough pretreated wastewater that at conditions identified by the AC, in order to
evaluate membrane germance using a traditional benchtop membrane system. In
chapter 6, a miniaturized highroughput screening pipeline sadeveloped by
integrating the AC with filter plate technology. Filter plates are similar to regular
microplates, however, contain a migrane filter at the bottom of a well that can filter an
array of solutions. In this study, coagulation experiments seaked down to 2 mL, and
performed within 24 well plates and analyzed using the AC. Following thigil300the
supernatant fractioof a coagulated wastewater sample was directly transferred from the

AC vial and into the well of a 9&ell AcroPrep filte plate containing a 30K Omega UF
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membrane and filtered. A liquid handling system was used to automate and expedite the
liquid transferand coagulant dosing tasks. Spectrosdopsed techniques were used to
benchmark membrane performance based on remamolbance at 272 nm) and
permeated volume (absorbance at 977 nm), which was related back to the level of
pretreatment via the instaityl index measurements. In all, 648 combinations of
coagulatiorfiltration experiments were performed in which the perfance of six
coagulants were compared at all combinations of nine coagulant dosages and four pHs in

triplicate, all in four standard wking days.

7.2 Recommendations for future work
7.2.1ldentifying fouling mechanismsing HTMS platform

The integrated HTMS platform presented in chapter 6 was able to generate a large
volume of data in relatively short periodl time. The correlation plot presented in Figure
6.6 benchmarks the performance of the filtration process under #yvafrigretreatment
conditions by plotting the absorbance at 272 nm (metric for permeate quality) against the
permeated volume (metrid membrane productivity). As mentioned in section 6.4.3, the
reduction in the absorbance at 272 nm occurs until the @fi&2,which point increasing
the coagulant concentration results in a proportional increase in the volume permeate. A
extenson of this project would be to identify the dominant fouling mechanisms at
different sections of the correlation plottivithe goal of identifying the transition regions
where the dominant fouling mechanism changes. This exercise would be critically usefu
for the membrane field and processes operators since identifying the mechanism of

fouling is important in applying cle@ng strategies that target the type of fouling on the
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membrane. For example, if the pretreatment is insufficient and NOM cakes on the
membrane surfaces, a simple backflushing or high pH cleaning agents (e.g. NaOH at a pH
of 117 12) would be sufficient toemove the loosely bound organic foulantdowever,
if the coagulant is overdosed and excess metallic salt binds scales the neesuioface,
chelating agents such agric acid orethylenediaminetetraacetic aciiDTA) would be
needed to chemicallyjeave bonds between metals and the membrane surface

The first method involves resolving the fouling mechanism using the filtéz pla
directly. Identifying the dominant fouling mechanism typically requires the dynamic flux
(flux vs. time) to be measutghowever, this is extremely challenging with current filter
plate technology. Few studies that have looked at developingoalitig coatings for

membr anes have introduced a AFoYw! iisthe | ndex

hydraulic reistance of the membrane ailis the hydraulic resistance of the fouled

membrané®,

P (Eq.7.1)

The numerator and denominator are the differentwydnaulc resistancéetween
the virgin and fouled membranes fdhe modified (numerator) and unmodified
(denominator) membraneddere, the hydraulic resistee is the redprocal of the
membane permdaility. In this application however, the numenatewould be the
difference in resistance obt&d for a given pretreatment condition, and the denominator
would be the no pretreatment control. Lower values of fouling index indicate lower

fouling. Even though this method takes advantage of the currenbtegly in the HTMS
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platform, very limited inbrmation is provided about the mechanism of fouling. For
example, few studies have used the fouling index calculation to indicate that the value of
P is proportional to the amount of cake fouling, and lower values can be attributed to
pore blocking.

Another method would be to use techniques external to the HTMS that enable the
fouling mechanism to be resolved by measuring the dynamic flux. To adhisye¢he
pretreated wastewater would have to be filtered either under pressure or under a vacuum,
and theflux would have to be measured at regular time intervals over a set time or set
filtration vol ume. Her mi ads pmsticemodeltiac ki n g
allows the mechanism of fouling to be easily determihéetet denotes filtration time
ard V represents filtration volume, akdandn are constants that depend on the fouling
mechanism. The value afcan take on four different valuas= 2 for describes complete
poreblockage,n = 1.5 describes internal pore blockage,= 1 describes interediate
pore blockage and = 0 describes cake formation.

2 Q 30 (Eq. 72)
w Qw

The linearized form of his equation is show in Table 7.1 for each fouling
mechanism. Here, each model is fit onto the experimental flux versus volume data, and
the value ofQis selected that minimizes the root mean square error (RMSE) between the

experimental data and the mddealues. The model with the large€®value is the

dominant fouling mechanisn
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Table 7.1. Linearized form of Hermi@ blocking models for the four fouling
mechanisms.

Blocking Model Equation Equation Number
Complete Blocking L 0 0W (Eq. 73)
. v
Standard Blocking vuop ?oo (Eq. 74)
Intermediate Blocking 0 VQ W (Eq. 75)
, 0
Cake Filtration Y S0 o p (Eq. 76)

Since the HTMS doesot support the measurement of dynamic flux, a significant
downside to this method is the need to use an external screening technology that is
capable of measuring dynamic flux. Certain technologies, such agytilg miniaturized
filtration cell presentd by  Cafid\Jensdn, or the highroughput stirred cell device
presented by LaRue et&lrequire a very low feed volume, and can be used to directly
filter the supernatant from the AC vials. Other screening tools such as-sealeh
filtration gpparatus or the parallelized system Vandezande®eeqlire a higher filtration
volume, andhe conditions used in AC testing would have to be reproduced with larger

equipment.

7.2.2Membrane cleaning study using HTMS platform
Similar to using the HTMS platform for identifying fouling mechanisms, the

HTMS can also be used tapdly compare and optimize membrane cleaning solutions
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and strategiesSuch an exercisés critical to ensung the longterm stdility and
performance of themembrane.Membrane cleaning can be achieved through both
chemical and physical cleanings, and both strategies can be studied using the HTMS
screening platformThe fouling index calculation presented in Equation 7.1 can be used

to compare relative resistzgs of fouled and cleaned membrarkas. this application, the
numerator of Equation 7.1 would include the resistance of the cleaned membrane, and the
denominator would iclude the resistance of the membrane without cleafihg.most
effective cleaning méod would be the one that yields the lowest fouling index value

after cleaning.

Physicalcleaning removes reversible foulants by dislodging the cake or gel layer
andthis is achievedby eithe backwashing (used in hollow fiber and tubular membranes)
10and surface shearing (used in spiral wound membraneish clean waterNeither of
these methods can bedicated in filter plates however,surface shearing ith clean
water can be achieved through the use of small stir bars that can fit intonmitilts a
microplate, as demonstrated by Kazemi e¥. alhese cylindrical stir bars rotate
tangentially to théo the membrane surface and generate a shear fatwill dislodge
foulants on the membrane surface. Several variables dictate cleantagyeffiuch as the
duration of the cleaning cycle, the shear fatantrolled by theatational speed dhe stir
bar) and the temperature of the watethich can be easily optimized using the HTMS

platform.
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Secondly chemical cleanings are widely used memove membrane surface
foulants through a dissolution mechanism, and the type of cleaning agent, either acidic,
caustic, or enzymatic, needs to be selected based on the type of fouling on the membrane
surface. Br wels that contain significant NOM foulgn(when the coagulant is dake
below the CCC)NaOH at a pH of :12 aids in the dissolution of phenoticoupsand
carboxylic acids while NaOCI| aids in the dissolution of carbaoxyldehydesand
biofoulants such as large proteind For instances whie thecoagulant may have been
overdosed, acids such as HCI angS8; are used to remove surface precipitates via
dissolution, and chelating agents suchctsc acid orethylenediaminetetraacetic acid
(EDTA) are used to chemically cleave bonds betweetalsyvand the organic membrane
surfacé. Similarly, enzymatic cleaners such as those that are prelteasd, are very
effective for targeting biofouling, however, these cleaning agents are highly sensitive to
pH and temperatuté The temperature andicentation of these chemicals affect their
efficacy; higher temperatures and concentrations are often preferred as it improves
solubility, however, exposing these harsh acids and bases to the membrane can negatively
affectits performanceThus, there isn oportunity to use the HTMS platform select

the best cleaning agents and optimize their operation.

7.2.3Development of higthroughput platform with changeable membranes

In chapter 6, 648 combinations afoagulatiorfiltration experiments were
performed.One limitation of this workwas that all 648 experiments were performed at
various coagulation conditions (pHs, dosing concentrations, coagulant type etc.), with

only one membrane type. Scraapidifferent membranesomld require a different filter
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plate to be purchased, however, the availability of filter plates is very limited. For
example, Agilent sells a variety of filter plates containing membranes with options 12
different pore sizes, sendalifferent membrane meials, and four well numbers (24, 48,
96 and 384) and 10 well volumes. However, not all combinations of pore sizes, materials
and well numbers exist, and purchasers often have to makeoffadehen selecting
filter plates. Simildy, the AcroPrep filteplate line manufactured by Pall Life Science
sells a similar catalogue to the Agilent line with filter plates containing the Omega, Supor
or Mustang membranes, but the customizability options are very limited. Furthermore,
commercal filter plate technolgies is almost always limited to membranes designed for
bioseparations applications. Thus, finding filter plates with NF or RO membranes, or with
polyamide backbones, is virtually impossible.

The HTMS platform would be significdgtimproved by incorporiéng a method
to screen various membranes within a plateother goalof this project would be the
development of a customizable filter plate that allows the practitioner to customize the
membrane coupon &h goes into each wellthus exponentially increasing the
combinations of pretreatment conditions and membrane types that are being screened.
Few attempts in the literature have been made to customizable filter plates. Both Jackson
et all® and Kong et &°. designed and falmated similar filter plates that allowed filtration
of 8 membranes simultaneousl! y. I n Jackson
effecive filtration area of 0.79 cfare placed into an insert with a 40.5 mm height and 14
mm diameter, and then placadto one of eight slots within a housing that has the

standard di mensions of a microwell pl at e.
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however, with a smaller active filtration area of 0.2& chlere is an opportunity taibd
on this work by relcating standard 96vell filter plates, however, with inserts that allow

any membrane filter disk to be inserted into the well.

128mm
(b) * 1

4

40.5mm

U || QO O O
= OO 0O

v

Figure 7.1. Schematic of the -8vell filter plate design with interchangabfeembranes

that was designed by Jackson ét.aTlhe membrane coupons are placed into the bottom
of an insert (a), which is then placed into one of the eight slots in the housing (b), which
was fabricated to bihe same size as a standarengdl filter plate.

Advancements made to 3D printing techno

in laboratory settings, particularly in the fabrication of microfluidic devicesThes

devices have become increasing more affordable and have capabilities of printing with
chemical resistance materials such as polyprop¥iess such,a future step for this

project would be to design and fabricate a 3D printed {ilate with interchangeable
membrane capabilities. Not only would this directly improve the scope of screening that
would be possible through the HTMS, but also be useful in adit§aof membrane

research, such as HT materials development, evaluatingcoatings and membrane

process development.
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7.2.4Development of setfriving laboratory platform for integrated higthroughput
screening

The HTMS platform presented thapter 6 is serautonomous; some tasks are
automated by a robotic LHS tperform liquid handling and reagent dosing tasks.
However, human intervention is still needed for several tasks, such as plate
centrifugation, and changing the AC vials. The nexinfier for highthroughput
screening technologies is their integration ifitly automated platforms known as self
driving laboratories (SDLs). Self driving laboratories integrate robotics, automation and
machine learning (ML) to autonomously perform expentation without the need for
human interventiolf. Seltdriving labs have becoming increasingly prevalent in the
materials developmefit In these studies, robotic platforms are used to conduct
experiments, and ML algorithms are used to parse giwrdle large volumes of data and
select optimal materials or conditions éd®on a set criterion.

Two elements are required to pivot the samionomous work presented in
chapter 6, into an SDL. Firstly, an external robotic arm is needed to petferourrent
set of experiments that are performed by human interventBurger et al. utilized a
KUKA robotic arm that was mounted on a KUKA Mobile Platform to autonomously
perform 688 experiments with a tgariable experiment space over the cowkeight
days to identify the optimal catalyst for hydrogen productiomfiwatef’. Here, the
robot was placed into a dedicated room containing all necessary equipment to perform the
experiments, such as sonicators, liquid reagents and a GC instranmgeptogrammed to

sequentially move through each piece of equipment iardadperform the experiments.

207



Ph.D. Thesi$ A. Premachandra; McMaster UniversitfChemical Engineering

Other studies have also demonstrated successful applications of free roaming robots to
perform highthroughput experimentation in ligciences applation$? 24, In this work, a

free roaming robot such as the KUKA robo@acm would be used to perform the
following tasks such as capping and moving AC vials between the LHS and the AC and
moving filter plates between the LHS and the plate centrifuge.

Secondly, a ML or optimization algorithm is required to parse throughatge |
volume of data and identify the next set of experiments to conduct until some optimal is
reached. For the work presented in chapter 6, ML inputs would include coagulant type,
concentration, solution pH, and membrane type. Other unexplored variadtiestid be
incorporated include the coagulant mixing conditions (time and speed), and the
centrifugal force that was applied to the filter plates to induce filtration. The owputs
this model the three primary measured variables: absorbance at 278enpertneated
volume (via absorbance at 977 nm) and the instability index measurements. The
experimental data collected in chapter six can be used as the basis for an initia trainin
set for a ML learning algorithm, such as ANNs, Fuzzy Logic or Genetigr&mss, that
can be then used to create a black box model that predicts filtration performance based on
the pretreatment conditiofis These algorithms can be coupled with optiridra
techniques, such as Particle Swarm Optimization or Genetic Algorittanperform
multi-objective optimizations that identifies a subset of pretreatment conditions that
would provide the optimal filtration, which would then be inputs to subsequemiisanf

high-throughput experimentatiéh
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Appendix A: Supplemental Material for Chapter 2
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Figure A.1. Chromatogramsbtain via gaghromatograph analysis of the@seived wastewaters A, B and C prior to
membrane treatment. Peak intensities are shown for retention times between 3.7 and 30 minutes.
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Figure A.2. A complete process and instrumentation diagrash the highpressure
membrane testing system that was used to evaluate membrane performance











































































