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Carbonaceous nanoparticles (NRghichare intentionally manufactureat originate
from incomplete combustigrreachaqueous environmentontinuouslythrough direct
input, surface runoff, wastewater treatment plants, attdospheric depositioriJpon
release into aqueous environments, carbonacB®&sswill likely undergo aggregation
and adsorption processéspending on thical solution chemistries and ambient species.
Undeastanding the physiochemical interactions governitgsé two fundamental
processesf carbonaceous NPs is crucial for evaluating their fate, transport, and potential

applications in aqueous environments.



The first part of his work focusel on the aggregadn and adsorption behaviors of a
new class of manufactured carbonaceous NPs, nanosized activated carbons (NACs), in an
effort to evaluatethe applicability of NACs as adsorbemtsbeinjected into groundwater
systemsfor remediation purpose. Investigati@n aggregation kinetics of four types of
NACs demonstrated thainder solution chemistries typical of freshwater environments,
NACs should remain stable as dispersed NPs with diameter below 208uaimstrong
colloidal stabilityof NACs mayenablelong distancetravel of these NP® reachtarget
pollutants when injected into groundwater systegtady on the adsorption processes of
NACs for two model aromatic pollutants-ehlorophenol (4CP) and anilineshowed
rapid removal of contaminants frowater More importantly, the equilibrium adsorption
indicatedthat the adsorption capacitie§ NACs were 160100 times greatethan other
nanosized adsorbents. The combisgdngcolloidal stability andadsorption capacity of
NACs suggestedheir potential appcation as superior adsorbents for groundwater

remediation.

The second part of this dissertationwestigatedhe aggregation process of soot NPs
in aqueous environmentshé@secarbonaceoudPs are produced unintentionalljrom
incomplete combustigrare ubiquitously distributedand are ofserious environmental
concernsResults showed that aggregation kinetics of soot NPs were strongly influenced
by solution chemistries including electrolyte compos#gi@mdconcentratioa as well as
pH. The presence of macromolecules suchhamic acid and proteins significantly
enhance the colloidal stability of soot NPs. Bugregation behaviaf soot NPscould
be predicted by the classizerjaguirLandauVerwey-Overbeek (DLVO) theorysing

the Hamakr constantleterminedin this study.SootNPs should remain stable against



aggregation in typical freshwater environments and neutral rain droplets, but are likely to
aggregate under saline (e.g., estuaries and oceans) and/or acidic (e.g., acid &ts) dropl

conditions.

Results from this work imply that NACs with strong colloidal stability dmgh
adsorption capacitiesiay enable benign N&esign andapplications, whereas the toxic
soot NPs having such high colloidal stabilithey could endanger humanna
environmentealth In summary, this dissertation has furthered our understamfliting
aggregation and adsorption processes of carbonaceoyswkiieh may facilitatethe

predicton of their fate and transport in agueous environmsient
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(Topcon 002B, Topcon Corp., Tokyo, Japan) and (f) to (h) on a HRTEM (JEM 2010F,

Figure 4.4 (a) Intensity weighted size distribution of soot NPs after 1 h and 24 h
sonication measured by DLS in this study. The intensgighted average (Average)
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index (PDI) of 0.117 + 0.015. It indicates that extended sonication broke up most
agglomerates, showing a soot profile typical for combustion engine emissions. (b)
Volume weighted size distribution of soot NPs in suspensions sonicated for 1 h and 24 h
measired in this study (black lines) and by National Institute of Standards and
Technology (NIST) (blue lines, data extrapolated from NIST [199]). It demonstrates that
the size measurement results reported by NIST for SRM 1650b soot samples were
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composition on attachment efficiencies of soot NPs. Dashed lines refiesseneq 4.13.

All experiments were conducted at an soot NPs concentration of 10 mg/L and at pH 6.

Figure 4.7 Comparison of soot NPs stability in the presence of NaCl with the DLVO
theory at soot NPs concentration of 10 mg/L, pH 6, and @5Theoretical DLVO
prediction (line, calculated using eq 4.3) and experimentally derived attachment
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Figure 4.10(a) DLVO interaction energies/{, Vg, andV,) between two approaching
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aggregation of soot NP¢b) Theoretical DLVO prediction of interaction energy profile

for two approaching soot NPs at various concentrations of NaCl. The van der Waals
interaction profile is shown. The arrows iodie the distance from particle surface where
the energy barrier reaches the maximum. The CPA expression is utilized to calculate the
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Figure 4.13 Fourier transform infraredFTIR) spectra of the pristine soot NPs as
received from the supplier using a FTIR spectrometer (Bruker Vector 33, Gernidigy).
Figure 5.1Intensityweighted, volumeaveighted, and numbeveighted size distributions

of soot NPs in stock suspension after 24 h sonication. The mean intgagtyted (2
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1. CHAPTER I NTRODUCTI ON

1.1. Background Information

1.1.1. Carbonaceous Nanoparticles

Nanotechnologys the study and manipulatioof materialsat atomic, molealar, and
macromolecular scalgd]. Nanoparticles (NPsilefined as particlewith at least one
dimension less than 100 nanometerg considered to be the building blocks for
nanotechnology?2]. Carbonaceous nanomatesi@gomposed entirely or mainly of carbon
atoms arene of the seven major classes of NPs, drawing exclusive awareness in the era
of nanotechnology[3-6]. Carbonaceous nanomateriatould be divided into two
operationally defined categoriedepending on their sources and origih Intentionally
produced (engineeredmanufactureyl cartbnaceous NPsoriginate from industrial
activities with  well-controlled properties for specific applications; whereas
unintentionally producedof incidenta) carbonaceous NPs originate francomplete

combustion of biomass and fossil fuasundesired bypducts[8].

Car bonds uni qand turfalygwopertesallova foritadored manipulation
into a variety of engineeredcarbonaceous nanomateriats different dimensionsThe
manufactured carbebased NPs includeanosized activated carbons (NACsarbon
nanotubes (singlwalled, SWCNTs or mukwalled, MWCNTSs), fullerene (§g),
graphene and derivatives (graphene oxides, GO or reduced graphene oxides, RGO),
nanodiamondg¢carbon nanofibersandamorphous carbonaceous composj@s, 9, 10].
Owing to their sizeendowed unique physiochemical features, manufactured

carbonaceous NPs find use in a variety of scientific and industrial areas, such as



environmental, electronic, energy, pharmaceuticatalgtic, agricultural, and materials
applicationd 3, 9, 11]. Manufactured carbonaceou®slhave been cited as one of the top
50 industrial chemicals manufactured worldwide, with 9.8 million wingroductionin
2008[8]. The growing production and use of engineered carbonaceous NPs will lead to
their increased exposure to the environmglt 6, 12]. These nanomaterialsare
sometimesdeliberately introduced into the environment, such as by direct injection of
NPs into the sulsurface for remediation purpo$®, 13]. Another entry route for the
engineered carbonaceous NPs to the environment could be accidental deleaséthe

manufacturing process

In contrat to manufactured nanomaterials with weltontrolled properties,
carbonaceous NPs such as somy be producedunintentionally from incomplete
combustion of fuels and biomasSoot NPs are producexs undesired byproduetach
year at approximately 8 million tons frooombustion[14]. The massive production of
soot from numerous burning soura@swell aghe global cycling of these carbonaceous
NPs have resulted in their ubiquitous distribution in the environmaedttheir routine

exposure to humajg].

Due to the ubiquity and specialanedimension features o€arbonaceous\Ps,
environmentalresearcherare actively exploring the environmentahd health concerns
of theseNPs as contaminants of emerging concg¢fd1, 15 16]. Numerousprevious
studieshave demonstrated the toxic potentialscafbonaceouslPs during interactions
with biological systemg1, 1519]. Recent studies alsoditated hat the presence of
carbonaceous NPs such as sN®&sin the environmentould significantly impact the

marineecosystems and the global carbon cy2@ 21]. Although carbonaceous NPs find



use in a variety of applications, thenotential impacts to human health and the
environment havalsoraised serious public and scientific conceiftserefore the broad
applications and environmental concerns of carbonaceousmétessitate a systematic

understanding of thiefate and transport in the environment.

1.1.2. Aggregation and Adsorption ProcessedNahoparticles

To optimizeapplications otarbonaceous NRswell as to gain better understanding
of their potential environmental hazardg, is crucial to study thefundamental
physiochemical processeisat these NPanay undergoas theyenterthe environment.
Upon release into aqueous systems, carbonaceous NPdikely exist in various
aggregationstates and adsorb to chemicdlspending orthe solution chemistries and
ambient specief22]. Both aggregation and adsorptipnocesse®f NPs governed by
physiochemical interactionsay alterther size and surface propertjeshich could

stronglyinfluencethefate and transpodf these NPs in thenvironment

Carbonaceous NPs entering aqueous environments will exist in various aggregat
states.The ability of NPs to remain stable against aggregation in aqueous systems is
termed colloidal stability, whichis typically governed by the interplay between
electrostatic repulsion and van der Wadalgactionaccording to thelassicDerjaguin
LandauVerwey-Overbeek (DLVO) theory23, 24]. It is known that for most colloidal
NPs, variation of solution chemistries including electrolyte composition or concentration
and pH condition will have strong influence on surface propesfi&Ps, and thus, their

colloidal stability[24, 25]. Meanwhile, he presence of environmental macromolecules



(e.g., natural organic matteNOM) and biological macromoleculdgs.g., proteins and
polysaccharidgsmay impact the aggregation behavior of NP§ 27]. Study of effects
from these environmental factors on colloidal stability of NPs is critical for elucidation

and prediction of their fate and transport in agueous environments.

Carbonaceous NPs typically are highly adsorptive towards organic moleculasethat
prevalent in the environment. This is becaoagbonaceouslPs characteristicallyjhave
exceptionally highspecific surface area (SSAandthe surfaces of thesmarbonaceous
materials arénherentlyhydrophobic. ThereforegheseNPscan be functionatied as ideal
candidates for adsorption of target pollutantqueous environmef®, 28, 29]. On the
other hand, environmental (macro)molecules (e.g., N{B{), bacteria and virusgd20,
31, 32], and toxic pollutant§33-35 may passively adsorb ontbydrophobic arbon
particlessuch aslack carbonThe adsorbed species onto NPs caify their surface
propertiesand travel along with the mobile NPs in the environmepkid chemicals
associated with carbonaceous NPs may be relahs@uy the interactions of NPswith
aguatic organismand caus biological damage Understandinghe adsorption behavior
of carbonaceous NPsh&ncecritical for evaluation otheir applicability as adsorbents as

well as understanding tmempacton aquatic environments.

Two types of carbonaceous NPs are selected for study of their aggregation and
adsorption processes: nanosized activated carbons (NACs) as a new class of engineered
NPs and soot NPs as a ubiquitous contaminant in the environment. Despite of the great
importance of these two types of carbonaceous NPs in the envirorthenaggregation

processesn aqueous systentgmave nevebeenquantitatively studiedln addition there



have been no studies to date that systematically investigatd$ioeption behavior of

NACs, which may be ideal candidates for adsorption of pollutants in contaminated water.

1.1.3. Nanosized Activated Carbons

There have been a number of studies focusing on the fate and transport of several
manufactureccarbonaceous nanomatls such as fulleren¢86-38], carbon nanotubes
[39-41], andgraphene oxid¢42] in aquatic systems. Howevesychinformationis less
availablefor NACs, which area new class omanufacturedarbonaceous nanomaterials
Compared to conventional activated carbon (AC) as its bulk counterpart, NAC possesses
uniquenanadimensionfeature along wittenormous porositand greatSSA as well as
insignificant cytotoxicity[43, 44]. Therefore, NACs arpotential candidates for catalyst
support{45], drug carrier$43], disease tracefd6], and adsorbents for water reclamation
[47]. A key step for evaluatinghe fate, transport, and applicability of NACs will be
determinng their colloidal stability in aqueous solutions, asiitdicates themobility of
NPs once they entenaturd or engineered aquatic systen®&udy of the adsorption
behavior of NACs willalsobe of great importance to predict their removal efficiencies
when used as water remediation agents and to design their carrying capacity when used

as drug carriers.

One scenario for the application of NACs in environmental remediation is to be
injected intogroundwater systems asperior nanosized adsorbent for in sgmovalof
organic pollutantsSo far othemanufacturechanomaterials such as CN[48-52] and

nano zero valent iron (nZVI1) have been proposed for achieving such pyd3 &S],



however, they are prevented from practical applications due to some major roadblocks.
For example, CNTs have low adsorption affinity attributed to their low SSA, and more
importantly, they are prone to aggregation because of the strong hydrophobic surfaces
leading tomutual attractionf52, 54-56]; although nZVI is highly reactive, it has very
limited mobility beyond afew centimeterdecause it readily forms aggregates in water
[57]. Clearly, injected NPs for groundwater remediatimmstnot onlybe highly reactive,

but alsomustremain suspendeahd mobilein polluted aquifers ovedays[57, 58]. We
proposeNACs asa new class omanufacturedNPs meeting such criterfar applications

in groundwater remediatioQuestionsto be examinedexperimentdy include whether
NACs ae both highly adsorptive towards organic pollutants as well as highly stable
against aggregation under solution conditions typical of groundwgdesnss.Study of

the aggregation kinetics as well as adsorption behavior of NACs in aquatic environments
is critical for both filling the knowledge gap in colloidal science and evaluating the

technical applicability of NACs for groundwater remediation.

1.1.4. Soot Nanoparticles

In addition to themanufacturedNAC nanomaterialssoot NPs produced from
incomplete combustion of fuels and biomass constitute of a major portion of the
unintentionally produced carbonaceous NPs in the environrugmgn releasdo the
atmosphere, sodtiPshave beendentified as contributing tovarious adverse effects on
human health[17, 19, 59, 60], visibility reduction [61], soiling of buildings[62],

agricultural productivity [63], and global climate changg64-66]. Soot NPs may



eventually reach water bodies via atmospheric dry and wet deposition or fluvial discharge
[67-69], resulting instrong impacts on thaquaticecosystem§20, 21] and global carbon

cycle[69].

To evaluate the environmental fate and transport of theséN&sa@nd their potential
interactions with the ambient environment, it is crucial to understand the factors
governing theiraggregation behaviounder both atmospheric and aquoationditions
which controls their size and interactions with the ambient environfig2ht Most
studies to date have focused on the aggregation behavior of manufaetthredaceous
NPs (e.g., CNTs, fullerenes, and graphgnm aquatic environments. However, the
fundamental aggregation kinetics of soot particles in aqueous phase is poorly
characterized, despite the fact that the concentration of black carbon (i.e NBsaB
indeed 10 to 10" times higher than MCNPs in the water column and aquatic sediments
[7]. Due to the great significanceof soot NPsin the atmospherghere arenumerous
studies on the aggregation behavior under dij0-73] and humid[74-76] atmospheric
conditions However, there have been no studies to date that focus systematically on the
aggregation kinetics and colloidal stability of soot Nifsleraqueous conditions where
water is the dominant phase. Such study may have significant implicatioriatéor
transport and toxicityof soot NPs invet environmentswhichinclude cloud water, rain

droplets, and aquatic environmentgeresoot NPs are uuitously distributed.

1.2. Research Objectivesand Hypotheses



The overarching goal of this dissertation is ifwvestigatethe aggregation and
adsorption processas carbonaceous NP®r understanding their fate, transport, and
applicationan aqueous enviranents Factors influencing theolloidal stabilityof NACs
and soot NPgagainst aggregatiomnderagueousconditionsare the major focuses of this
study. In addition the adsorption behavior of NACs for organic pollutants will be
investigated with the aim to evaluate the potential application of injecting NACs as

mobile naneadsorbents for groundwater remediation purpose.

Specifically, NACs as a new class aianufactued carbonaceous NPs and soot NPs
as a prevalent group of unintentionally produced carbonaceouarfsected for study.
The major objectives are to quantify and predictdbkoidal stability of NACs and soot
NPs against aggregatiamder variousoluion chemistry conditionand in the presence
of different environmental and biological macromolecules. The experimental aggregation
kinetics datawill be collectedusing time-resolved dynamic light scattering (TRDLS)
techniqueto construct stability cungebased on the attachment efficiency data, allowing
for determination of their critical coagulation concentrations (CCC). The experimental
resultsarecompared withthe classic DLVO theory to derive physiochemical parameters
including the Hamaker constantsr the tested NPsThe characterized propertied
nanomateria coupled with omputational fittingpractices are employed telucidate and
predictthe aggregation mechanismsd charge acquisition of NBssed orfundamental
theoriesinvolving intermolecular forces and particle interaction energlasaddition the
adsorption behavior dNACs towards typical organic pollutantgll be characterized

using high performance liquid chromatography (HPL{)y evaluation of their



applicability as superioadsorbents to be injected into groundwater systems situ

water remediation.

There are two major hypotheses for this thesis work: (1) Np&sessoth high
colloidal stabilityandstrong adsorbability that could be utilizad nanosized adsorbents
for in situ groundwater remediation; (2) diesel soot NiPs potentially hazardous
nanomaterials thatould remainrelatively stable against aggregation in typical wet

environments such as freshwater and rain droplets.

1.3. Organization of This Dissertation

This dissertation is composed of an overall introduction (Chapter 1), four independent
papers each presented in one chapter (Chapters 2 to 5), farad ehapter onmajor

conclusios and future work (Chapter 6).

In Chapter 1the background information of naiechnology and therucial needs for
understandingNPs colloidal stability and adsorption behavioremaluatingtheir fate and
transport as well as applicat®rnin aqueous environmentare briefly introduced
Research objectives, organization of the @itation, and important contributioase also

outlined

In Chapter 2the influence of solution chemistries on the colloidal stability of NACs
was investigatedFour types of NACs manufactured from different plant materials were
obtained for this studyEffects of background electrolytes amH on the aggregation
kinetics of NACswere quantified and compared with the DLVO theory. The derived

Hamaker constants for each NAC nanomaterial have important implications for
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prediction of colloidal stability oNACs as well as interfacial interactions involving AC
materials such as adsorption procesResults demonstrated NACs have strong colloidal

stability against aggregation under solution conditions typical of freshwater environments.

In Chapter 3 four types of NACs fromChapter 2and one commercial powdered
activated carbon (PAC) as comparissare usedo study their adsorption behavior for
two model aromatic pollutants;-ehlorophenol (4CP) and anilingn aqueous solution.
The pore structures, adsorptioates, adsorption equilibrium isotherms, and adsorption
mechanisms were characterized for the NAC adsorbigaise importantly, comparisons
showed that thexdsorption capacdéds of NACs were 10100 times greater thaother
reported nanosized carbonaceaulsorbents (e.g., CNTs, graphene, and fullereare)
were similar withconventiona AC adsorbents (e.g., PAC and granular AC, GAC).
Results from this chapter indicated that NACs possess much strong adsorption capacity
compared to other potential nanosizedsorbents. Coupled with results from Chapter 2
which demonstrated the high colloidal stability of NA@ssults fromthese two chapters
confirmed the hypothesis that NACs are superior nanosized adsorbents simultaneously
having high mobility and strongdaorptivity to be injected into groundwater systems for

in situ remediation of organic pollutants.

In Chapter 4a standard reference soot particulate matter collected from diesel engine
was employedfor studying the aggregation Kkinetics influenced by tebdygte
composition and concentration and pH conditions typically present in wet environments
such as cloud water, rain droplets, and aquatic environments. Compariséve of t
experimental aggregation kinetics datah the classic DLVO theorgemonstratedht

soot NPs aggregate similarly with other common colloidal parfigléb the Hamaker
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constants derived for the first tiMler soot NPs in aqueous mediuResults indicated

that soot NPs may be stable against-agliregation in typical freshwater eronments

but should aggregate and settle in solutions with high salinity (e.g., marines and estuaries)
or low pH (e.g., acid rain droplets) or botm particular the observationof a distina
crossover from theeaction (high concentration®f single soot NP to the diffusion

(high concentrations of soot aggregatisited aggregatiorregimeswith decrease in

solution pH should not baverlooked.

In Chapter 5 the influence of presence of environmental and biological
macromolecules on the colloidahbility of soot NPs in agueous systears examined
The same soot sample fro@hapter 4was studied hereFive macromolecules were
employed in this study, including two natural organic ma&®M) [Suwannee River
humic acid (HA) and fulvic acid (FA)], @olysaccharide (sodium alginate), a protein
[bovine serum albumin (BSA)], and a microbial culture medium [L-Beatani (LB)
broth]. Results indicated that the presence of all macromolecules retarded the aggregation
rates of soot NPs, with BSA protein sting the strongeseffect, followed by HA,
alginate, LB, and FA. Alginate enhanced soot stability in the presence of NaCl salt, but
promoted soot aggregation in the presence of high concentrationé afaflans due to
alginate bridging effect. The aggregation mechanisms of soot NPs in the presence of each
macromolecules were elucidated, which suggested that the stability and hence mobility of

soot NPs may be enhanced by macromolecules in aqueous systems.

In Chapter 6the major findings of this dissertation and recommended future research
needs in relevant directions to facilitate understandings in the fate, transport, and

application of NACs and soot NP# aqueousenvironmentare summarizedFurther
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development of NACs as treatment agents being injected into groundwater systems for
remediation will requirecolumn studies anfield assessmentdeanwhile, the ubiquity

and significant impact of soot NPs in agueous environments necessitatesystemat

studies on their aggregation behavior undewrariety ofsolution conditions andn
heterogeneous systems where soot NPs interact with environmental collo@guatid

organisms
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PROJECT TITLE: AGGREGATION KINETICS OF NANOSIZED ACTIVATED

CARBONS IN AQUATIC ENVIRONMENTS

The work in this chapter has been published intthe t | A&ggremdtion iKineticof
Nanosized Activated Carboni®# Agquatic Environment8 iIChemical Engineering

Journal (Volume313, Pages 88889 onApril 1, 2017.

Abstract

Nanosized activated carbons (NACs) are emerging as a new classnafactured
nanomaterials, but their colloidal stability governing the fate and transport in aquatic
environments r@not yet been evaluated. We have characterized four representative NAC

materials and examined their colloidal stability and esige aggregationmetics under
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various water chemistry conditions. The results showed that these NAC particles had
intensityweighted hydrodynamic diametersDyj and numbewveighted averaged
diametersD,) of approximately 200 and 100 nm, respectively, and that their gajgye
kinetics exhibited both reactionand diffusionlimited regimes in the presence of
monovalent (NaCl) or divalent (Cafl salt with distinct critical coagulation
concentrations (CCC), indicating that their colloidal stability under the tested aqueous
conditions was consistent with the classic DerjaguaindauVerwey-Overbeek (DLVO)
theory. The fitting of the aggregation kinetics with predictions based on DLVO theory
yielded the Hamaker constant of 273 10%°J (Acwc, aqueous medium). The study
demonstrated that NACs may be relatively stable under typical freshwater chemistry
conditions, suggesting their potential applications as reactive agents for remedy of
contaminated water and soil systems where-kimg suspension of introduced particles

is desired. The observed strong colloidal stability may also indicate high possibility of

NACs being nanosized pollutants in natural and engineered environmental systems.

2.1. Introduction

Nanosized activated carbons (NACs) are recently developed nanomatethals w
major reactivities such as adsorbability similar to traditional granular and powdered
activated carbon (GAC and PAC) materifl®), 77]. The unique nanesize feature of
NAC, along with its enormous porosity and great specific surface area (SSA), makes it
potential candidates for catalyst supdd&], drug carrierg43], disease tracefg6], and

adsorbents for water reclamatipfi7/]. The anticipated growth in production and use of
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NACs will inevitably lead to their release into natural or engineered aquatic sydtgms
Although limited studies have demonstrated insignificant cytotoxicity after -sdront
exposure to NAC#43, 44], their potential impact on human and the environment remains
unknown. Indeed, the increasing public concern oweanufacturednanomaterials as
emerging environmental pollutants involves not only their inherent toxicity but also how
they may interact with each other or with environmental sdlid$. Upon release to
aquatic environments, potential risks from exposure to nanoparticles may be largely
dependent on their fate and transport processes, which are strongly influenced by their
aggregatiortendency under different aquatic conditiqag]. It is therefore of particular
interest to investigate the colloidal stability of NACs against aggregation in various

aguatic systems.

Prior studies focused on the fate and transport of several important carbonaceous
nanoparticles such as fulleren@6-38], carbon nanotubg89-41], and graphene oxide
[42] in aquatic systems, but little is known for NACs. One goal of this study was to
guantitatively investigate the colloidal stability of welaracterized NACs using various
stateof-art instruments and the theories of partjgdeticle interactions. In por studies,
time-resolved dynamic light scattering (TRDLS) has been widely used to measure the
aggregation kinetics of colloidal particles (fullerenes, carbon nanotubes, and graphene)
under the influence of different solution chemis{86, 41, 42]. The earlystage
aggregation rates at different electrolyte concentrations were used to construct the
attachment efficiency profiles, which often exhibited a reaet{stow) and diffusion
limited (fast) aggregation regime$he critical coagulation concentrations (CCC) were

determined by extrapolating from both the fast and slow aggregation regimes. These
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studies showed that the aggregation behavior of fullerenes, carbon nanotubes, and
graphene nanoparticles generally foled the predictions from the classic Derjaguin
LandauVerweyOverbeek (DLVO) theory with strong effects from background

electrolyteq 25, 42].

The second goal of this study was to derive the Hamaker constant for general
activated carbon (AC) materials from the colloidal stability measurements made directly
for NACs. The Hamaker constant, which is highly dependent on both the external surface
properties of interacting bodies and the intervening medium, provides a means for
assessing the relative strength of van der Waals attractive interda&ndt is a key
physicochemical parameter for predicting interactions of surfaces aedfages
involving particles of various sizes. For example, with the Hamaker constant, the
adsorption equilibria of organic contaminants on ACs could be predi¢@cand the
colloidal stability and aggregatigarocess of nanoparticles in aquatic environments could
be simulated80, 81]. The currently available Hamaker constant data for ACs, however,
were either estimated from surrogate materials (e.qg., carbon fibe&25x20%° J[82])

[79] using the contact angle method or calculated from adsorption data.85<.02° J)

[83]. However, inaccuracy could be expected for thped#ished data. For instance, AC

has high surface roughness and is not suitable for the contact angle method. Surrogate
materials such as carbon fibers used in contact angle measurements may have surface
chemistry properties that are not well represevgatif AC. Meanwhile, the Hamaker
constant calculated from adsorption data was presumably representative of the dispersive
interactions at the external surfaces, but the measured adsorption data were indeed

averaged from overall adsorption at both interaradl external surfaces of AC. Hence,
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the Hamaker constant derived from direct measurements is much needed for better

predicting particleparticle and partickenolecule interactions for AC materials.

In this study, four NACs derived from different biogematerials were chosen for
investigating their colloidal stability under various aquatic chemistry conditions. Their
aggregation kinetics and electrophoretic mobilities (EPMs) were measured over a wide
range of solution chemistry conditions, and theil@Q@lues were quantified accordingly.
The measured aggregation kinetics agreed with DLVO predictions, and the Hamaker
constant was derived. The study provided insight to the aggregation mechanism of NACs
and suggested the potential application of NACseaxtive agents for contaminated
environmental systems. The strong colloidal stability observed for NACs also draws
attention to their potential adverse environmental effects as an emerging nanosized

pollutant.

2.2. Materials and M ethods
2.2.1. Preparation of NACs

The four types of NACs (purity > 95%) with high SSA were purchased from US
Research Nanomaterials, Inc. (Houston, TX) and assigned as NAC1, NAC2, NAC3, and
NAC4. They were analyzed for elemental compositions and examined with a scanning
electron microscop (SEM). The aqueous NAC suspensions were prepared following a
published procedurg86]. In brief, the NACs were weighed into double deionized water
(DDI) (resistivity > 18 MYAcm) and the sus

settle for 7 d. Aliquots of 20 mL were collected at 2 cm below the suspension surface
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and combined to form a ROnL stock suspension for each sample. The stock
suspensions after 24 sonication were monitored to remain thermodynamically stable

over the experimental time period.

2.2.2. Characterization of Aqueous NAC Suspensions

The concentrations of NACs in stock suspeng0.:mL samples) were measured
gravimetrically using an ultramic#balance (Sartorius M2P, Goettingen, Germaiiy).
examine the NAC®n a transmission electron microscope (TEBYrop of sonicated
NAC stock suspension was placed on 200 mesh carbdadcoapper grids and left to
adsorb for 5 minThen the samples were observed withagcon 002B(Topcon Corp.,

Tokyo, Japan) operating at 200 kV.

Potentiometric titration was conducted to identify titratable functional groups of the
NACs. In brief, a100-mL stirred suspension prior to gravitational settling was retained
for potentiometric titration, which contained 1 g/L of NACs. The suspension was purged
with nitrogen gas (B for 15 min to remove dissolved G®efore HClwas added to
lower the solution pH to 3. The suspension was subsequently kept in a nitrogen
atmosphere as being titrated with 0.1 M NaOH to pH 10 with an autotitrator (702 SM
Titrino, Metrohm, Herisau, Switzerland). The amount of NaOH required to rasgHh
from 3 to 10 of each NAC suspension was compared to that required to raise the pH of a

blank solution to identify the presence of titratable functional groups on the given NAC.

The EPMs of the NAC suspensions were measured at 25€ using a Zetasizer Na

ZS (Malvern Instruments, Worcestershire, UK) which employs phase analysis light
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scattering (PALS). Electrolyte stock solutions were prepared by dissolving ACS grade
NaCl or CaC in DDI and filtered through O-fum filters (Puradisc 25 TF, Whatman),

with desired final solution pH adjusted with HCI and NaOH. The NAC concentration was
diluted to 10 mg/L for each EPM measurement. For a given solution condition, three
independent samples of the same NAC were each measured 10 times for EPM values

which were caverted to zetad) potentials using the Smoluchowski approximafi® .

2.2.3. Dynamic Light Scatterinlyleasurements

The effective particle sizes of NAC suspensions were measured on a Brookhaven
90PlusDynamic Light Scattering (DLShstrument (Holtsville, NY), which employed a
35-mW solid state laser operated at a wavelength of 635 nm and was calibrated with
NIST-certified standards (Fisher Scientific). Prior to aggregation test, the intensity
averaged hydrodynamic diameté&r,f was determined as the initiaho (t = 0) using the
scattered light intensity which was scanned for 15 s with a phettector positioned at
90°. Here the scanned data was fitted with autocorrelation to a secd&dcumulant
analysis (MAS software) and,, was determined with a polydispersity index (PDI). The
Non-Negatively constrained Least Squares (NNLS) algorithm was used to generate the
intensity-weighted size distribution. With the Mie scattering coefficient, the results were
also converted to numbereighted size distribution with a numbeeighted mean

diameter Dng).

The aggregation kinetics at> 0 was measured with TRDLS at 25 € andder

different solution conditions by recording tbg values over time. For each aggregation
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experiment, an aliquot of-@&L NAC suspension at 20 mg/L was introduced into a pre
cleaned glass vial (VWR, Chester, PA), followed by addition of 2 mL of a given
electrolyte solution to induce NAC aggregation. After vortexed for 1 s (Vortex Genie,
Fisher Scientific), the vial was immediately inserted into the DLS instrument to start the
measurement. Each autocorrelation function was accumulated for 10 s, and the
measurements lasted between 20 to 480 min. This measurement was run in triplicates for

each aggregation test.

The equation below depicts the dependence of the initial aggregation rate cdfistant (

upon initial rate of linear increase and initial particleaantration Ko) [39]:

~

o) J— (2.1)

(0]

wherethe initial rate of linear increase was determined from the slope up to the point
whereDy had increased to 1.Pfo. In cases where the linear regime ends before reaching
1.25Dy,, the slope of the linear regime was approximated similarly. The fitted line was

verified to intercept thg axis no more thaB% from Dy for all aggregation experiments.

The aggregation attachment efficiengy, equivalent to the inverse stability rgtio
ranging from O to 1 was used to quantify the aggregation kinetics under different solution
conditions. Assuminglo= 10 mg/L,a was calculated by normalizing the initial slope of
aggregation under different solution conditions to the slope obtained diffiesion

limited (fast) aggregation conditiofi39, 41]:

° ° 2.2)
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2.2.4. DLVO Calculations

According to the DLVO theory, the attachment efficiency can be predicted for
spherical particles having both colloidal and hydrodynamic interactions using the

following equation 37, 38, 84):

— (2.3)
whereh is the surfaceto-surface separation distance [m] between two particles having
identical radiusR [m]), andks and T are the Boltzmann constant (1.38 x£(m? kg s?

K?]) and the absolute temperature [K], respectively. The totdibidal interaction
potental energy between two particlégr(h) in [1/kgT], is the sum of the van der Waals
attraction potential energy Va(h), and the electrical double laydEDL) repulsion

potential energWr(h):
W0 ' 0 Q (2.9

The hydrodynamic interaction between two approaching partieldsch causes
slower motionof the two particles due to restricted removal of the liquid between two
rigid interfaces, iscorrected withthe dimensionless fation b(h) according toHonig,

Roeberse and Wiersema [85

(o J— (2.5)
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Va(h) is calculated using the expression proposeéimgory [86 that accounts for

the electromagnetic retardation effect between two spherical padidles same size:

® Q —0p —11p — (2.6)

where Acwc is the Hamaker constant [J] between the interacting carbon nanoparticles
through waterp=5.32and/ i s t he fAcharacteristic wavel el

assumed to be about 100 h24].

Vr(h) is calculated using theonstam potential approximation (CPA9xpressiorj81,
87] between two spherical particles of the same size and surface potential both in the

fitting procedure and DLVO interaction energy profiles:

@ 0 & & dip Qoo 2.7)

wheren. is the bulk number density of ions fiingiven by:
€ p T T O (2.8)

whereNai s t he Avogadr o&$mold]pandCtistimetelecrddyte tn@ar i 1 0

concentratiofmol dm?]; £ is the reduced potential [V] given by:
a QFQY (2.9

where/ is the surface potential [V] of NACs, and is assumed asztpetential [V]
obtained from experiment changing as a function of NaCl concentration as shown in

Figure 2.8 e is the elementary charge (1.602 x*(C]); and  is the DebyeHickel
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parameter or the inverse Debye length'Jrwhich in aqueous solutions 86 € was

approximated a24]:

I ¢®&c pmBod ~ (2.10)

Other than the CPA expression, tieear superpositiorpproximation (SA) and
constant charge approximatio®@GA) expressions are also commonly employed to
calculateVg(h) between two spherical particles of the same size and surface potential.

The LSA expression is given p88]:
W —71 QunlQ (211

whered 0 3@ — .

The CCA expression is given b§9, 90]:

®Q ——aE——— agp Qanlo (2.12)

The PoissofBoltzmann equation is solved at the boundary condition of the
maintenance of surfagghemical equilibrium for the CPA expression, and at the
boundary condition of a fixed surface charge density during particle approach for the
CCA expression; tvereas the LSA expression assumes that the contributions of the
potential from each interacting surface can be added towards the overall pp2dn€ia].

The Derjaguin integration method (DIM)92] of interacting spheres is applied
throughout. The DLVO predictions were calculated with MATLAB R2014a software

(MathWorks, Natick, MA).



24

2.3. Results andDiscussion

2.3.1. PhysicalCharacteristics

The four pristine NAC samples as received were characterizedod size
distributiors (Table 2.}, elemental composition§Table 2.2, and SEM (Figure 2.1)
presented belowThe porestructures of NACswill be discussed inChapter Il to
correlate with their adsorption behaviofhe NAC elemental compositions will be
discussed later in this chapter when the pH effects on the aggregation kinetics are studied.
The SEM images demonstrdtéhat te pristine NACs hal very polydispersed (nen
uniformed) size distributios) with someparticle sizes in nandimension and others
around one micron. TharistineNACs particleswere irregular and angular, whicdould

be attributed tdhe arbitary grinding process during manufacturing.

After extendedstirring, gravitational settling, and sonication procestes NACs in
stocksuspensioneadmuch decreased partickecording to results obtained H¥M and
DLS. As shown in Tabl.3andFigures 2.2a ant), the four NACs in stock suspensions
had similarDyo values of 200 nm anB,, of 100 nm. The large difference betwdeg
and Dy is expected for colloids with high PDI since larger particles scatter more light
[93]. The TEM images shown ifigures 2.2c to f confirmed that the NACs were
irregular yet roughly spherical in shape with diameters mostly ~100 nm. It appears that
Dno may be a better approximation for the actual particle size of NACs compdbggl to
Note that the major properties listed in TaBI8 did not change over the experimental

time period, indicating that the suspensions were kinetically stable. Overall, the first three
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NAC samples exhibited very similar characteristics onSB& (Table2.1), elemental

compositions (Tabl@.2), andz potentals (Table2.3) that were different from NACA4.
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Table 2.1 Material properties, surface area and pore size distributions foprisene NACs as received from the

manufacturet
Specific Total
Particle Surface Pore  Average Pore Surface Area Distribution
Sample Raw Material Density’ Area Volume Radius  <20A 20100A >100A
(glcn) (m*/g) (c/g) (A (%) (%) (%)
perennial mountain
NAC1 bamboo and holly 0.44 909 0.482 19.92 87.33 11.75 0.92
trees
perennial mountain
NAC2 bamboo and holly 0.46 879 0.448 19.86 87.05 12.08 0.87

trees

NAC3  'ndonesiancoconut . 933 0.473 17.08 87.56 11.72 0.72

shell charcoal

NAC4 bamboo charcoal 0.43 307 0.180 20.37 79.80 17.68 2.53

% The specific surface area and pore volume distribution were determined from the adstagtigtion isotherm of Nat

77 K (TriStar 11 3020, Micromeriticsnistrument Corp., Norcross, GA).

® Eromthe manufacturer
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Table 2.2 Elemental compositions of thgristine NAC materials determined by energy dispersivea}{ (EDX), X-ray

photoelectron spectroscopy (XPS), and elemental analysis (EA)

EDX?(weight %) XPS’ (atomic %) EA® (weight %)
Sample
C O Al Si K Ca Fe Total C O Total C O H Total
NAC1 85.86 11.77 0.92 0.47 0.57 042 100 93.22 6.78 100 748 114 3.7 899
NAC2 87.21 11.84 0.23 0.44 0.27 100 93.39 6.61 100 795 117 251 93.7
NAC3 88.77 9.38 0.46 1.39 100 93.38 6.62 100 799 116 2.66 94.2

NAC4 87.65 9.28 0.27 0.62 0.62 128 0.27 100 91.11 889 100 78.6 9.83 2.27 90.7

#Determined byscanning electron microscope (SEM) equipped with EDX (MBRZeiss, Oberkochen, Germany).
® Thermo Fisher KAlpha.

“Vario EL Ill Element Analyzer.
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Figure 2.1 Representative scanning electron microscope (SEM) images of (a) NAC1, (b)
NAC2, (c) NAC3, and (d) NAC4 pristine samples as received from the manufacturer.
The images were acquired by a MERLIN SEM instrument (Zeiss, Oberkochen,

Germany).
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Table 2.3 Summary of major parameters determined for the four NACs.

Hamaker Isoelectric
Stock Suspension CCC constant Point
Sample  Cyac*®  Dpd PDI D, zpotentiaf NaCl CaCh ratic® Acwe  Acc pl®
(mg/l)  (nm) (nm) (mV) (mM)  (mM) [¢ 10%),J]

NAC1 217°12 203°3 0.219 113°5 -444+0.7 69.1 3.7 7423 2.6 12.5 1.82° 0.07

NAC2 246°15 211°4 0.136 133°8 -458+0.7 76.2 4.5 7410 2.1 11.4 1.83° 0.06

NAC3 196°6 184°2 0.169 108°5 -43.3+0.5 66.4 3.3 7432 2.7 12.7 1.97° 0.07

NAC4 188°5 204°3 0.216 115°3 -30.6+0.4 424 2.6 z4% 2.5 12.3 2.12° 0.05

& Concentration of NACs in stock suspensions.

b Mean® standard deviation from three measurements at pH 6.

¢ Mean® standard deviation from 10 measurements in the presence of 1 mM NaCl and at pH 6.
d 2= 2 for the valence of calcium cation.

®Mean® 95% confidence limits forlpwhich was extrapolated at the point wherealpetential = 0.
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Figure 2.2 Size distributions of (a) intensiyeighted hydrodynamic diametdDdy), and

(b) numbetweighted diameter,) for the NACs determined by DLS; and representative


























































































































































































































































































































































































































































































































































































