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ABSTRACT

Aqueous dlicais present in al natural waters and exhibits ahigh affinity for the surfaces
of iron oxdes Therefore, it is expected to play an important role in environmental systems.
Experiments were mnducted to investigate the fundamentals of sili ca ®rption orto pre-formed
ferric hydroxide & pH 5.0-9.5and silica @ncentrations of 0-200mg/L asSIO,. Over the entire
pH range gudied, sorption densitiesexcealing mondayer sorption were obsaved at silicalevels
typical of natural waters. Under some circumstances sorption exceaded a mondayer whil e the
particle zaéa patential remained pasitive, a phenomenonwhich isinconsistent with avail able
models. To addressthis deficiency, an extended surface omplexation model wasformulated in
which soluble dimeric dlica(i.e., S20,(OH)s) sorbsdiredly to iron surface stes This model
fits sorption density data up to 0.40mol SiO./mol Fe, and it accurately predictstrendsin zeta
potential and the obsaved H' release during silica orptionto ferric hydroxide & pH 5.0and 6.0.

A seond plaseof resarch was amed at identifying the practicd implications of silica
sorptionto iron hydoxide in natural and engineered systems. Two typesof surfaceswvere
prepared by exposing pre-formed Fe(OH)3 to aqueous silica(0-200mg/L asSiO,) for periods of
1.5 housor 50 days. The @mncentration o pre-formed iron passng through a0.45um pore sze
filter at pH 6.0-9.5increaseal asthe solids aged in the presence of silica. Consistent with
formation d small, stable @lloids, “soluble” iron concentrations exceeded 0.2mg/L only at zeta
potentials < -15mV. When arsenate was alded to iron hydoxide particles eguilibrated with
sllicafor 1.5 hours, percentage arsenate removals were high. In contrad, arsenate removals
deaeased markedly aspH and silica mncentrations increase if silicawas pre-equilibrated with
theironfor 50 days. Trendsin percentage removal of humic substances were smilar.
Competition for sorption siteswasthe main causeof hindered anionic contaminant removal.
However, interferencewith hydolysis and precipitation are expeded to be important under some

circumstances particularly during water treatment.
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AUTHOR'SPREFACE

Thiswork combines éements of atraditional thesis with the Virginia Tech manusaipt
format. The traditional elements include the literature review (Chapter I) and conclusions
(Chapter 1V). Chaptersil andIll are complete manusaipts written for submissonto
Environmental Science & Technology. A revised form of Chapter | will also be sibmitted to

Environmental Science & Technology.

Chapter | includes a examination d the literature asit pertains to silica chemistry in
natural and engineered proces®s. Findings from thisreview raised new quedions aou silica
spedationin natural waters and implicaions for environmental systems. Theredter, two phases
of reseach were planned to address theseissues Chapter |1, “The Role of SilicaSorptionin Iron
Hydroxide SurfaceChemistry,” isaimed at elucidating fundamental agpeds of silica sorptionto
amorphous ferric hydroxide surfages. Chapter 111, “Implications of SilicaSorptionto Iron
Hydroxide: Mobhilizaion of Iron Colloids and Interferencewith Sorption d Arsenate and Humic
Substances” focuseson pradical implications of silica rptionto iron hydroxide in

environmental systems.
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CHAPTER I
Literature Review
Sili cate minerals, which are distinguished by an SiO, tetrahedral structure, comprise
more than 90% of the erth’s aust (1). Aqueous slicain natural watersis derived from
weahering and dssolution d theseabundant minerals. Accordingto the National Arsenic

Occurrence Survey (2) of US drinking water supplies soluble slicaconcentrations range from

0.554 mg/L asSIO, for surfacewaters and 0.863 mg/L asSIO, for groundwaters (Figure 1-1).
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Figure 1-1. Distribution of aqueous slicain US drinking water supplies

Most of our understanding regarding dissolved silicais based onthe dassic work of
Lagerstrom (3), who cetermined equili brium constants for monomeric and tetrameric slica
spedes @ 25°C and 0.5mionic grength (Table 1-1). Stumm et al. (4) applied these onstants to
delineate the region d amorphous slica(SiO,) insolubility over the range of pH 4-14 (Figure 1-
2). Thesereseachers aso defined a “mononuclea wall,” which is aline demarcating
combinations of pH andtotal Si at which 1% of the total Si exists as luble pdymeric spedes
(Figure 1-3). Abowe thisline, stable polymeric pedesbemme increasngly significant. Below

the monoruclear wall, the aithors hypotheszed that monomeric silica gedes spedficaly



Si(OH),4 and its mnjugate basesare thermodyramicaly dominant. This diagram hasbeen used
to provide medhanistic interpretations for silicaimpadsin environmental systems (5-10).

Moreover, sincethe silica mncentrations and H condtions typicd of natural waters fall below
the monoruclear wall, akey conclusion d this analysis wasthat polymeric silica geciesdo nd

occur in natural waters.

Table 1-1. Important Silica Equilibrium Reactions

Eqn Reaction logK @ logK P
1-1 [SiOyg+H:0 o Si(OH), -2.7 n/a
1-2 |Si(OH), o SIO(OH)s +H" -9.46 n/a
1-3  |2Si(OH)4 o Si;0(0H)s + H" + H,0 n/a -5.0
1-4 |4Si(OH), o SisOg(OH)s?+ 2H" +4H,0 | -12.57 -8.9

 Constants used in analysis by Stummet al. (4). Equili brium constants for Equations 1-
2 and 1-4 were determined by Lagerstrom (3).
P Constants determined by Svensonet al. (13).

Recent work using NMR spedrosaopy (11-13) has unambiguously demonstrated that
polymeric dlica pedes ae more important than previoudly suspeded (4). Consideration d the
stability constants proposed by Svenson et a. (13) for the new polymers (Table 1-1)
substantialy altersthe locaion d the cdculated insolubility line (Figure 1-2) and monontclear
wall (Figure 1-3). Inthis analysis, dimeric glica, formulated asSi,O,(OH)s, emerges as a
significant and even daminant aqueous gedes under some drcumstances(Figure 1-2). Contrary
to conventional wisdom, silicalevelsand pH condtions typical of some natural waters ae adove
the revised mononticlear wall, indicating that polymeric ecieslikely occur at significant
concentrations (Figure 1-3). For example, aspH increaseseyond 6.0 0 6.5, pdymeric ecies
particularly Si,O(OH)s’, start to become quite important (Figure 1-4). At 11.6and 42.8mg/L,
polymeric Si isdominant in solution at approximately pH 8.8 and 8.2 respedively. Furthermore,
poymers ae preseit at significant levels even at very low silica @ncentrations. At 1.90mg/L as
SiO,, 2% of the total Si ispredicted to bein pdymeric format pH 7.5, at pH 9.5, 376 of the
total Siis expeded to be paymeric.
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Figure 1-2. Amorphous slica solubilit y calculated with the equili brium constants of
Svenson et al. (13). The lubility calculated by Stumm et al. (4) is shown for
comparison.
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Figure 1-3. Consideration of equilibrium constants published by Svensson et al. (13)
substantially altersthe location of the mononuclear wall. Sili ca concentrationsof 0.5 and
62.9mg/L as SIO, represeant thelow and high levels encountered in natural waters (2).
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Figure 1-4. Calculated (a) concentration and (b) percentage of Eolymeric slica
asafunction of pH. Total silica concentrations represent the 5", 50", and 95"
percentilesmeasured in US drinking water supplies(2).

The dharge on soluble and sorbed silica eciesisimportant from the perspedive of
particle gability in natural systems, complexation of metals, and behavior in engineered
procesgs. When pdymeric dli ca edes ae considered, the cdculated average darge per

soluble silica (Zaverage) Changesmarkedly from prior conceptuali zations (Figure 1-5). At pH <



6.0,where most or al of the slicaisinthe Si(OH)4 form, Zaerage = 0, bt asthe pH and silica
concentration increase the dimer eventually becomesdominant. For the condtions
examined, Zaerage @pproadies a upper limit near —0.50'Si, which corregponds to the charge
per Si onthe dimer, Si,O,(OH)s.
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Figure 1-5. Average dharge per Si asafunction of pH. At low pH, where
Si(OH)4 isthe dominant spedes, the Zaverage=0. As Si>O(OH)s beamesmore
significant, Z average approaches—0.50 per Si.

Implicationsfor Environmental Systems

Thesemodel reailts require reconsideration d silicae behavior under awide range of
scanarios. Sincesilicaisaconstituent of al natural waters, the potential importance of dimeric
silica asa ammplexing ligand and sorbing speciesmust now be mnsidered drectly. Quite
paossbly, doing so might lead to theories ad models which are more cnsistent with
experimental data. Silicahas an affinity for various forms of aluminum andiron, and it
influencesthe chemistry of natural waters and engineered processessuch as @agulation, iron
sajuedration, and adivated alumina orption. Current understanding d silicareadionsin

environmental systemsis reviewed below.



Interactions with Aluminum. Readions between soluble slica and auminum spedes
reailt in the formation d hydroxy-aluminaosilicate (HAS) solids. Exley and Birchall (14)
examined HAS formation at very low aluminum concentrations (0.1 mg/L asAl); thesilica
concentrations (0-30.0mg/L asSiO,) and pH (4.5-7.5 were in the range of natural waters.
Using membrane filtration, they foundthat silicalimited the growth of aluminum spedesto less
than 0.04um, and the dability of HAS spedesincreased at higher silicic acgd concentrations.
These athors hypahesized that “poisoning” of Al(OH)3; pdymerizaion bysilicawas
medanistically reporsible for HAS formation. Brace ad Matijevic (15) studied the properties
of aluminasili cate @lloids predpitated over awide range of solution conditions. Like Exley and
Birchall (14), they also foundthat higher silica concentrations increasel aluminaosili cate dability,
thereby preventing particle precipitation and aggregation.

Hingston and Raupadh (6) investigated the readion between aqueous slica and the
crystalline AI(OH); surface Multiple layers of silica ezentuall y sorbed onto the surface with
maximum sorption at pH 9.2. Furthermore, their results reveded that silica rptionincreasel at
higher initial silica @ncentrations, ionic drength, and temperature. Huang (7) foundsimil ar
trends in experiments with aqueous slica and y-Al,O3. Multiple layers of silicaformed onthe
aluminum oxide surface andthe highed levels of sorptionwere adieved at pH 9 + 0.2. Like
Hingston and Raupad (6), Huang (7) obsaved that thefirst silicalayer formed rapidly, and
subsequent layers orbed at aslower rate. However, while Hingston and Raupach (6) propcsed
that Si(OH),wasthe reecting silica edes Huang's (7) energetic model predicted that
SiO(OH)3 wasthe rbing species In either casg only sorption d monomeric pecieswas

considered.

Given the tendency of aluminum and silicato form aluminosili cates the preseance of
slicain natural watersis expeded to affed alum coagulationin water tregment. Lartiges ¢ al.
(16) investigated the mechanisms by which Al;3 polymers dedabilized and flocculated a
colloidal (particle sizeof 14 nm) silica suspension. Their proposed dedabili zation mecdhanismis
initiated bythe formation of negative duminasilicate steson the slicasurface Next, Aly3
paymers flocculate the silica ®lloids by either charge neutrali zation or bridging. Interedingly,
the reseachers foundthat the underlying dedabili zation mecdanism wasthe sane & pH 5.5and
8.5.



Duan and Gregory (9, 10) examined coagulation and flocculationin a g/stem of alum,
aqueous slica and kaolin clay (an aluminasilicae formulated asAl,Si,Os(OH)s). Their results
revealed an oimum aqueous slica @ncentration which increase the rate of particle
predpitation and aggregation. This optimum sili ca @ncentration, which washighly pH-
dependent, deaeasead asthe pH increased. Furthermore, coagulation wasinhibited or altogether
prevented at silica @ncentrations aove the optimum. At pH 8, the optimum wasonly 4.8 mg/L
asSiO,. Theserealltsindicate that the presence of aqueous slicamay be regporsible for the
poa coagulation generally observed at high pH. The exceptionis oftening dants, where slica
might read completely with cacium and magnesum hydroxides(17), thereby eliminating
further interferencewith coagulation at high pH.

Interactionswith Ir on. Iron-silicainteradions have not received asmuch attentionin
the literature asthosebetween silica and aluminum. However, agueous silicainfluencesiron
chemistry in several ways. Below pH 3.5, Weber and Stumm (18) demonstrated the formation o
a oluble FeSIO(OH)3** complex. When dislved iron (111) was eposed to agueous slica (0-
60.0mg/L asSiO,), Schenk and Weber (5) found that the presence of silicareaulted in higher
solution absorbance and a higher percentage of iron passnga0.45um pore szefilter. They
concluded that aqueous slicainhibits the hydrolysis of iron (1 1), an effed which is expeded to
negatively impad ferric coagulation. Inthe same gudy, Schenk and Weber also dosaved that
aqueous slica cdalyzed the oxidation of iron(l1) toiron(l11). Thesefindings have obvious
implications for silicaimpads in ferrous oxidation and removal in drinking water treatment, as

well asdosing d sili cafor iron corrosion control in water distribution systems.

Theiron hydroxide surfacehas astrongaffinity for silica Sigg and Stumm (8) examined
sorption d aqueous slica (0-48.1mg/L asSiOy) to the a-FeOOH surface. Consistent with the
reallts of others (6, 7), they foundthat sorptionincreased asthe slica oncentrationand H
increaseal, with maximum adsorption at approximately pH 9. They modeled sorption of silica
over awide pH range by the formation o two monomeric surface pecies, =FeSiO(OH); and
=FeSiO,(OH),". Usingthesefindings, alongwith data generated from studieswith the a-FeOOH
surface ad aher anions, Sigg and Stumm produced a model to predict the surface peciation o
theiron oxide in anatural water. Their results indicated that silicate, along with phasphate, was
likely to dominate the iron hydoxide surface darge under some drcumstances



Implications for Sorptive Removal of Anionic Contaminants. Althoughsilicaisan
important constituent in natural waters, only afew studieshave examined haw sili ca affeds
sorption, mohilization, and removal of anionic contaminants in environmental systems.
Reseachers (19-21) have obseaved that silicainterfereswith arsenate removal in copredpitation
(coagulation) experiments with iron (111) chloride. Tong(19) studied this interferencefor iron
coagulation between pH 6.5and 8.5in the mncentration range of 1-50 mg/L asSiO,, and
determined that percentage asenate removal deaeagd asthe pH and silica cncentration
increasal. Menget a. (21) suggeded that silicainterfered with arsenic removal by increasing
electrostatic repulsion and competing for sorption siteson the ferric hydroxide surface
Furthermore, Meng et a. foundthat the presaceof 10.7mg/L asSiO, hindered Fe(OH)
predpitation above pH 8.5. Interegingly, the only work onthe role of silicain humic substance
sorptionto iron hydoxidesisthat of Tipping (22), who determined that 6 mg/L asSiO;, reduced
humic substance removal by 20%.

Additional Insights Basad on Studiesof Polysilicates Althoughsoluble slicais
assimed to be exclusively monomeric in natural systems, pdysilicaes ae produced
commercialy and are commonly added to drinking water. Polysilicaes ae formed by
neutralizing basc slutions of concentrated sodium sili cate (4). It isquite possble that our
understanding d thesepoymeric gpoedes ould be gplied to reactions of dimeric dlica For
example, Taylor et al. (23) foundthat a snal silicapaymer had an affinity for soluble duminum
that was"at least 1,000000 timesgreaer than monomeric” silica Thus, evenif dimeric glica
waspresat at relatively low concentrations, it could play a dispropartionate role in complexing
soluble duminum and sorbing to aluminum hydroxide surface gtesdueto ahigher affinity. The
presence of aluminum was &so found to stabilize the slica polymer (prevent depolymerization),
which suggests that polymers might be more gable when complexed by aluminum or ferric

spedes

It iswell known that commercial polysilicatescan sequeder iron, and the dfedivenessof
these bemicdsincreases asthe complexity and moleaular weight of the paymersincrease (24).
Thereaults of Browman et al. (24), typicd of most reseach on this subject, sugged that
polymeric dlica pedes acomplish sequedration by stabilizing iron colloids. Interestingly,

polysilicates, often referred to as“adivated silica” can also function as cagulant aids under



some circumstances For instance Baylis (25) foundthat polysilicatesincreased the rate of alum
coagulation and reaulted in the formation d stronger floc particles. Additionally, he obseaved
that addition of paymeric dlica enabled coagulationto proceed at any pH above 5.5. Baylis
speaulated that silicain the form that aided coagulation, likely pdymeric slica islackingin
waters that are difficult to coagulate, but this interpretation was later forgotten gven assumptions
regarding the exclusivity of monomeric silicain natural waters (4).

Summary and Statement of Research Objedives

The literature review highlighted several practicdly important impads of silicain
environmental systems. In some casessilicais beneficial; in athers, it is detrimental. Given ou
poa understanding, it is aurrently not possbleto predict the behavior of silicain these ystems.
Calculations preseanted here indicate that dimeric slicamay be sgnificant in natural waters,
raising questions éou agueous slica spedationand providing a new bagsfor interpreting
seaningly contradictory behavior. Clealy, polymeric and monomeric slica ecies behave
differently, as eidenced bythe fad that polymers can form much stronger complexeswith
metals.

Numerous gudieshave focusal oninteractions between aluminum and silica, atopic of
intered in the cntext of both natural environments and engineered proceses However, thereis
little fundamental reserch onthe subjed of silica orptionto iron hydoxide surfaces. The
literature also contains limited data suggeging that silicainterfereswith the sorption o other
anions. However, the condtions and extent of silicainterference ae not well-defined, na are
the medhanisms by which silicainterferes Although pevious reaults were generally interpreted
in the mntext of sorption, solidsin most of these tudieswere formed during coagulation.
Therefore, hydrolysis, predpitation, and particle ayglomeration were dso involved, making it
difficult to determine how sili cainterfered with sorption o other anions. Thus, it would be

useful to study this problem in the ésence of theseother medhanisms.

Given theseisales atwo-phase &perimental plan wasdevised to further fundamental
and practical understanding. Thefirst phaseof reseach isaimed at determining haw silica
medhanistically interacts with pre-formed ferric hydroxide surfaces By varying [H, silica

concentrations, and reaction times therole of silicain amorphots ferric hydroxide surface



chemistry will be examined under the range of condtions encourtered in natural waters. Data
coll ected from this phase of reseach will be used to determine whether existing sorption models
are mnsistent with observed trends, or whether consideration of palymeric dlica pedes(i.e.,
dimeric dlica) isnecesay to provide areasonable explanation d surface targe and silica
sorption. Becausepre-formed iron hydoxide particles will be used, confoundng effeds of
hydrolysis, complexation, and particle stabilizaion will be minimized.

The seond plaseof research will examine therole of silicain preventing sorption o
arsenate and humic substances important anionic contaminants in drinking water treatment.
Removal of humic substancesis required by the Enhanced Coagulation Rule, whereas anew
maximum contaminant level (MCL) isforthcoming for arsenic. Animproved understanding o
the posgble interferencefrom dislved silicawill assst enginees, resarchers, and uilities
attempting to comply with these regulations. Asin the first experimental phase useof pre-
formed ferric hyadroxide will minimize slicaimpads on mecdhanisms other than competition for

surface #es.

Interadions between aqueous slicaand amorphous ferric hydroxide have important
pradica implications. This gudyisintended to provide insights into the medianisms by which
slicainfluences anorphous ferric hydroxide surface @iemistry and the crregponding role of
silica geciation. It is anticipated that thisinformation, coupled with reaults from the anion
interference dudies will advance fundamental understanding d the role of aqueous slicain

natural and engineered systems.
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CHAPTERIII

The Role of Silica Sorption in Iron Hydroxide Surface Chemistry

CHRISTINA C. DAVIS, HSIAO-WEN CHEN, AND MARC EDWARDS
Dept. of Civil and Environmental Engineeaing,
VirginiaPolytechnic Institute and State University,
407NEB, Bladksburg, VA 240610246

Experiments were anducted to investigate the fundamentals of silica orption anto pre-formed
ferric hydroxide at pH 5.0-9.5 and silica oncentrations of 0-200 mg/L as SiO,. At all pHs
studied, sorption censities exceading mondayer sorption were obseved at silicalevelstypical of
natural waters. Under some drcumstances sorption exceeded a monolayer while the particle
zeta potential remained positive, a phenomenonwhich isinconsistent with available models. To
address this deficiency, an extended surface complexation model was formulated in which
soluble dimeric silica (i.e.,, Si,0,(OH)s) sorbs diredly to iron surface stes This model fits
sorption censity data up to 0.40 mol SiO./mol Fe, and it acarrately predicts trends in zeta
potential and the observed H release during silica orptionto ferric hydroxide & pH 5.0and 6.0.

I ntroduction

Silicais omnipresent in natural waters, typicdly at 1-20 mg/L asSiO, for surfacewater
and 7-45mg/L asSIO, for groundwater (1). Previouswork by Stummet a. (2) indicated that
soluble silicaiin natural systems occurred exclusively in the form of monosilicic agd andits
conjugate base However, more recent research using NMR has etablished new equilibrium
constants that suggest up to 50% of the total soluble slicon concentration in natural watersis

present in dmeric dli ca edes particularly as Si;O,(OH)s (3).

Several studieshave esablished that soluble silica exhibits high affinity for surfacesof
aluminum and ferric oxides(4-6), and formation d multiple layers of sorbed silicahas been
obsaved in these gstems (5, 6). The genera hypothess wasthat monomeric silica gecies
spedficaly Si(OH), and SIO(OH)3', were 2orbing to the surfaces ad sequentially forming
layers. Taylor et al. (7) reported that an digomeric form of sili ca, containing fewer than 35S
atoms, exhibited “an affinity for [soluble] aluminum at least 1,000,00Qtimesgreater” than
monomeric dlica The preseaice of polymeric dlicais known to hinder predpitation o iron and
manganese(8, 9, and silicawasrecaently shown to interfere with arsenic removal by coagulation

(10-12). If dimeric slica gedaesin solution have an extremely high affinity for iron and
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aluminum oxide wurfaces, they might contribute to significant adverse éfeds on coagulation
as®ciated with silica

The goal of thiswork wasto characterize iron hydroxide surfacesproduced after contad
with varying levels of silicain the pH range of 5.0-9.5. A se®nd olective wasto determine
whether existing sorption models auld explain key trendsin the data and to propcse anew
model conceptualizationif necesary.

M aterials and M ethods

Sor ption of Silicato Ir on. Sorption experiments were desgned to investigate
interadions of pre-formed Fe(OH); with silica @ concentrations ranging from 0 to 200mg/L as
SiO,. The experiments were caried out at 20°C. HDPE pladic bottleswere used to eliminate
concerns with silicaleaching from glasslabware. Fe(OH); wasformed by raising the pH of an
FeCl4e 6H,0 stock (250mg/L asFe addified with 1x10° M HNOs) to 6.0with a sngle dose
(1000pL) of 2.34M NaOH. The Fe(OH)s;wasthen aged for 12-16 hous on an orbital shaker.
Sili ca sanpleswere prepared from a gock of Na,SiO3; (8000mg/L asSiO,), and NaNOs was
added to aconcentration of 1 x 10° M in all samplesto keep fina ionic grength variations less
than afador of 5.5. Eadh silica sanple was aljusted to pH 6.0 with HNO3 and stored in the
sane manner asthe Fe(OH)s;. pH measirements were made with a Corning 313 f/Temperature

meter and a Corning combination eledrode.

After the 2lids aged 1216 hous, the pHs of the Fe(OH)3; and silica sanpleswere
adjusted to target valuesof pH 5.0, 60, 7.25, 8.5, 09.5. All solutions were mixed at 400rpm
with alinch stirbar. At pH > 7.25, batleswere wvered with HDPEIids or payvinyl chloride
plagic wrap to minimize CO, disolution, bu these deps did not completely eliminateit. The
sorption experiment wasinitiated when the silica sanpleswere dosed with pre-formed Fe(OH)3
to adhievefina concentrations of 10 mg/L asFe. The quantity of baseor add required to
maintain the target pH wasrecorded. In eat sample, the pH wasmaintained within + 0.15 urits

during the ensuing reaction period of 1.5 hous.
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After completion d the experimental steps descibed abowve, the sanpleswere aged on an
orbital shaker for 50 days (1200 tours). During this aging period, the pH of ead sample was
regularly chedked and readjusted to the target asnecessary.

Determination of Sorption Density. The orption density of ead sanple wasmeasired
after 1.5 haurs and 50 dys of readion time. Seledion d these reactiontimeswasbasel on
obsevationsin preliminary experiments and the literature. In preliminary experiments, when
pre-formed Fe(OH); (aged 2weeks) was &paosed to agueous slica(0-63mg/L asSiO,) at pH
6.0and 8.5 there were no significant differences(95% confidence) in zeta potential
measirements & 1 haur, 1 day (24 hours), and 1week (168 hous). These realltsindicaed that
surface tangesoccurring between 1 hou and 1week did nd produce detedable dhangesin zeta
patential. Consistent with this observation, several studieshave noted that silica orptionisrapid
during thefirst 1-3 haurs of exposure to an aluminum oxide surface thisinitial, rapid sorptionis
followed by pogresively slower sorption (5, 6). Inthis gudy, the 1.5-hour reaction time was
chosen to invedigate rapid sorption, whil e the 50-day readion time provides insightsinto the
nature of the slower silica orptionwhich occurs & longer exposuretimes The 1.5-hou reaction
time is representative of condtionsin an engineered system, such as @agulation. In contrast, the

50-day readion period models the long resdencetimes ecourtered in a natural water.

A Nalgene vaauum filtr ation assembly wasused to pass50 mL of eat sample through a
0.45um pore szeMillipore nitrocellulosefilter. Thefiltrate was ©ll ected, and the filter with
the catured solids wasthen dgested in aHNO; solution. Visible observations indicated that a
2% HNO; solution dissolved the ©lids mllected after 1.5 tours of reactiontime within 5 days
(120 houws). However, the 2% solution dd na completely dislve the lids wllected after 50
days, even when the ssmpleswere heaed to 90°C and sonicated. Therefore, a gronger digestion
was enployed for these saplesby increasing the acd concentration to 5% HNO3; and the
digediontimeto 2848 days (672-1152 hous). At this point, it appeared that most solids onthe
filter had dissolved, bu some suspended particles were gill visible in the solution asis disaussel
later. Uponcompletion d the digedion period, the digestate wasfilt ered througha 0.45 pum pore
sizeLife Science Products, Inc. nylon syringefilter. Solubleironandsiliconin thefiltrate and
filtered dgestate sanpleswere measired with a Jy 20001nductive Coupled Plagna - Emisson
Spedrosaopy (ICP-ES).
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Characterization of Undigeded Solids. As previously stated, add dgegionsdid na
completely disslve lids catured onthefilters after 50 days of readion time. At the end o
the digestion period, the sampleswere visually examined for color, size, and shape of the
remaining particles. Representative particles were allected, mourted onauminum bar stock (1-
inch dameter), and dried in adessicator at room temperature. The sanpleswere analyzed with a
CamScan Series2 Scanning Electron Microscope (SBM). The SBM was ejuipped with an
American Nuclear Systems Quantum System 4000Energy Dispersive Spedrometry (EDS)
feaure which all owed semi-quantitative point analysis of elements with an atomic number

greder than sodium.

Zeta Potential. A Malvern ZetaSizer 3000HS wasused to measire zda potential after
1.5 hous and 50 dys of reectiontime. The instrument performancewasregularly cheded with
the manufacturer’s electrophaess gandard and an independent Min-u-sil teg colloid standard.

Results and Discusson

General observations were made by fir st comparing two dfferent approachesto
analyzingsilica orptionto iron. Theredter, silica rption density and particle zea potential are
quantitatively disausseal. This analysis dlowed formulation o anew, simplistic surface
complexation model that can predict many important aspeds of sili ca ®rption for conditions
commonly encourtered in natural and engineered systems.

Observationsin Quantifying Silica Sorption to Pre-formed Ir on. Two approaches
were used to quantify silica orptionto iron, each of which hasunique alvantages and
disadvantages Thefirst approadh determined sorbed silicabased onthe diff erence between
initial silicon andfinal soluble silicon, asdetermined byfiltration. This goproac hes large
experimental error when the initial and final silicon concentrations ae only slightly diff erent
from one ancther. The secondapproach relied on drect measirement of the sliconandiron
dissolved from the filter by the acid digedion, and this gpproad is often more acarrate when the
first approach isless acurate. Complete massbalances onironand silicawere conducted by

combining data from both approacdes.
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The overall reaveriesof both iron and silicon were greaer than 926 after 1.5 houss of
reaction time, which is henceforth referred to as the “fresh iron” experiment. After an additional
50 dhys of readiontime, which isreferred to as the “old iron” experiment, the overall iron
recovery was79.9+ 15.9%, and the sliconrecovery was90.4 + 5.3%. The percentage recovery
of particulate slicacan be esimated by comparing siliconrelease during dgegion d thefilter
to the silicon removed by filtration (Appendix A). Viewed from this perspedive, recovery of
slicain a particulate form wasonly 43.9+ 11.4% in fresh iron experiments and 49.1+ 15.6% in
old iron experiments. Reovery of particulate iron wasmuch higher (928 + 5.3% infreshiron
experiments and 78.3+ 16.6% in dd iron experiments), clearly indicating that the acid dgestion
preferentially dissolved iron from the silicairon particles trapped in the fil ters.

Given the low Si recveriesfrom the a¢d dgedion, drect calculation o sorption density
using this measirement leads to an underedimate of the ratio of sorbed SiO, to Fe. This
cdculationwasusel to define the lower bound @ silica orptionto iron. In contrad, the molar
sorption density, SD, cdculated acording to the following:

_ (Initial = FiltrateSO,)/ InitalSO,
(Initial — FiltrateFe) / InitialFe

(2-1)

wasnot subjed to this aror. This goproad, with appropriate consideration of experimental
error, wasusel asthe primary egdimate of sorption density in the rest of thiswork (Figure 2-1).

Asauming an iron hydoxide ste density of abou 0.25mol/mol Fe (13), sorption
densities guivalent to a complete mondayer where observed in fresh iron sampleswith pH >
7.25at initial concentrations aslow as 12-15mg/L asSIO; (Figures2-1a and 22). AtpH 5.0
and 6.0,monolayer coverage gpeaed to requireinitial SIO;levels nea 40 mg/L. At much
higher silica concentrations, sorption densitiesequivalent to hilayer coverage were obseved after
1.5 housfor eat pH studied. Sorption densities increasel with higher initial silica
concentrations. In systemswith initial silica< 50 mg/L, maximum sorption densitieswere
obseved at pH 7.25and 9.5,followed by (H 8.5, 6.0,and 5.0. The measired sorption censities
at pH 7.25and 9.5were nat significantly diff erent from one ancther at 95% confidence;
furthermore, sorption densitiesat pH 7.25were sgnificantly higher than those @ pH 5.0 and 6.0
at greater than 9%% confidence.
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Figure 2-1. Sorption densitiesin samplesafter (a) 1.5hours of reaction time
and (b) 50 days of reaction time.

In the sanpleswith dd iron, sorption densitiesof 0.25mol SIO./mol Fe were adieved in
sanpleswith initial SIO, concentrations between 7 and 15mg/L for the entire pH range gudied
(Figure 2-1b). Sorption densities euivalent to uniform bil ayer coverage occurred at initial levels
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of silicabetween 2238 mg/L asSiO,. Comparing datafor the fresh and dd iron experiments, an

average increasdn silica sorption density of 81% occurred with age, as @ culated by.

_ SDSOdays -

1.5hours EU.OO)/O (2_2)

1.5hours

D

and the range of increasevaried from 8-153%. Thesediff erenceswere aways sgnificant at

greaer than 99 confidence. In the old iron samples maximum sorption cccurred in sanples
with pH > 7.25,followed by H 6.0and 5.0.

—— Monolayer Coverage —o— Bilayer Coverage

10.0
9.0 -
8.0 -
L 70-
6.0 -
5.0 -
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Figure 2-2. Initial SiO;and pH conditi ons resulting in sor ption densities
equivalent to monolayer and bilayer levels of surface overage after 1.5
hours of reaction time.

Thesereallts confirm the validity of the general experimental approad used to

characterize slica srptionin previous research (4-6); they are dso consistent with the increasel

sorption previously observed at higher concentrations of SiO, (4-6) and longer readion times(5,

6). Huang (5) and Hingston and Raupach (6) reported that more than amondayer of silica

sorbed at concentrations below 100mg/L asSiO, in the pH range of 4-11. One difference

however, isthat previous work (4-6) reported a clea maximum sorption density at an
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equilibrium pH of approximately 9.0,whereasvery high sorption wasobserved in thiswork at
constant pH 7.259.5.

What was the nature of theiron and sili ca particlesthat could not be lubilized by
the acid digedion? Recovery of silicafrom addified dgested sampleswasvery poa, andthis
guestion was worthy of follow-up study. Four representative typesof theserecdcitrant particles
were ®lleded and examined with an SEM to answer this question. Rust-colored, spherical
particles were foundin sampleswith pH < 6.0and silica oncentrations< 10mg/L. The szeof
the represantative particle, asdetermined by SBEM, was0.64mm. Elemental analysisreveded a
high-intensity Fe pe&k with atrace of Si. Transparent, irregularly-shaped particles
(representative particle 3ze 3.0 mm) were foundat silica mncentrations>75mg/L in pH 6.0
sanples and at silica oncentrations> 30mg/L in pH 7.25sanples Only an Fe peak of medium

intensity was visiblein this case

Interedingly, ablad particle (representative particle sze 1.2 mm) with avery significant
Si pe&k and nodetectable iron wasfoundin eight samples(Figure 2-3). Theseparticleswere
foundat all ted pHs, at silica @ncentrations ranging from 10to 200mg/L asSiO,. Finaly,
white particles(representative particle $ze1.3mm) appeaed in six of the nine pH 9.5samples
at silica oncentrations ranging from 5.0to 200mg/L. Theseparticles &so occurred at other pHs
in sanpleswith silicalevels> 75mg/L. Althoughthe demental spedrum of the representative
sample wasfairly naisy, an Fe peak of medium intensity wasobsaved. No further analysiswas
attempted to identify the mineralogy d these smples However, these results support the idea
that some lids removed byfiltration could na be dissolved in strongacid and ill ustrate the

necesgy of measring sorption density based ondisgppearance of Si from solution.

SurfaceCharge. Zetapotential was measired at the end o the 1.5 hour and 50 dy
reaction periods. For tripli cate measirements with an average zda potential between —10 and
+10mV, the average gandard deviationwas+ 3.4 mV in the experiment with frehironand +
1.5mV in the experiment with dd iron. Althoughzea potential appeasto beacme more
negative asthe particles ge and more slica orbs, the general trendis similar at both iron ages
(Figure 2-4a). Not surprisingly, the surfacebecmesmore negative with increasing SO, levels

andincreasng pH (Figure 2-4b).
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(b)

o e A

Figure 2-3. (a) SEM photograph of a small, black parti(;Ie fémaining after 48
daysof acid digedion. Thisparticleformed at pH 8.5with 200mg/L initi al
SiO,. (b) Spedarum from elemental point analysis performed on thisparticle.

In ealier studies where multiple layers of silica ®rbed orto an aluminum oxide (5, 6),
the datawas nat inconsistent with formation o disaete slicalayersin astep-wisefasion. It
wasbelieved that the duminum particleswere coated with amondayer, foll owed by a dower
forming blayer, etc. Hingston and Raupach (6) also reported that sorption o the bilayer
energetically resembled silicapoymerization. However, the data mll ected in this gudy at pH
5.0areclealy inconsistent with this anceptuali zation. Iron surfaces aaninitia SO,
concentration of approximately 40 mg/L had enough sorbed silicato form amondayer (Figure
2-2); however, zeta potential measirements (Figures2-4 and 2-5) demonstrate that the particles
had a highly positive charge dter 1.5 hous of reactiontime. In fad, the net particle surface
charge at pH 5.0 dd na become neutral until enough SIO, had sorbed to form a bil ayer.
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Figure 2-4. Measured zeta potential as a function of initial SIO, (a) in samples
at pH 5.0and (b) in all samplesafter 1.5hours of reaction time.

Accepting the basc validity of surface omplexation model (i.e., Equations 2-3 and 2-4
in Table 2-1) propcsead by Sigg and Stumm (4) for sorption d Si(OH)4 to neutral a-FeOOH sites
it is noted that silica rption would always lead to formation d neutral or negative surface

complexes Thus, this model cannot descibe rption beyond amondayer. Furthermore, it is
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not possbleto have monolayer coverage with a positively-charged surface—the caabilities of
this model must be extended.
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Figure 2-5. Effed of pH on measured zeta potential at sorption densities
equivalent to monolayer and bilayer levels of surface @verage. Zeta potential
measurements were made after 1.5 hours of reaction time.

Table 2-1. Solution and Surface Complexation Reactions

Eqgn Reaction K?

2-3 | =FeOH + Si(OH), « =FeSIO(OH)3 + H,0 <1.9CE+01
2-4 | =FeOH + Si(OH),4 o =FeSIOy(OH); + H" +H,O | <1.97E-07
2-5 |=FeSIO(OH); + Si(OH), . =FeSi,0,Si(OH)s + H,0 not modeled
2-6 |=FeSIO(OH); + Si(OH);  =FeSi,03(OH)4 + H" +H,O| not modeled
2-7 | =FeOH + Si,0,(OH)s + H" ., =FeSi,0,(0OH)s + H,0O 9.5(E+11
2-8 | =FeOH + Si;0(OH)s’ « =FeSi;03(0H)4 + H0 3.9(E+05
2-9 | 2Si(OH), o Si;0(OH)s + H" + H,0 1.0CE-05°
2-10 | =FeOH," o =FeOH+H* 5.1F-08
2-11 | =FeOH o =FeO +H" 1.17E-09

&Unlessotherwisenoted, K-valuesare optimized valuesdetermined during modeling.
Svensonet d. (3)

“Dzombak and Morel (13)

Note: Optimized Site Density = 0.25 mol/mol Fe. Optimized SurfaceArea =6.49E+03 m?/g.
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Sorption and surface darge data & pH 5.0sugged two passible smplistic gpproadies.
Thefirst possibility isthat monomeric dlica, specificdly Si(OH)4, sorbs to surface stesonthe
ferric hydroxide surface(Equations 2-3 and 2-4), foll owed byformation o adimeric slica
spedes acording to Equations 2-5 and 26. The seond pasible scenario involvesdirea
sorption d dimers, such asSi,O,(OH)s, to iron surface stes acrding to Equations 2-7 and 2
8. In either case more than ore slica can sorb per surfacesite while leaving the surfacewith a

net positive dharge.

Conceptually, athoughsimilar equilibrium equations describe ather approad, we dose
to consider direct surface mmplexation d dimeric glica, the existence of which in solutionwas
unambiguaously edablished recently by Cary et al. (14). According to the puldished formation
constant (3) of Equation 2-9 (Table 2-1), the concentration d the dimer accounts for only abou
0.2% of the total soluble Si at pH 5.0and 50mg/L of SIO,. Aspreviously disaussel, havever,
Taylor et a. (7) foundthat oligomeric slica exhibited an affinity for aluminum that was1 x 1¢
higher than that of monomeric dlica. Thus, these references suppat the ideathat dimeric silica
existsin solution, andthat it could be important as a arface omplex due to a much higher

affinity for iron surfacesitesthan monomeric dlica

M odeling Sor ption of Silicato Ferric Hydroxide. A model using the basic Sigg and
Stumm (4) model (i.e., Equations 2-3 and 24 of Table 2-1) provided a goodfit of data paints &
low SiO, concentrations and sorption densitieslessthan 020 mol SIO,/mol Fe. However, at
higher sorption densities this model could na possbly explain dataat pH 5.0. Thus, the surface
complexation model was etended to include dimeric oluble slica andtwo additional silica
surface omplexes and an attempt wasmade to fit the rption density data oll ected after 1.5
hours of reactiontime with SIO..

This extended surfacecomplexation model (seereactionsin Table 2-1) wasdevel oped
with inpus of pH, initial SiO, concentration, particulate ferric concentration, and krown ionic
strength. For the model cdibration, orly experimental datawith measired sorption densities<
0.40mol SIO./mol Fe were used, since higher sorption densitiesimply significant concentrations
of sorbed silicabeyonddimeric pedes Thislimitationis not overly redrictive in the context of

natural levels of sili ca, sincethe arregpondng concentrations of soluble slicawere 20-50 mg/L
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asSiO;, depending onpH. Eledrostatic corredions of intrinsic complexeswere made using
standard approachesbased onsurface charge andionic strength (15). “Best fit” intrinsic
constants, site density, and surfacearea(Table 2-1) were determined to minimizeresduals

between meaaured and predicted silica rption densities

The optimized value of the ferric hydroxide site density wasvery reaonable & 0.25mol
sites/mol Fe (13). The higher than anticipated surface aeaprobably reailts from an overedimate
of eledrostatic interactions between sorbed anionic dimers and charged surface #es—that is, the
“optimized surface @ea” is ebou 10timeshigher than reported elsavhere for Fe(OH)3 (13). The
model fit based onsorption density is quite good(R? = 0.87), espedally when the estimated 95%
confidencein the data based onanalytical error alone is wnsidered (Figure 2-6). It is noted that
lower experimental errors can be obtained if much higher levels of iron are used, bu this gudy
wasdesgned to usethe highed level of iron commonly encountered in engineered systems sich
as oagulation. When the acdity constants for hydrous ferric oxide were varied from the values
given by Dzombak and Morel (13), the arrelation ketween measired and predicted sorption
density increase to R?=0.91. Althoughthe model works well in the cdibration region, attempts
to extend the model to sampleswith measired sorption densitiesup to 050 mol SIO./mol Fe
were less scces$ul, aswould be anticipated since ®rption dd nd procedd in progressve
layering to a bil ayer.

Perhaps even more importantly, the model, which was cé brated with sorption density
measirements, exhibited goodagreement between the predicted surfacepotential and the
measired zeta patentia (Figure 2-7). As anticipated, there is not adired relationship between
surfacepotential and zeta patential. However, the magnitude of the surfacepaotential is greater
than that of the zea potential, and there is general agreement between the trends in magnitude
andthe sign d the two paentials. The model also predicted the net release of H asSiO, sorbed
onto the ferric hydroxide surface apH 5.0and 6.0. Over the range of SIO, considered (50 and
30mg/L at pH 5.0and 6.0,regectively), an average of 0.13-0.51mol H* were releasel/mol
SO, sorbed. The model predicts 0.22-0.46mol H release/mol SiO, sorbed. Accurate data on
H" releasewasnot obtained at higher pHs in these experiments due to significant CO,

dislution at thosevalues.

24



0.50

2 040- }
i)
S5
-gg 0.30 -
o
2o = 1.04
5 £ R?>=0.87
% N—r
(]
0.10 -
= . @
000 I I I I

0.00 0.10 0.20 0.30 0.40 0.50
Predicted Sor ption Density (mol SIO,/mol Fe)

Figure 2-6. Reaults of model calibration using sampleswith measured sor ption
densities < 0.40mol SiO,/mol Fe. Err or bars represent analytical error in
measuring Si.

45

30 | CQC'

Measured Zeta Potential (mV
o
®

-120 -90 -60 -30 O 30 60 90 120
Predicted Surface Potential (mV)

Figure 2-7. Correlation between measured zeta potential and model-predicted
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In sum, the model fit measured sorption densitieswell, and model predictions ae
consistent with measirements of zeta potential and proton releaseduring sorption. Itis
intereging how this conceptualization changesour perception o silica orptionto theiron
surface At all pHsteged (pH 5.0-9.5) andtypical levels of soluble silica the dimeric surface
spedes ae predicted to be the dominant form of sorbed silica (Figure 2-8). Model predictions
indicate that monomeric urface pecies ae much lesssignificant, occupying lessthan 0.5% of

the surface

Note that at pH 5.0, sampleswith at least 40 mg/L initial SiO, had sorption densities>
0.25mol SIO-/mol Fe, which would have previously been considered complete monolayer
coverage. At this slicalevel, the model predictsthat 57.0% of the ferric hydroxide surface
consists of =FeOH," sites, 5.9 of the surfaceis =FeOH, and 37.4%6 surface onsists of dimeric
slica pecies (Figure 2-8a). Thereallt is anet positive dharge, which is mnsistent with zeta
patential measirements. At aninitial SIO, concentration d 75 mg/L, where the surface chargeis
still positive, the model predicts that approximately 50% of the surfaceis covered by dimeric
silica gecies, which yields a ®rption density equivalent to amondayer. At 5.0and 6.0,the net

reactions, in terms of the dominant SIO, spedesin solution, may be written as
=FeOH +2S(OH), ~=FeS,0,(OH), +H" +2H,0 (2-12
=FeOH +2S(OH), ~=FeS,0,(OH), +2H,0 (2-13

Accordingto Figure 2-8a, Equation 212 daminatesat lower silica oncentrations, leading to the
measired stoichiometry of 0.5H" releas@ per Si(OH), sorbed. Astheinitia silicalevel
increases Equation 2-13 becomesmore important, and H* releasededines Although dimeric
spedes ae dominant onthe surfaceat all pHs, they occupy a higher percentage of the surface as
pH increases. At pH 8.5and 50mg/L initia SIO,, the model predictsthat 70.3% of the surface
Sites &ist asdimeric dlica gpeciescompared with oy 40.9% at pH 5.0 (Figure 2-8). The end
reault is higher sorption censitiesas pH increases, atrend which is evident in the data.
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Interadions between silica andiron oxdesplay an important role in numerous

environmental systems, including retural waters, coagulation, membrane treament, and water
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distribution retworks. Prior to this gudy, existing models did na consider dired sorption o
dimeric slica gpedesor provide the aility to predict sorption beyonda mondayer. However,
an improved conceptualizaion d silica orptionto Fe(OH)3 will reault in an enhanced
understanding d natural systems and improvementsin the design and operation d engineeed

systems.
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CHAPTER IlI

I mplications of Silica Sorption to Iron Hydroxide: M obili zation of 1ron
Colloids and I nterference with Sor ption of Arsenate and Humic Substances

CHRISTINA C. DAVISAND MARC EDWARDS
Dept. of Civil and Environmental Engineeaing,
VirginiaPolytechnic Institute and State University,
407NEB, Bladksburg, VA 240610246

This work highlighted pradical implications of silica rption to iron hydroxide in natural and
engineered systems. Two types of surfaceswere prepared by expaosing pre-formed Fe(OH); to
aqueous slica (0-200 mg/L asSIO,) for periods of 1.5 hous or 50 days. The ancentration o
pre-formed iron passing througha 0.45 um pore szefilter at pH 6.0-9.5 increasal asthe lids
aged in the presence of silica Consistent with formation d small, stable colloids, “soluble” iron
concentrations excealded 0.2mg/L only at zeta potentials < -15 mV. When arsenate was alded to
iron hydoxide particles @uilibrated with silicafor 1.5 hous, percentage asenate removals were
high. In contrast, arsenate removals deaeased markedly as pH and silica cncentrations
increasel if silicawas pre-equilibrated with the iron for 50 days. Trends in percentage removal
of humic substanceswere smilar. Competition for sorption siteswasthe main causeof hindered
anionic contaminant removal. However, interference with hydolysis and pedpitation are
expeded to be important under some circumstances particularly during water treatment.

I ntroduction

All natural waters mntain silica, at typicd concentrations of 1-20 mg/L as SO, for
surfacewater and 745 mg/L asSiO, for groundwater (1). Aqueous slica can sorb to the
surfacesof iron oxdes(2, 3); therefore, it is expeded to influence practicd agpeds of chemistry
in environmental systems. The medanisms by which silica can influence natural and engineered
processgs have not been completely defined, bu may include cmpetition for iron sorption sites
and coll oid stabili zation.

Sili ca orptionto iron hydroxide can reduce ontaminant removal during coagulation by
competition, ashasbeen hypdheszed for the cae of arsenic removal during ferric coagulation
(4-6). Likewisg silicamight also interfere with removal of other anionic contaminants of
intered, such ashumic substances Furthermore, sincesilicainfluencesarsenic removal in

engineered processs, it likely affeds asenic orption and mobilizaionin natural systems.
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Commerciall y-produced silicapaymers, which are often used to sequester ironin
drinking water (7, 8), hinder ferric hydroxide precipitation bycoll oid stabilization (7). If
agueous slicain natural waters can also stabilize wlloids, there are anumber of significant
implicaions. Inthe sibsurface detachment of coll oids from stationary surfaces ca cause
mobili zation of sorbed contaminants (9). Coll oid stabilization duing coagulation would also
reducethe eff edivenessof water treament, becaise $able floc particlesand as®ciated

contaminants ae not readily removed duing sedimentation and filtr ation.

Previous work provided insightsinto the role of agueous slicainiron hydroxide surface
chemistry under one st of well-controlled laboratory conditions (2). The goal of thisreserch
wasto quantify the dfeds of sorbed silicaon contaminant removal and perticle gability in this

well -defined system and to consider pradical implications for natural and engineered systems.
M aterialsand M ethods

Preparation of Ir on-Silica Solids. Fe(OH); wasformed byraising the pH of an
FeClz» 6H,0 stock (250mg/L asFe addified with 1 x 10 M HNOs) to 6.0with a sngle dose
(1000pL) of 2.34M NaOH. Silicasamples at concentrations ranging from 0-200mg/L asSiO,,
were prepared from a gock of NaSiO3; (8000mg/L asSIO,, pH 12.8), andthe pH of eadh
sample was aljusted to 6.0 with HNO;. All solutions were girred at 400rpm. The sparate
Fe(OH)3 solution and silica sanpleswere aged at pH 6.0 onan orbital shaker for 12-16 hous.
pH measirements were made with a Corning 313 i/ Temperature meter and a Corning

combination electrode.

After the ajing period, the pHs of the Fe(OH)3 solution and silica sanpleswere ajusted
to target valuesof pH 5.0, 6.0, 7.25, 8.5,r®.5. Sili ca Srption wasinitiated when the silica
sample wasdosed with the pre-formed Fe(OH); to adchieve afinal concentration d 10 mg/L as
Fe. Additional details of the preparation procedure ae givenin Daviset a. (2). Two typesof
Fe(OH); surfaceswere prepared for experiments baseal onreaction timeswith silicaof 1.5 hous
and 50 dys.

Prepar ation of Silica Stock Solution. Preparation proceduresof silicastock solutions

were caefully examined prior to experiments. When the Na;SiO; salt wasdisolved to achieve a
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final SiIO, concentration of 8000mg/L, the reaulting fH was gproximately 12.8. Basal on
conventional understanding, the silica olutionis expeded to consist primarily of monosilicae
ions under these ondtions (10). However, if the pH of silica dock solutions & high
concentrationsis decreased below 11.5,complex silicapolymers and coll oids begin to form (10-
12). Sincesoluble, agueous slicain natura systemsis cmmonly though to exist solely as
monomers (10), formation d complex pdymers and coll oids in the stock solutionis undesrable.

Molybdate-readivity of two passble gock solutions was @mpared. The first solution
wasprepared by daing 8000mg/L asSIO, to deionized water (pH 12.8), whereasthe seond
solution was prepared by dosing 120 mg/L asSiO, and adjusting the pH to 6.0. Twenty-four
hous dter the gock solutions were prepared, each wasuseal to make a sanple with 50 mg/L as
SiO; at pH 6.0. These ampleswere then aged for 16 hous on an orbital shaker. The
molybdate-readivity of these seples alongwith two freshly-prepared repli cate samples was
teded acording to the silicomolybdate methodwith a Hach DR/2010Spedrophotomer (Hach
method 815). Previous resarch has edabli shed that the degreeof silicapolymerizaion is
related to the rate of reaction with molybdic acid (11).

In ahigh-purity silicon standard, 859% of the slicawasmolybdate-reective. For the
remaining 14.%2% of the slica it wasimpaossble to dstiguish between analyticd error and non
molybdate-readive slicain the sandard. Compared to the standard, virtually al of the slica
wasmolybdate-reactive in samplesprepared with the high pH stock (Table 3-1). However, only
11% to 21% of the slicain sanplesprepared with the seond solution was molybdate-reactive.
Thesereallts verify that silicapdymerization occurs in reality and must be cnsidered when

sdecting a methodfor preparing solutions.

Experimentswith Arsenate and Fulvic Acid. At the end of the 1.5-hou and 5Gday
reaction periods between silica and Fe(OH)s, aliquots were taken for sorption experiments with
arsenic and aganic cabon. Pladic bottleswere used to conduct arsenic experiments with 25mL
sanples An NaHASO,¢ 7H,0 stock solution (2.55mg/L asAs(V)) at pH 7.0wasusel to
deliver atarget arsenate doseof 50 pg/L. Low-level (target dose5 pg/L) arsenate experiments
were dso conducted with the ironsilicaparticles dter the 50-day reaction period. A fresh stock

solution was prepared each week. Actua arsenate removals by sorption were cculated by
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direct comparison between samples ad spike and recvery to an appropriate blank. Following
addition d the asenate, the pH wasmaintained for 22-24 hours, at which pant the sampleswere
filtered with a0.45um pore sze Life Science Products, Inc. nylon syringefilter. Soluble asenic,
iron,and siliconin the fil trate were measired with a Jy 2000Inductive Coupled Plasna -

Emisgon Spedroscopy (ICP-ES). The asenic detection limit was1 pg/L.

Table 3-1. Variationsin Slica Molybdate-Reactivity Reaulting from Stock Solution
Prepar ation Methods.

Molybdate-Reactive SO,
Total SIO, Sample Age = Sample Age =
Stock (mg/L) in 1 hour 16 hours

Solution pH | Diluted Sample mg/L % mg/L %
Standard ® n/a 53.5 45.8 85.6 46.1 86.2
#1° 12.80 50.2 41.8 83.2 42.8 85.3
#2 6.00 50.2 5.7 11.4 10.3 20.5
Mengetal. (4) | 12.42 50.2 41.1 81.9 41.5 82.7
Tong(5) 12.64 50.2 42.3 84.3 42.5 84.7
Holm (6) 12.40 50.2 41.8 83.3 41.7 83.1

& Sample ages nat appli cable to measirements of the slica gandard.
P Stock solution #1wasused for all experimentsin this study.

Organic carbonexperiments were mnducted using 30mL aliqousin glass battleswith
teflon-lined lids. A purified fulvic add isolate from Silver Lake wasused to create astock
solution (approximately 600mg/L asC), and the pH was aljusted to 7.0with NaOH. The
methods for concentrating (13, 14 and isolating (15) the fulvic agd are presented el sewhere.
The detailed procedure, along with the gedfic chemicd charaderisticsof the Silver Lake
isolate, are given by Chen (16). The delivered doseof fulvic add to suspensions of Fe(OH); was
6.90+ 0.4mg/L asC. Organic cabon removalswere cdculated by drea comparison between
samples and spike and recovery of an appropriate blank. Followingaddition of the fulvic acid,
the readion period andfiltration steps were identicd to the procedure used in the arsenic
experiments. Solubleironandsilicon in the filtrate were measired with a Jy 20001CP-ES.
Two independent measiresof organic cabonwere anployed. Total organic carbonwas
measired dredly with a Sievers 800 Portable Total Organic Carbon(TOC) Analyzer equipped
with an autosampler. UV s, @bsorbance wasmeasured with a Bedkman DU 640
Spedrophotometer using a 1 cm path length.
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Results and Discusson

Experimental reaultsillustrated that silica orption to pre-formed iron hydoxide 1)
increaseghe cncentration d “soluble” iron, 2 interfereswith arsenic removal, and 3 interferes

with fulvic acid removal by sorption.

Silica Mobilization of Ir on Colloids. After 1.5 hous of reaction time between silica
andiron (“fresh iron” experiments), the measired “soluble” iron concentrationwas0.02 + 0.06
mg/L, asdefined by filtration through a 0.45um pore szefilter. However, after 50 days of
reactiontime (“old iron” experiments), significant increagsin “soluble” iron were obseved
(Figure 3-1) at pH 6.0(94% confidence), pH 7.25(97% confidence), and (H 8.5and 9.5(9%%
confidence). Mohilization d iron depended onbath the pH andinitial silica oncentration. As
pH increased, theinitial silica mncentration required to produce “soluble” iron generally
deaeased, from 50 mg/L asSIO, at pH 6.0to 10mg/L at pH 8.5. AlthoughFigure 3-1 indicates
there was sibstantial “soluble” ironat 0 mg/L SiO, and (H 9.5, re-measirement of this sanple
during subsequent arsenic and aganic cabonexperiments confirmed that the “soluble” iron
concentration was atually 0.08+ 0.05 mg/L.

—B-pH 50 ——pH 6.0 —@—pH 7.25 —A—pH 85 —¥—pH 9.5
4.0 -
35 -
3.0 -
25 -

"Soluble” Iron (mg/L)

0 25 50 75 100 125 150 175 200
Initial SiO, Concentration (mg/L)

Figure 3-1. Mobili zation of colloidal iron after 50 days of reaction time with SO,.

While mohili zation d iron coll oids wasrelated to pH and silica oncentration, these

fadors cannot entirely explain the observed trends. For instance, the highed levels of
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“soluble” ironwere observed at pH 7.25for silicalevels between 50and 100mg/L asSiO,. At
50and 75mg/L, approximately 35% of the total iron present was “©lublized.” Thes points
were re-sampled several times and the reaults were repeaable. For example, four
measirements & 50 mg/L SIO, and pH 7.25indicaed a “soluble” iron concentration of 3.14+
0.34mg/L.

What is the nature of this “soluble” iron? Weber and Stumm (17) quantitatively
demonstrated formation o a ®luble FeSIO(OH)s** spedes However, cdculations using their
complexation constant indicated that this gecies would nd be a sgnificant contributor to
solubleironin the g/stem under consideration. Therefore, it seens most likely that small, stable
colloids are formed in the presance of silica Consistent with this hypahesis, concentrations of
“soluble” Fe > 0.2mg/L were only obsaved in samples a particle zeta potentials < -15mV
(Figure 3-2). However, this dfed is nat dependent only onthe magnitude of stabilizing surface
charge, since smilar stabilization wasnot observed at highly paositive zta potentials (i.e., > +15
mV).

—B-pH 5.0 =0—pH 6.0 —@—pH 7.25 —A—pH 8.5 =%—pH 9.5
4.0 .
3.5
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2.5
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1.5
1.0
0.5
0.0

"Soluble" Iron (mg/L)

- I—oB——l

-40 -30 -20 -10 0 10 20 30 40
Zeta Potential (mV)

Figure 3-2. Surface darge played arolein mobili zing colloidal iron in 50-day
experiments.

Since wlloidal iron oxdes and aqueous slicaare mmmonin the subsurface thesereallts

have implicaions for coll oid mohilization and contaminant transport. Mobilization of colloidsin
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groundwater is primarily attributable to changesin solution chemistry, including decreasesn
ionic strength, increasesn pH, and adsorption d spedesthat alter the surface darge (9). This

dataidentifies $lica asan important contributor to particle mohilization and dspersion.

Prior to the experiments with fulvic add, badkgroundlevels of TOC and UV 254
absorbance were meagsired. Not surprisingly, high levels of “soluble” iron after 50-day reaction
periods led to high measirements of UV ;54 absorbance (Figure 3-3). Standard Methods li sts
colloidal particles and ferrousiron asinterferentsin UV 54 analysis (18), but it doesnot mention
therole of SIO; in credingthisiron. Sinceferric oxides and silicaare both present in natura
waters, iron mohili zation due to silicasorption may reault in falsehigh measirements of UV 254
absorbance. Inacaradesin UV s, absorbance measirements would redult in an incorred
edimation of spedfic ultraviolet light absorbance (SUVA), a parameter used in determining
compliancewith the provisions of the US EFA’ s Enhanced Coagulation Rule:

_ UV, Absorbance
DOC

SUVA

(3-1)

where UV 2s4absorbanceis expressel in urits of m™ andDOC is the dissolved organic cabon
concentration in (mg/L). Utilities and regulators sroud be made aware of this potential
interference becausethe slicastabilized ironis completely independent of the nature of organic
matter present, which isthe assmed interpretation d SUVA. This phenomenonwasrecantly
demonstrated for a ource water in San Francisco, for which fil tration througha 1.5 um pore sze
filter resulted in measired UV ,54 absorbances @proximately twice ashigh asthat resulting from

filtrationthrougha 0.45um pore szefilter (19).

Removal of Arsenate from Solution. Ironsurfaces ged 1.5 housin the presence of
silicabefore arsenate aldition sorbed high percentagesof the contaminant from solution (Figure
3-4a). Greater than 85% removal wasobseved at al silica oncentrations for samples @ pH 6.0
and 7.25. At pH 8.5, arsenic removal washigh at silicalevelslessthan 5mg/L asSiO,, but
dedined to approximately 45% at 50 mg/L asSiO,. In contrast, the dfed of pH and silicawas
much more important for iron aged 50 days with silicabefore arsenate aldition (Figures3-4b
and 34c). At both high andlow dosesof arsenate, removal generally decrease astheinitial

silica oncentrationand pH increasal. This behavior is consistent with previous reaults which
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indicated that more sli ca Srbsto theiron surface a higher pH, sili ca concentration, and reaction
times(2, 20, 2). For agiven silica omncentration and pH, the disaepancy between the obseved
percentage arsenate removals at the high- and low-level dosewas0.6+ 18.8% removal. A
paired t-ted comparing the asenic removals between the high- and low-level arsenic doses
revealed nosignificant difference (95% confidence) between the two data ses. Thesreallts ae
consistent with the obsevations of McNeill and Edwards (22) and Hering et a. (23), who nded
that percentage asenic removal at full -scde water treatment plantsis not dependent onthe

arsenic concentration.

—-pH 5.0 <—pH 6.0 —@—pH 7.25 —A—pH 8.5 —%—pH 9.5

0.25
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Figure 3-3. “Soluble’ iron absorbs UV light at 254nm and may interfere with
accur ate determination of SUVA.

In the old iron experiments, it washypotheszed that the observed interferencein arsenate
removal was dtributable to 1) formation d colloidal ironwith sorbed As(V) that passe through
filters and 2 competition with sorbed silica $eciesfor ironsurface stes The experimentally
obsaved sorption density, SDopserved, FEPresents the molar ratio of arsenic and iron removed from

solution by filtration.
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Figure 3-4. Arsenate removal as a function of pH and initial SIO, concentration
in (a) fresh iron samples dosed with high-level arsenate, (b) old iron samples
dosed with high-level arsenate, and (c) old iron samplesdosed with low-level
arsenate.
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Asauming “soluble”’ iron had the same orption density for arsenic dlows esimation d the
adua arsenic orbed inthe g/stem. At ead silica mncentration, the interferencedue to silica

competition for iron sites wasthen calculated asfoll ows:

%lInterferencey,, -, = AsSorbedgg _on . — AsSorbedgg -, (3-3)

At pH 7.25and the 50 ug/L arsenic dosage, there was anegligible interference due to
iron mobili zation (Figure 3-5). In the sanpleswhere sgnificant concentrations of iron were
mobili zed, as wasthe ase & pH 7.25 and 50mg/L asSiO,, arsenic orptionwasvery low.

Thus, interference with arsenate removal due to coll oid mobili zation wasminimal compared to
the ompetitioneffed. At the 5 pg/L dose competitioninterferencewas also higher than colloid
mobhili zation interference. At the 1.5-hou equilibration time, there were no interferences
attributable to stabili zed coll oid formation, becausedetectable levels of coll oids had na yet
formed. Silica mmpetition dd have detrimental effed on arsenic removal, but the interference

waslower than wasobserved in the old iron experiments.

—@— Competition (Old Fe) -- O -- Competition (Fresh Fe)
—a&— Mobilization (Old Fe)
100
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As(V) Removal
i (@)} (0]
o o o
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Figure 3-5. Impacts of iron mobilization and competition for available sorption
siteson arsenic removal at pH 7.25.
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Severa other studieshave investigated silicainterference with arsenate removal by ferric
hydroxide (4-6). Eadh of these athors used copredpitation experiments, where the Fe(OH)3
predpitate wasformed in-situ in the presence of both silicaand arsenate. Fe (I11) concentrations
varied between 1.0and 1.5mg/L, and As(V) concentrations ranged from 20to 100ug/L. Silica
concentrations varied between 9.6and 11.0mg/L asSIO,. Typicd reallts, alongwith further
experimental detail s, are given in Figure 3-6. There was &cdl ent agreement between the
percent removals observed by Tong (5) and Holm (6), bu the data @lleded by Meng et al. (4)

consistently showed lower arsenic removals.

& Mengetal.(4® XTong(5)° OHolm(6)¢ A This Study®

100
. o OX OA
. 80-
S * o a
£ 60 A4
x o)
S 0. X
S 40
2 ¢ o
S 0. ¢ o
IS
IS
0 %440 o
4 5 6 7 8 9 10 11

pH

#1.0mg/L asFe(lll), 100 pg/L asAs(V), 9.6mg/L asSiO,, readiontime =1 hou

b 1.5mg/L asFe(lll), 20ug/L asAs(V), 9.7mg/L asSiO,, readiontime =20 se@nds
©1.4mg/L asFe(lll), 375 pg/L asAs(V), 11.0mg/L asSiO,, reactiontime =10 min

9 Pre-formed [Fe(OH)s] =10.0mg/L asFe, expased to 9.9mg/L asSiO, for 1.5 hous prior

to addition of 50 pg/L asAs(V), reactiontime =22-24 hous

Figure 3-6. Comparison with percentage arsenate removals observed in other
invedigations.

The percentage asenic removal during this study was epeded to be lower than in the
previous cited work for several reasons—the iron waspre-formed and exposed to silicafor 1.5
hours prior to arsenate addition, maximizing silica orption and reducing surface aea @mpared
to thein-situ studies However, obsaved removals & pH 6.0and 7.25were comparable to the
other invedigations, and contrary to expedations, the percentage As(V) removal at pH 8.5was
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much higher in this gudy. Interedingly, arsenic removalsin Figure 3-4a & pH 7.25and 8.5were
also consistently higher than thoseobseaved by Tong(5) for pH 7.5and 8.5in the silica range of
0-50mg/L as SIO,.

There ae svera possible explanations for thesetrends, including the higher iron (111)
concentration in this gudy (10 mg/L asFe) andthe longer readiontime (22-24 housvs. 1 hou
or lessfor each of the other studieg. Anacther diff erence between the invedigationsis the
method d preparing the slicastock solution. Holm (6) used Na,SiO; and NaOH to creae a
stock solution that was1983 mg/L asSiO, and 0.3mM NaOH. Menget al. (4) usel a
NaSiO3¢ 5H,0 solutionat 2139mg/L asSiO,, and Tong (5) used a Na,SiO3¢ 9H,0 solution at
4390mg/L asSIO,. However, when stock solutions & these oncentrations were used to prepare
sanples @50.2mg/L asSIO,, most of the slicawasmolybdate-reactive (Table 3-1). Infad, the
molybdate-readivity in these smpleswasonly 1-4% lower than the high-purity standard. Thus,
it doesnot appea that the lower As(V) percentage removals obseved in thesestudieswas
related to the method d preparing the slicastock solution. Instea, it seems most likely that the
presence of silicain copredpitation experiments negatively impads Fe(OH); preapitation and
contaminant removal. Thistheory is consistent with ealier findings that aqueous slicainhibits
with Fe** hydrolysis and Fe(OH); precipitation (24).

Removal of Humic Substancesfrom Solution. As previously mentioned, UV 2s4
absorbance and TOC were used asindependent measiresof fulvic aed concentration. At high
pH, leading of organic carbonfrom the HDPE pladic sanple bottlesnecesstated the useof
UV 254 l0ssfrom solution asthe primary meagire of organic carbonremoval. At lower pHs, TOC
dataisreported. The discrepancy between the two methodsin cdculating fulvic add removal
was5.1+ 2.5% removal in fresh iron experiments and 8.0+ 7.0% removal in old iron

experiments, so either approach was accptable.

Thetrendsin fulvic agd removal were smilar to thoseobserved in the asenic
experiments. Removal of TOC and UV ,5,4 absorbance both deaeasead asthe pH andinitial silica
concentration increasel (Figure 3-7). Removalsin the fresh iron experiments were higher than
thoseobserved in the old iron experiments, where slica @mpetition appeaed to play a more
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significant role in hindering TOC removal. Thesereaults wnfirm the work of Tipping (25) who
foundthat silicalevels of 6 mg/L asSIO, interfered with removal of humic substances & pH 7.0.

—o—pH 6.0 —@—pH 7.25 —A—pH 8.5 - pH 5.0 =%—pH 9.5
50

40

% Fulvic Acid Removal

50

(b)
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20
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% Fulvic Acid Remova
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0 —K—
0 10 20 30 40 50
Initial SIO, Concentration (mg/L)

Figure 3-7. Fulvic acid removal asa function of pH and initial SIO, concentration
in (a) fresh iron samplesand (b) old iron samples TOC datais presented for pH
5.0-7.25, and UV 54 absorbancedatais presented for pH 8.5-9.5.

Figure 3-8 quantifiesthe effed of silica mmpetition onTOC removal in the fresh iron
experiments. A surfacecomplexation model for silica orptionto ferric hydroxide (2) wasusel
to predict the percentage of iron surface stesoccupied by Si spedes @ each sanple point.
Below athreshold level of surface overage, where the model predicts 20-30% of the iron sites
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are occupied by Si spedes, very little interferenceis obseaved regardlessof pH. However,
further increasesn the Si sorption censity produced linear decreasesn fulvic acid removal.

—~-pH60 —@pH725 —A—pHS8S5

30

25 -

20

% Interference with
Fulvic Acid Removal

O T V I I I 1

0 20 40 60 80 100
Iron Surface Sites Occupied by S Spedes (%)

Figure 3-8. Silicainterferencewith fulvic acid removal in fresh iron samples
is related to the percentage of surface stesoccupied by Si spedes

Aqueous slicaimpads a number of important reactionsin natural and engineeaed
systems. This gudy suggeds that silicamay play a sgnificant role in subsurface olloid
mohili zation, thereby contributing to contaminant transport. Mobilization of iron colloids
also resultsin falsehigh measirements of UV 254 absorbance and erroneous determination
of SUVA. Additionaly, obsevations from this work indicate that silicainterferes with
sorption d arsenate and humic substancesto ferric hydroxide, and the degreeof

interferenceincreasesas the pH and silica oncentration increase
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CHAPTER IV

Conclusions

(1) Sorption d silicato amorphous ferric hydroxide increasel aspH, sili ca wncentration, and

reactiontime increase. Maximum sorption occurred between pH 7.25and 9.5

(2) Sorption dcensities exceeding the mathematicd equivalent of mondayer sorption (1 Si/surface
site) were obseved at pH and silicalevelstypical of natural waters. At pH 5.0, sorption
densitiesgreater than monolayer sorption were obseved in sampleswith pasitive zta
potentials.

(3) A surface omplexation model wasformulated to include orption d soluble dimeric slicato
the iron surface This model, which was céi brated with sorption densities upto 0.40mol
SiO,/mol Fe, acarrately predicts trendsin zeta potential and the observed H releaseduring
silica orptionto ferric hydroxide at pH 5.0and 6.0. Modeling resaults predict that dimeric

silica surface pedes ae predominant onthe ferric hydroxide surface

(4) Inferric hydroxide sanples exposed to agueous silicafor 50 days, silicaled to mobhili zation
of ironcolloids. Mohilization dgpended uponthe pH and silica oncentration. The
mohili zed ironresulted in a substantial falsesignal in the measurement of spedfic ultraviolet
light absorbance (SUVA).

(5) Sorptiveremoval of arsenate and humic substancesdecrea®d asthe pH, silica oncentration,
andreaction timeincreased. Interferencewith contaminant removal in this gudywas

attributed to competition for sorption sites
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