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Millions ohouseholds stély on drinking water Carbon plock Carbon block with Carbonblock wi
from privatavellsor municipadystemsvith arsenidevels
approaching exceeding regulatory liémgsnic is potent
carcinogamd there is no safe level of it in drinkfomivager.
of-use (POU) treatment systems are a promising optigh to mitigate
arseni@xposur¢doweverthe mostcommonlysedPOU
technologgn activated carbon blddker,is ineffectivat
removing arser@ar study aimed to explore the potehtial
impregnating carbon blocks with amorphous titanium (hydr)oxid&simance
(THO) to improve arsenic remadttabut introducing titanium Oekiy e
(Ti) into the treated water. Four synthesis methods achieved 8—16 R
wt % Ti-loading within the carbon block with a 58—97% amorpho‘UseTFlﬂDcmélﬁted carbon block could adsorb
both oxidation statearsénic (arsenate and arsenite) in batlhor testdodified carbon block with hiGhamd
amorphous contalmtays led to better arsenate renfoesing arsenic loadings up'to 31 mg-Asfrag 710,000 bed
volumes in continuous-flowrtpségnating carbon block with amorphous THO consistently outperformed impregn:
crystalline TjOThe best-performing system (TTIP-EtOH carbon bloak)amsrphod$1O derived using titanium
isopropoxiddhanodnd acetic acid via the sol—gel tadgmai@e80 °C for 18 h and dried overnighEatngarable
pore-size distribution and surface area of the impregnated carbon blocks suggested that chemical properties p
than physieald textupaoperties in removing arsenate via the amorphous Ti-impregnateslcaitbami dblakrms
indicated energetically favorable adsorption for amorphous chemically symtteeriasd tr@swmpattsoefficients for
the amorphous TTIP-EtOH carbon block were fitted using a pore-surfacerdsfiilisimnimPget, 3.1 x I&and
Dyore= 3.2 x 1n¥s.Impregnating the carbon block with THO enabled effective arsenic removal from water witt
affecting the pressure drop across the unit or the carbon block’s ability to remove polartardarsfficrertical
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for smalltilitiespnd many communities have arsenic levels

Arsenic occurs in many groundwater and surface watt@aoth@d4CQver 40 million people in therdlp dpon

across the gldtend itis among the top 10 nvislated private wells tla@e rarely measured andegotated for

water quality standards in the Unitédsgtites. a Class arsenidutdrinking watarsenic exposuaes known to

A human carcinogemd long-term exposto@rsenic-  occu?:°Globallygrsenic concentrations exceeding the WHO
contaminated potable water has been Imkkcdtteykm,reigu'atlons drinking watenayimpacimorethan 200

liverand bladder cant@&he United States Environment giEh d | | t
Protection Agency (USEPA) and World Health Organl HB?}” peo usreducing arsenic exposure levels in tap

(WHO) have set a maximum contamir(dt@lipgél0  Water remains an important seeietal
ug/L for arsenic in drinking Watem carcinogen with a

high MCL relative to cancer risk {na.0,000 health risk January 2023
instead df in 1,000,00@here is no safe |deelarsenic. March 32023 ,
Arseni@arguably posamong thaighestancerisksin March 62023 E :

drinking wat&vhile drinking water systems comply withtféedMarch 22023
10 ug/L forarsenid¢he regulation can be based on a very
limited number of sampldg¢e.than one sample per year
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Arsenioccursn the two inorganiaxidation states within the modified carbonfdlditionallgontinuous- or
arsenate (As(V)) and arsenite (AB@ltpuse of theig pK intermittent-flow packed-bed column experiments were ce
valuegrsenate occurs as a deprotonated oxo-anion abutdoretaluate the effectivesfatse THO-impregnated
drinking watpH levelswhereaarsenite isonionic and carbon block in eliminating arsenate from both model and
more challenging to remove without an oxidéaioyn stepatersand to demonstrates practicalityn real-world
iron,aluminuntitaniunteriungirconiunoy othemetal  matrice$he possible adverse influetiteiafpregnation
(hydr)oxide-basadsorbentare effectivén adsorbing processn the intrinsicapability dhe carbon block in
arsenatéThe adsorbent type and pore structure significtigdiing organic contamwasstsidied using a model
influence arsenate rernapabilit{.''in the U.S.Athe  polarchlorinated organic contantireamara-chloroben-
commercialaterials mostly used by municipalities arez@rieracid (pCBA)).

(hydr)oxider crystallindtanium dioxid@iO,)-based
sorbents1*Titanium (hydr)oxidé§HO) are stable

underenvironmentatglevanpH conditiors and can 2.1.Carbon Blockmpregnation Procedurés.
form inner-sphere complexation with arsenate throug@xysritabrbon blocKCEPURE (10” length x 4.5”
bridges*”In situ THO synthesisthroughhydrolysis/  diametesjth an average particle size of 5 um)) was selecte
precipitatiSror sol—geiethodallow flexibility use  to study the effect of the type of synthesized THO because
differenproceduresd titanium precufSdtsmatlead to  house tests confirmed the following: (1) it contains negligi
formation GiHO with differephysicochemidadracter- packground titanium and @dibotremove arsenate in
istics and tunable degreesstéllinftecause crystallinedynamic column teBtswork with a manageable size of
forms of THO are easier to characterize and study, ar@bPBsock fenpregnation and reasonable quamtities
THO is overlooked in research despibettearsenate water in continuous-flow ¢estsyerciadrbon block was
removahpabilitf Consequenttiyere is a gap in studyingut into cylindrical cores with a diameter and height of 32
the mechanisnof arsenatenmoblllza_tlohw.dn"ferent 22 mm, respectively (a bed volum3d,afsiiigcancircular
amorphous gradeBHd. Furthermorngsing high-surface-drilling toolThesedimensionsereselected to maintain
area (nano) powdemnobrphous THO is not pradbical consistency with the hydraulic loading rates and empty be
water treatment applications due to its poor hydrauligosigdutityies(EBCT) commonlysedin carbonblock
or need for postfiltration to remove particheadésre, systems (loading rate ®fym*h and an EBCT d¥.28
THO immobilization into a porous support is a prereguifii&Carbon block cores were then impregnated with TH(
Integration mwénostructured THO into pomesofoscale and used in continuous-flow experiments.
adsorbenthat havegood hydrauliperformande an Two impregnation methods were used to understand the
appropriate alternative. impact of precursors on the formation of stable THO coatir
Activated carbon block filters are porous compact p@itif®the carbon block pores: hydrolysis/precipitation (usi
use (POU) disposable cartrifig@sg into canisters undetitanium oxysulfate (TOS) resulting in the TOS carbon bloc
the sinkand have zero liquid Wasten block filters haveind sol—gel (using different precursors and pistedures).
shorthydraulicetentioiimes(<30s), adsorborganic  sol—geimpregnatiamomparethe effectivenest two
pollutantsnd filteparticulatés.g. pathogensolloidal  different precursors, titanium isopropoxide (TTIP) or titanit
lead,and copper}?** Carbonblockshaverapidmass  butoxide (TiBuesulting in TTIP-EtOH and TiBu-EtOH
transpoftom wateo highly porous and high-surface-agaabon blocksespective§econdsol—gelmpregnation
activated carbdtowever, a carbon block is not designesitig TiBu was combinedvith preformedommercial
remove oxo-anions such as arsenate TiioenefaiEe. crystalline (anatase/rufti@}ium dioxide (DegR3a)
explored impregnatioid® with differentdegreesf resulting in a P90-filled carbon block. Table S2 summarize:
crystallinity into an activated carbon block to create keyldynthesis conditions for the fabricated sorbents and tt
function®OU filters thaemove arsen&tar underlying acronymsghe procedures from the existing literattire
premisewas that increasinghe degreeof amorphous were modified to synthesize THO inside the carbon block
synthesizelHO in commerciaharbonblockimproves pores(in situ). The detailedsynthesiprocedureare
arsenate remowihout impacting its hydraulic behaviarestribed in the Supporting Information (SI).
ability to remove organic pollutants. Using the same synthesis methods describsttatove,
The goalof thisstudywasto exploréherelationship ofimpregnating the carbon blsekies aGtHO powders
between the amorphowstendf the THO-impregnated were produced and used for complimentary analysis, char
carbon block and arsenic refimonatater in both batch-izationand pseudo-equilibrium batch adsorptidio tests.
and continuous-flow experifherfteus was on the morevaluate hypothesis # intmatsing THO drying temper-
commonly occurring arsenate As(V) oxdratliorised  ature decreases the amorphous TdOteotyders were
experimenshiowedhe abilityto alsoremovearsenite collectedried at various temperatures up to 450 °C to vary
(As(l)). We hypothesizetthat (1) increasinglrying  crystallinignalyzed by an X-ray diffractometeaRD),
temperaturdecreasethe amorphougontentof the evaluated for arsenate adsorption tests through batch exp
synthesized THO and (2) arsenate adsorption capacityéntgsThe detailfor all of the employed characterization
As/g adsorbents positivelproportiondab the THO techniques are provided in the SI.
amorphougontentFour techniquesvere utilizedto 2.2.Dynamic-Flow Column Tesfr Pollutant
synthesize stable titanium (hydr)oxide miftieinadlse = RemovaContinuous-flow column tests were performed to
poresof a carbonblock.Pseudo-equilibrium adsorptiomnvestigate and compare the arsenate adsorption capacity
capacity experimeatditdwere modeled using Freundlicliemovaéfficiencgf unmodified and impregnated carbon
isothermfor use with the pore-surfadiffusiormodel  blocks under a dynamic regsnased in the POU filters.
(PSDM),which provides insights into arsenic mass traGaploot blocks were inserted into a brass hdtteethat
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Figure 1XRD patterns of (a) THO-impregnated carbon blocks (CBs) and (b) THO powders formed outsitte tihe maaken block.
labelsiA” refers to anatase and “R” refers to rutile phases.

water through the carbon block (FiAu@&SIH0 pump conductivity 139 uS/chable S3 describes the tap water
with a Q2 head was used to continuously flowtlke watkemistrythesemorechallengingperationabnditions
pressure drop across the carbon block was measuregsiidea insighto the potentgerationednge othe
pressurgaugeanstalled on theolumn inletfigureS2 modified carbon block from tiastoptimisti¢pH 6.3
illustratdhe apparatused forcontinuousolumn tests. modelvater) to more challenging tap waters (pH 7.8 with
Before the experiméhéssystem was prewashed contimaempeting ionshe pH ofdiluted and undiluted Tempe’s
ously with deionized (DI) water for 8 h to remove anytapsichtes did ndtange during the experiments due to its
of the side products and unreacted chemigatsmaptal alkalinity.
constant pH Bf5—6The flow rate was set to 60 mL/min, POU systemgenerallgperaténtermittentfyDuring
giving a loading rate of/@®hrand an EBCT of 0.28 min'off” cyclessenate can diffuse from the near stdace of
These loading rates and cdirreet are typioélcarbon  carbon block deeper into the pdtes adsorbenthich
blocks. increases the available binding sites near the outer surfac
Firsta model water containing 1.3 uM (100 ug/L) artkeaisabon block adsorbené an “on” cyclangiated.
was prepared using sodium &Bseeaate.the intent of th&hereforegrsenatemovairom thesystem effluewts
dual-purposeisorberis to simultaneousimovéoth compared forontinuouss intermittent-flow operational
inorganic and organic pollutants from tap water withmadg&giee most POU systems do not operate continuousl
engineered devienovadf the probe orgarpollutant intermittent-flow experimvenésconducted to asHess
(pCBA) with an init@ncentrationlo® uM (300 ug/L) effectiveness of the THO-modified carbon block. Water flo
was also monitop€BA was chosen for experiments dudtough the carbon block for 14 h and was then turned off
its polarchlorinated orgasticucturayhich ishardeto 10 h. This cycle was repeated multiple times over the coul
removeby activatedarbonthannonpolaprganicsike the experimemhijch lasted for ap@®R00 bed volumes.
chloroformgften used to testarbon block§he polar  During the periods with zero flow through the carbon blocl
structure of pCBA is representative of many emergingreeganitad time to diffuse into the pores of the THO-modi
pollutants or pesticides found in%atgH buffer was carbon blodeading to an increase in the nurobéerof
usedputthe pH ofthe solution did netiry during the surfacesitesavailabléor arseni@adsorptiomhenflow
experiment (pH = 6.3 221 1 °C)Secondyfter the resumedhese experimeptsvide valuable insighis
successful proof of comcagtond set of column tests wHre limitationsasfenic mass transport within the modified
performed in the presence of background oxo-anionxiticateckihe analyticadbchniquassed to quantify
phosphatestc.) and highemH levels,both knownto chemicapecies in water are detailed in the SI.
adverselrgﬂr;ﬂuencearsenateremovaIby metal oxide 2.3.Pseudo-Equilibrium Batch Adsorption Tests.
adsorbentsThe background salts represdistic ranges Batch adsorption tesesreperformed on seleamples.
for drinkingwater,includingevelsabovethe USEPA First,to compare the arsenate adsorption capdCty of
secondary tothssolved solidsvelof 500 mg/L (~780 powders held differendrying temperatwai;h experi-
uS/cm)which is common in the southwestermHé®A. ments were performed with an adsorbent dose of 6 mg of
arsenate occurs naturally in grounbhflatrsolutions using 1 L polypropylene bottles filled with DI water contair
were prepared by spiking 100 ug/L arsenate and 30020dYlug/L of arsenate and 600 ug/L of pCBA (pH = 6.3 = 0.
PpCBA to the loceémpe’s tap water (pHalk8linity 160 22 = 1 °C); mass concentration ratios (3 mg of pCBA/mg A
mg/L asCaCQ, and conductivity 1314 uS/cm) and 10werethe sameas in the dynamic-flow testbkligher
diluted tab water (pHalkalinity 16 mg/L as Gaéfd concentrations were used in batch tests bEeaueeyof
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high adsorption capacity of the synthesized THO powsignalnd TIP-EtOH had the highest amorphous content (97¢
the desire to detee®9% removdlarsenat8econd,o followed by TOS (959%9B0-filled (64%nd TiBu-EtOH
obtain the Freundlich isotherm parameters for use in(B8EYIThe high amorphoasntenbf TTIP-EtOH was
fittingthe same batch reactors with icsemidealtrations attributed to the incomplete hydaolyssalldormed
and conditiomeere employdd#O powdergsynthesized nuclethatcannoproceed to furthewystallizatidrithe
outside the carbon block) were ground, sieved with a@nmestpséte hydrolysis and smallavenecteiused by the
of 170 (<90 urahd added to bottles at doses ranging Sodstitution of alkoxide groups of TTIP withgrackpsxyl
0.5 to 6 mg Ti/L. To confirm that samples were represérded¢ti@cid duringhe synthesisrocedurdhe most
of THO inside carbon block pavatch experiments wer@amorphouBHO, TTIP-EtOH, wasstudiedurtherand
performedsingthe mostamorphouBHO-impregnated Figure S3a presents the XRD spectra of TTIP-EtOH dried at
carbon block that was crushed after impregnation andiféeldetiemperatur8y. subtracting thackground and
to bottles at doses varying from 3.5 to 40 mg/L. estimating the degree of crystallinity (Riber@nafysis

The bottlesvereshaken fo7 daysto reach pseudo- showed thathe amorphousontenbf the TTIP-EtOH
equilibrium abom temperatupeeliminary kinetésts  sample dried 80 °C was97% and thathe amorphous
showed that longer than 3 days were required to reacbmeatdizcreased to 68% for the sample drigdet 450 °C.
equilibrium andho changen solutionphasearsenate sampledried at150,250,and 350 °C had amorphous
concentratiomasobserved aftédaysArsenate and/or contentef 91, 80, and 77%respectivelbhis trend of
pPCBA concentrations remaining in s?lu\télre € using crystalliniipcreasingith highedryingtemperaturiss
the Freundlich isotherm modeK@4),>°where gs the  consistent with the litetture.
adsorption capaa@atyequilibrium (ug/mg Ti¢, is the Figure S5 shovihe Ti-loading inside the carbon block
arsenater pCBA concentratian the liquid phaseat impregnated through diffeceeduréehe mostrystal-
equilibrium (ug/l¥,is the Freundlich adsorption capacltiye-impregnated carbon lgoa#taced via P90-filled and
paramet&ug/mg Ti)(L/ug)", and 1/n isthe Freundlich TiBu-EtOH synthedwesd lower Ti-loadings (8.6 and 9.3 wt
adsorption intensity parameter (unitless). %, respectivelin.contrasfi-loadingsf the amorphous

2.4 Pore-Surface Diffusion MOGEIMN MAT- TTIP-EtOH and TOS carbon blocks were 15.9 and 12.2 wt ¢
LAB code for the PSDM developed by the Hofmann gredpeittivéiis higher Ti-loading could be attributed to the
the Universitpf Toronto wasised to parameterdred  stabilized T40ions due to the acid present in the synthesis
simulate arsenate removal using the most and least proegpleesand the well-controlled viscosity and reactivity |
THO-impregnated carbon block to study the influencehef phecurssplutionwhich contained acetic acidhas
amorphountenbf the synthesized THO on the massacidic catalylstsome casenjxing the titanium precursor
transpoend diffusivitytbie impregnated carbon block igith acetiacid in the first synthesistepleadsto the
arsenateemovalAll modelassumptionsquationgnd  replacement of the alkoxide groups with carboxylic group:s
correlatiorse provided in the®IDiffusion coefficients that makes it a more controlldbrebdotiing and coating
were parameterized over the first 10,000 BV and thepuipedd®>°Amorphous mataldes likely cohé media
simulate the breakthrough performance from 10,000st@f3@)R{bre homogeneously than crystalfife particles.
BVs. Cross-sectional scanning electron microscopy (SEM) ima

and energy-dispersive X-ray spectroscopgl¢bietital
mapping were acquired from diffemerégnated carbon

3.1Crystallinity of the Synthesized Adsorbent8aied (Figures S6 andfi7the basis of FigureTH,
Effectivenesstb® Coatingigure 1a shows two XRD inside the TOS carbon block existemgadomeratasd
spectra, one for the unmodified carbon block and thecbéhirs GHO particlesn contrasEjgure S6e shows that
the THO-impregnated carbon Thecknmodified carbonTHO particles inside the TTIP-EtOH carbon block were not
blockXRD spectrum displdyso peakst 23 and 43°, agglomeratpdtentially leading to more accessible arsenate
corresponding to the (002 and 100/101) facetsidfd adsorption sitédshigh-magnification imadaef TIP-
carborrespectivély’These peaks remain unchanged &s&H carbon blockFigureS6e)showsndividualHO
afterimpregnation with THhe concentrationTdfO nanoparticles with diamet2@stof50 nmwhich are an
inside the activated carbon pores is relaickl-tayws order omagnitude smaller than THO particles in the TiBu-
do notpenetrate very deeply into the impregnated cdrtifdh carbon block (Figure $he)smaller THO particles
block’s por&onsequenttiie changes in the XRD spectia the TTIP-EtOH carbon block may result in higher surface
afteimpregnation are minifd$ low concentration of areas and pore structures that facilitate intraparticle diffus
THO within the pores is due to the filter being crushearagmage. On the basis of EDX elemental mapping in Figur:
powdered foraausing the THO to mainly indite the allof the sol—gdriven impregnated carbon blocks had an
poreof the activated carbon parfliolebaracterize the evensurfacaistributioof THO particleswhileTHO
THO formed inside the carbon Blgake 1b shows XRD distribution in the TOS carbon block was more heterogene
spectra for the same THO powders produced ex situ anddrath@gglomerated partisdersallthe sol—gel-based
same temperature, pressure, and time conditions withéhrosisasulted in anorehomogeneoUslO surface
precursomnd solventass theimpregnated carbon blockcoating due to the in situ condensation and polymerizatior
Broad responses from 15 to 100° indicated a lack of stgptefiithee sol—tgehnique.

TiO, forTTIP-EtOH and TOS samplé&s.contrast,iBu- 3.2.Arsenat®emovaPerformanda Dynamic
EtOH and P90-filled samples showed shaimpdicpéags, Column Tests with Unmodified and THO-Impregnate
more crystalline structures. Carbon Blocks. Figure 2 shows arsenate breakthrough ct

Figure S4a illustrateg¢he XRD spectraof different for unmodifiecand THO-impregnatedarbonblocks.
synthesized THO aftefiminatinthe background XRD Arsenate breakthrougtDa200 BV ofreated wateras
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L OB~ P90Filled CB —=— TiBu-EtOH CB normalized to the Ti-loading inside the impregnated carbo
|« ToscCB — + TTIP-EtOH CB block.Table S5 summarizethe adsorptiorcapacities
normalizednd not-normalizea the Ti-loadingafter
B T 10,000BVs weretreatedThe Ti-normalizedrsenate

1 adsorption capacity ranged from 5.7 to 8.1 nidhés/g Ti.
0.8 4 amorphouBTIP-EtOH carbon block achieved the highest
adsorption capacity (8.1 mg Asfftgiil0,000 BV and 31
mg As/g Tafter 70,000 BV treabed)ly 40% better than
the crystalline-based P90-filled carborfidaiatiof the
chemically synthesizéshgiegnation methods were more
promising than the P90-filled carbon blodonhained
commercialystalline TiO

Using titanium-baseadsorbentsffersa significant
advantage in term®wfsolubilitgspecially compared to
the iron used in otheommonly used arsenate adsorbent
mineral$ron hasa secondary regulatory ieinking

- . - . - . - . - water due to its aesthetic properties, but this is not the ca

0 2000 4000 6000 8000 10000 titaniuntHowevemhecause abncernasboutthe possible
BV toxicity of Ti’Ti leaching from impregnated carbon blocks

Figure 2Arsenate remdwaakthrough curvesofodified and Wasmeasurelly analyzingolumneffluensamplesli
impregnated carbon blocksB@&sgiround matrix: DI water wig@ncentrations in the effluents ranged fromat2heg/L,
arsenate = 100 ug/L, pCBA = 300 ug/L, pH = 6.3, and tempegituting tife column test|ess than 1 ug/L during the
22 + 1 °GExperimentainditions: EBCT = 0.28 min and loadiagsorption processshown in Figur89. Overallmass
rate = 4.5/mf-h.The horizontal dashed line represents the duatance calculations using concentration and volumetric fl
MCL of arsenic (10 ug/L). concluded that only 0.01 to 0.03% of tbadaiti®n

the carbon block was released into the column effluent (Fi

used to compare the treapmdotmance because 5,0052). '

10,000 L is the tymipetationifie recommended by POU The secondtestedhypothesiwas that the arsenate

vendorgor carbon blockisaving 1 L capacity THO adsorption capacity (ug As/g adsorbent) is positively prop

impregnation did not affect the pressure/head loss tHfengkottee THO amorphoasntentVostpriorstudies

carbon blocKThe pressurtssfor all impregnated and focuon crystalline structanesthe impaaf crystalline

unmodified carbon blocks was below 0.3 bar (1 bar faceBgssiarsenatadsorptidr. One possibilityor the

whilethe differendeetween unmodified and impregnatsigperiorperformancef amorphousnetal(hydr)oxide

carbon blocksas=0.1 barMaintaininthe pressuress ~ adsorbentsgcluding those synthesized using TTIEB-EtOH,

important so that customers do not experience low fldwttag@ndomness$ thestructure and differspatial

SEM images confirmed thatimpregnated carbon bloclkgganizationtbe Tiand O atoms resuldiffererangle

had open macropaaasl pathwaysd the impregnation factorsas comparedo the crystallinstructureghus

processid notimpaithe porosity structure in wags  improving the adsorptive removal éffarsereateeason

would cause more fluid sheiaigpr othemresistance to may relate to the surface area and pore Swhétme.

flowing water. presents the Brunauer—Emmett—Teller (BET) surface area
The highly poroaarbon block providpen access THO powder synthesizeeix situ to the carbonblock

adsorption sites for arsenate. The distribution of micfpepaegtigihe unmodified carbon bldad a slightly

and macropores was determined using the Barrett—|bigtersurface area (/&) bthan the impregnated blocks

Halenda(BJH) method associated with thiquid N, (363—447%m). Among the impregnated samples, the TTIP-

physisorption isotherms atpf@sénted in Figure S8 and&tOH carbon block had the lcsuefdce area (362N

Table S4 for the adsorfértsesults show that mesopotast showed the highest surface arég) @h®mg the ex

(>2 and <50 nm) dominatedboth unmodifiedand  situ produced powdersT@3had 2609, TiBu-EtOH

impregnategrborblocksfollowedy microporegs2 had 193 n?/g, P90-Filledhad 171 n¥/g). Pore-size

nm). Only a small fraction (less than 10%) of the poreigbtiputorsse provided in Figure S8 and based on the

was associated with macropores (=50 nm up to 200 BfH)nTddel Table S6 shovihie distribution pbrednto

distributiorof pore sizesallowsfor efficientarsenate micro-meso-and macroporeBecausef the possible

adsorption from watéth access varioupore sizes to inaccuraciebthe BJH-derived pore-size distributtien,

accommodate the diffeiezadf arsenate iofsgure 2 non-localensity functiotedory (NLDFT) modeloften

shows that there was near instantaneous arsenate brsaigideyedmore suitablehmacterizing micropamds,

(i.e., no arsenate removal) for the unmodified carborFigack.96 includes thiddectivelhese results indicate

allcasesmpregnating THO into the carbon block improvadHO contains-20% more micropbhes crystalline

arsenateemovallhe bestarsenateemovatapacity was P90-modified samdli@s and TiBu-EtOH powders show

achievedy the amorphou$TIP-EtOH carbonblock, the highest ratiomo€ropores (31% and t&6ectively),

followed by TO%iBu-EtOHand P90-filled carbon blockavhich correlateith the arsenic remeffitiency consis-

A carbon block alone removed essential zé€rlearsenatently following the order of the materials’ micropore ratio

by increasing titanium loading inside the carbon blocudiadrg@re@verallthe higheamorphountenbased

impregnatiansenate adsorption and renmadatlevate. upon XRD and surfacareafor TTIP-EtOH-synthesized

Thereforethe obtaineddsorptiomapacitiemerealso materiaBupported the literature showingrtlwaphous

c/c,

0.6

0.4

0.2 4

0.0
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structures have a higher surface area and pehécholurttee adsorbemyiproached equilibrium with imflsemdte
resultin higheradsorption sit@ensityelativéo their

corresponding crystalline €pé&c

ies.

concentratiotise driving force from wiaterthe media
reduced due to saturated adsorption sites. However, durin

Intuitively, the net lower surface area and pore voleardyoplibee thfe column operation and before reaching 10
TTIP-EtOH carbon block could have been expected tqugdr¢ee.,currenarseniCL), the slope ofhe break-
arsenateemovatapacityn the dynamicolumntests
compared with other impregnation ouétthedspposite that for continuous opeeatibthe adsorption capacity was
trend was observed. However, considering only the a#iégtigher with intermittent operation.
precipitate, which occurred within the carbon block, th3.ALIRole of Retained OrganiGroupsin the
EtOH-synthesized THO had more surface area than tiFooift@tion of Amorphous THO and Coordinated Oxy-
synthesized powderas,on a systensgale (i.ecarbon
block)the chemigabperties of amorphous THO appeaFéglureS10 present§ourier-transform infratéd-IR)
to have more influence than thepbypsdaés (imore
volume or surface area).

through curve fotermitteoperation was shalldiem

gen in Amorphous THO-Impregnated Carbon Blocks.

spectra of the amorphous TTIP-EtOH carbon block compar
with the unmodified carbon Bloelspectra indicate the

3.3.Cyclic Operation tife Impregnated Carbonpresence ahore organic carboxylic grmupke TTIP-
BlockBecause POU systems operate in on—ofth®ycle£tOH carbon block that justifies the formation of amorphot
best-performing impregnated carbon block (TTIP-EtOFHi@vaisie to incomplete hydradydiscussed befdrigh
tested in a cyclinetle to compare the performance agadgmsts with the literature (more discussion is provided in t
the continuous operation mode. As shown in Figure F[atsandt®ugh FT-IR is only a surface characterization tool,
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Figure 3Arsenate breakthrough cutiesidfP-EtOH carbon

block in intermittent and continuouBaakgesund matrix: DI remove both arsenic sp&€desmonlydsorbents have a
water with arsenate = 10QoZ®A,= 300 ugfH = 6.3nd

temperature = 22 + 1 °C. Experimental conditions: EBCT
and loading rate =B m The horizontal dashed line represgyp @

the current MCL of arsenic (10 ug/L).

observing carbgrgups in the TTIP-EtOH carbon block is
evidencef increasedxygerand hydroxyfroupsafter
impregnatiddxygen atoms have diffeirething energies

in carboxygroupsand metabxidesThis likelybenefits
arsenatadsorptiobbecauséhe primarymechanism for
arsenate removal is inner-sphere complexation through o>
bridgingand highesxygen contarftthe adsorption sites
improvesetarsenate adsorptiotdur FT-IR data agrees

with the literature thatorphodHO has more surface
oxygen and hydraxpups In additiorfunctionalization

with the carboxylic group as an agent appears to play a pi
role in obtaining a more amorphous ddsiberdased
surface oxygen group conaéeatsotonly importaffior

arsenate adsorption, but also for arsenite removal. As a pr
concept to explore As(lll) and As(V) rerimbais being
explored in more depth cuarertjyal dose of amorphous
TTIP-EtOH was utilized for batch adsorption with the mode
water (1.35 uM (100 ug/L) [Asgldil[As(lI)} at pH =
7.9).Figure S11 shows thalP-EtOH has an adsorption
capacity of 21 mg of As(V)and@i18 mg As(lll)/g Ti,

which showkhe capabilitgf amorphouBTIP-EtOH to

lowerarsenite adsorption capacity oroxidedbecause

ASHB RiMonioniat near-neutmat levelsThe surface

engroupsof our THO-modifiedadsorbentkdkely
facilitate the remamfvatsenic via inner-sphere complexation
with both arsenicedoxstatespeciegi.e., arsenatand

removal improved during cyclic operations. Arrows iraF$goitefigure S11 shows the X-ray photoelectron spectro:s
indicatgeriodavhen theflow through theystem was
intermittently turnedJpfdn restarting the flo@w20%
lower effluentarsenateoncentratiorecurredDuring
periods of no flow (off-cycletagnation periaddenate for arsenitegspectivebnd the increase the bridging

that had adsorbed near the outer stnfatepfegnated oxygen peak by 21% imply the adsorption of both arsenat
carbon block had time to diffuse deeper in the adsorlbesgmtedhrough oxygen briddaaease in C—OH and

and surfacest 40% arsenate breakthrough €C0C4),
TTIP-EtOH carbon block’s arsenate adsorption capacitlyg 218 face oxygen gpaurtisipation in arsenic adsorption.
mg As/g carbon block) during cyclical testing was 50%vegradtke mechanismaofenic adsorption by amorphous
than during continuflosv (1.5 mg As/g carbon block), THO involvesinner-sphemmplexation through oxygen
showing the improved capability to remove arsenic flomdgiragemwherein the surface oxygen groups and content
In the later stages of arsenate breakth€slgs (28),,
the performancdifferencdessenedetweerthe two
operation modeagherehe adsorption capaditycyclic
operation (3.3 mg As/g carbon block) was only slightlsdtheEsrmsand PSDM Parameterizatibmulating

than in continuous operation (2.9 mg As/g carBsn blaaisenate breakthrough in continuous-flow experiments rec
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copy (XPS) O l1sspectra ofTIP-EtOH before and after
arsenate and arsenite adsdiptidecreased relative area
under the Ti—OH peak from 20 to 9% for arsenate and 12°¢

C@0 peaks’ relative area after arsenic adsorption also suc

adsorberglay an importantlein the removadf both
arsenate and arsenite.
3.5. Batch Arsenatemovallests,Freundlich
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Table 1Fitted Freundlich Isotherm Parameters for Arsenate and pCBA &uddprteByurface Diffusion Model
Parameters for Arsenate Adsorption by TTIP-EtOH and TiBu-EtOH from Batch- and Continuous-Flow Tests

Freundlich isotherm parameters PSDM parameters
As(V) pCBA As(V)
1/n K (ug/mg Ti)(L/ugy R? 1/n K (ug/mg Ti)(L/ugy R? D, (cni/s) D, (cni/s) Bi.
TTIP-EtOH 0.23 10.9 095 2.34 5.2 x I 0.82 3.1 x 10?2 3.2 x 16 32
TiBu-EtOH 0.25 6.8 0.94 2.87 1.6 x 10 0.92 0.28 x 1®& 1.5 x 16 50
1.0 1.0 N
- - == PSDM Prediction (Lower bound) PSDM Prediction (Lower bound) b
1 —— PSDM Prediction (Best) (a) 1 —— PSDM Prediction (Best) ( )
084" PSDM Prediction (Higher bound) st PSDM Prediction (Higher bound)
’ e TTIP-EtOH CB (Exp.) ’ < TiBu-EtOH CB (Exp.) <«
4 -
| e
-
s ) 0.6 T <<
S J £
@) S /%4
0.4 0.4 7 <
- /7 4
' hYa
0.2 02+ P
<4
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Figure 40bserved (symbols) and PSDM predictions (lines) for arsenate breakthrough using (a) the TTTP-EtOH carbon block
EtOH carbon block. Experimental and operating conditions same as provided in Figures 2 and 3. The horizontal dashed line
MCL of arsenic (10 ug/L).

determining the pseudo-equilibrium adsorption capasdlydhaynthesized in situ within the carbon block pores; th
serves as the driving force for diffusion into carbon bsittk g@orgde was crusiesed with a mesh size of 170 (<90
and surfaces. Figure S12 shows the experimental dajamanafidtesedin batchadsorptiotests.The in situ
Freundlich isotherms {ireK@'") for arsenate adsorptiosynthesized and crushed TTIP-EtOH carbon block yielded z
by the different THO powders formed ex situ to the cafbaf 0.23 and K of 1.7 (ug/mg modified carbon block)(L/
block.Tablel summarizébe fittedvaluesFreundlich ug}™and 12.8 (ug/mg Ti)(LAhe similar 1/n and K
intensity parameters (1/mhesmosémorphous (TTIP- values between powders and the crushed carbon block co
EtOH) and leastamorphou$TiBu-EtOH) synthesized the validity o§ing THO precipitates to represent THO on
adsorbentwere0.23and 0.25,respectivelfdsorption the carbon blockor the batchexperiment&he better
processes are thermodynamically favorable when the&reuntincearhorphous TTIP-EtOH ogemicrystalline

lich 1/n values are below unity (1Aliknd3dr adsorption TiBu-EtOH particulatiesbatch experimeisteonsistent
isotherm is represented by lfdieating uniform affinityith the higher arsenate removal observed in dynamic col
amonall surfackindingitesValueof 1/n < 1 (i.e., tests with TTIP-EtOH and TiBu-EtOH carbon blocks (Figure
sometimes expressed as n > 1) indicate higher heterdjgétszijye Sl provides further information on the arsenate
on the adsorberdurfacand thepresencef numerous adsorptiomapacitiesf TTIP-EtOH dried at different

binding sitasith varying strengthss resultén a high temperatures that hold varying amorphous content.
potentidbr the adsorptiontbé targelompound from a  Using Freundlich isotheotnsined from batch experi-
wide range obncentratiomssimpler ternaslower 1/n  mentsFigure4a,bshow thePSDM modelfittingthe

value implies more favorable energetics and greater edseripeentakenate breakthrough darvEEIP-EtOH
effectivenessaater chemiqadtentials)aking ifficient and TiBu-EtOH carbon bloekpectivdljpper and lower

for removing compounds at lower condéftratimide bounds on the PSDM parameterization are provided. Detai
1/n for TTIP-EtOH and TiBu-EtOH could be attributed the PSDM parameterization are providedindthaldé

the numerous binding sites available on the botface 6f7 summarizéise keyvaluesSignificanbhsightgan be
sol—gel-derived adsorbRedsuséd/n valuesarenearly obtained by analyzing fitted paraaratedBnensionless
equivalent, we can compare the Freundlich adsorptioradapéeitym the model$!° Largerintraparticlmass

(K) of both materialseundlich K value$ amorphous transporimitationare observed within tAéBu-EtOH
TTIP-EtOH (10.9 (ug/mg Ti)(L/uYY) were 60% higher carbon block compared to the TTIP-EtOH carbon block whe
than semicrystalline TiBu-EtOH (6.8 (ug/mg Tif)L/ug) considering the fitted surface or pore diffusion goefficients
Paralleexperimeniereperformed usidglO powders  or [}) and associated combinedBmbers (Bi(Table
collected ex situ to the carborableekls Ti-containing 1).Compared with the TiBu-EtOH carbon blogkmwdth D
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Figure 5. Pollutant breakthrough curves of Thiv&tidtedr TiBu-EtOH carbon blocks (CBs) in different water matrices: (a) arse
breakthrough curves at conductivity = 1314 uS/cm @ndperate®reakthrough curves at conductivity = 139 uS/cm and pH
and (c) pCBA breakthrough curves at conductivity = 1314 uS/cm and pH = 7.8 and comparison with unmodified CB perforr
had the same initial arsenate (1QCB&/(300 ug/lemperature (22 + 1FBQT (0.28 mirgnd loading rate (4/5vh).The
horizontalashed line represents the current MCL of arsenic (10 ug/L).

D, values of 0.28 x'38nd 1.5 x 1nd/s, respectively, controlled theveralmasstransportf the systenilhe

D, and Dvalues for the TTIP-EtOH carbon block were edrhbined higheguilibrium adsorption capécjtyor

and ~2 times higkepectively €3.1 x 13cnt/s and  TTIP-EtOH created a large concentration-based driving for:
D, = 3.2 x I8cn¥/s), which indicates |gi;reater intrapartiofearsenate in water to diffuse into the modified carbon b
diffusion within the TTIP-EtOH carbof*iMopkegnated and reduced theetintrapartictiffusion massansport
carbonblockswith TTIP-EtOH showedhigherarsenate limitations (ilewer Biot # for TTIP-EtOH carbon blocks).
adsorption efficiefikg]y due to theamorphousature. 3.6.Influence oBackground WatdMatricesn

Although TIP-EtOH carbon blocks had more microporéssenate and pCBA Rembwale 5a,b shows arsenate
fewer mesopores than TiBu-EtOH carbon blocks (Tablré&aRthrough using TTIP-EtOH or TiBu-EtOH carbon blocks
pore-sizalistributiomlonedoesnot entirelydetermine for local tap water (conductivity = 1314 uS/cm) and 10-tin
adsorption efficiency. The amorphous nature of the idifuresghtdip water (conductivity = 139 uS/cm) matrices spil
ing agent,THO, probablyresultsin higherdiffusion  with thesamearsenatievelsArsenateemovalvasless
coefficientecausef thesmalleparticlsizeand more  efficienin the tap waterith highesaltand background
accessible surface adsorptiodlsédiserature suggestedcompetingns.The TTIP-EtOH carbonblockwith an

thatfor Biotnumberketween 1 and 1®®th film mass arsenate adsorption capacity of 4.1 mg/g Ti over a 10,000
transfer and intraparticle diffusion are fRifloetdata  treatment spidrformed better than the TiBu-EtOH carbon
sets for both carbon blocks (Table 1) had Biot numbdrtoeR Quith the arsenate adsorption cap&itnygdd Ti,
Because highexlueéndicate greatemportance aftra-  whichshowssuperioperformanad amorphousHO

particle massnspott,thisimpliesntraparticle diffusioncomparedvith semicrystallinéHO regardlessof the
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background saltable S5 summariaesenate adsorptionelectrostatic repulsion between the aalsdrbdsdrbate
capacities after treating 10,80 8¥sese initial arsenatikatadversely affects the adso€ptévallthe decline in
removaolumn tests in BMateatpH = 6.3 showed the THO performance in the tap water matrix is likely attribute
superior performance of amorphous TTIP-EtOH carbotowiign higher pH and oligomerization and polymerization ©
a 40% highemapacity arsenic remma@dbility comparedthe silicate on the nibelr)oxide surfadeich occupies
with the partiallycrystallineP90-filledcarbonblock,  the adsorption sites and inhibits the arsenate adsorption.
subsequent tap water experiments only evaluated the Aupedelorganic pollutambsalso spiked into the tap
TTIP-EtOH carbon blochArsenate remowapability was water$o evaluate the influenc&H® impregnation on
only slightly lowé&25—30%for the TTIP-EtOH carbon organic pollutant removal performance of carbon block. Fi
block in the tap water (pH = 7.6—7.8; undiluted or 1G<¢istesvs pCBA removal in the tap water experiments. Wit
diluted to a reduced conductance) compargueadhinstTHO impregnation, pCBA was loy(0/T) in the carbon
waterexperiment§igure2). This showsa promising block effluerdt 10,000 BV treateesulting in #CBA
performancearhorphoddHO-impregnated carbon blockdsorption capacity.8fmg/g carbon bldokpregnating
in removalf arsenate from réghking wateratrices at THO did not adversely influence the shafeeqfCBA
realistic pH valuasd the presenceafmpeting anions. breakthrougburveor its adsorptiorcapacitypCBA
Additiondield studiasill be needed to examine broadexdsorption capaciiese 2.4 and 2.2 mg/g carbon block
ranges of potentiatier qualities. for TTIP-EtOH and TiBu-EtOH carbon bloeggectively.

Arsenate breakthrough curves (Figure 5a,b) were stdép&nitingis consistenwith our prior work showing
the presencef higherbackgrounsalts,whichshows trichloroethylefl€E) removawasunaffectely iron
instantaneous competition between arsenate and coioyw@gimagion of granular activatétTterBanP-EtOH
anions foadsorption onto THThe tap wat@hosphate impregnation coats only portions of the carbon block’s sur
concentration was 6 ug/L as P (Table S3), which was (fégytevi7deaving carbon surfaces and open pores availab
compared to arsenate and unlikely to compete for adeo@tgamic contaminant adsorption.
with arsenate spikeal Gitimes highaolaratio (i.e7 Additionddatch experiments with pCBA were performed
umole As/umole P). As such, dissolved silicate is mosusik@y t powders to confirm mimdswiption capacity
be the dominant competing anion during arsenate adgotp&diiO itsedind predominadsorption capacity by
by metalhydr)oxidé&The silica concentrations were 3dttivated carbon #@BA removaftigure S13 showise
and 0.39 mg-Si/L in the tap water and 10-times dilutéatelp experiment data and the linearized Freundlich isoth
watemespectivethjs corresponds to 85 and 8.6 umoleditained foadsorptivemovabf pCBA with powdered
/umole As, respectively. Silica concentrations above FlIRrfQid and TiBu-EtOH. There was unfavorable
L can significantly affectenate rem8¥alhile silicate adsorption pCBA with the synthesized TH@;values
polymerand oligomehnave a strong affinity to the THOwere aboveahd K values were smaatientioned in Table
surfacets correspondimgonomerand dimerarenot 1. As shown in Figure S14, pCBA removal by the THO carb
serious inhibitors for arsenate adsorption because arbtertavasatfected significantly by the background water
a highesurface affinity and can rédpeimonomeand chemistry and occurrence pfmuailtg, that pCBA removal
dimer¥’ Lesspolymerization likely o@tmsversilicate ~ occurred mainly by unmodified carbon block surfaces and
concentrations, and therefore arsenate removal effichshtyeiafided THDhis is because the silicate in tap water
affected at lower silicate concefitiatioimns present in polymerizes theTHO surfaceand noton thecarbon
realater samples can have an adverse effect on arséHE@ctdh provideadditiondiT-IR characterization and
adsorptioSulfate ionfor instancdyave a lowesurface  discussion for pCBA removal. Overall, these results suppor
binding affinity on metdte surfacésan arsenate ions. ability to engineer modified carbon block to achieve the dt
Previoustudiehave shown a ledsan 10% reduction in purpose afimultaneously removing oxo-anion and organic
arsenatadsorption the presencef elevategulfate contaminants from water without impairing the characteri
level3*°->Plowevein the tap water experiments conduetée carbon block.
in this studgulfate levels were roughly 1,000 times higher
than arsenate lewetdch could resiritsome sulfate ion
competition drindingo noncompetisgrfacsiteson Carbon block the moswidely used comporiarROU
THO. Additionallgations such ag€and M§"can also filtersbutit cannotemove arsenic from w@temesults
adsorb onto the THO surfaféecting surface charge andemonstrated $wtgeahethods create amorphous THO
promoting electrostatic attraction between arsenate withtliththe poresf the activated carbon #rablethe
adsorbent surfdce. commerciahrbonblockto removearsenatend even

The tap water pH (7.6—7.8) was higher than that obthereThe best-performisgnthesisnethod(TTIP-
water(pH = 6.3). This highermpH affectsthe arsenate EtOH) involved a sol—g®thod using TTIPtOH, and
speciatiomaking ibccumainly in the formdAsQ?~ acetic acid through aging at 80 °C and dryimdhath60 °C,
rather thapAdQ~ based on the p&ues of arsenatg (pK achieved a 15.9%tloading dfi into carbon block and
= 2.3 and pk 6.9)The pH,c values for TTIP-EtOH and achieved arsenic adsorption capacities of 8 to >31 mg As/
TiBu-EtOH carbon blocksere4.5 and 5.1respectively. in dynamic column tests (after 10,000 or 70,000 bed volur
While carbonatimns do not significantbompetavith of operationespectivelJHO impregnation resulted in a
arsenatfor adsorptiottheircoadsorption on theHO negligible additiopmdssure drop (<0.1 bar) through the
surface can sliife ¢-potenttal lower valuessulting in  carbon block and <0.03 wt % titanium leaching with respe
greater electrostatic repulsion of arsenate ions from the mitfaidoadinglhe slighteduction (25%) in As(V)
An increased negative charge of the adsorbent’s surferaaldiam tap water containing competing ions and high
with the speciatioracfenate bhtghepH leads to more pH (7.6)relative to more optimistic As(V) réroaval
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modelatefpH = 6.3) withoutthercompeting iorns, Arizona State Univarsitydrizona 8528hited
impressive and shows promise for real-world applicationStates; orcid.org/0000-0001-6544-1665

Two hypotheseageresupported with experimemizl Mahmut Selim Ersan — School of Sustainable Engineerin
modeling dak&sthigher percentagesrafrphous THO the Built Environmeiztna State Univérsitype,
were achieved at lower synthesis teripeoaitiglker Arizona 8528hited States; Nanosystems Engineering
percentagesaoforphous THO in powders and within the Research Center for Nanotechnology-Enabled Water
carbon block improved arsenatefremavater in batch- TreatmeBthodfSustainable Engineering and the Built
and dynamic-flow carbon bloEkrtigstemoimpregnat- Environmefitizona State Univérsitypdrizona
ing carbon block with THO @p to ~15 wt% titanium 85287 )nited Statesyrcid.org/0000-0003-0495-0903
appeared to only coat a portéahivdited carbeithout Jose Ricardo Gonzalez-Rodriguez -eSafstalnable
cloggingores.Consequentlgrsenatdiffusiorinto the Engineering and the Built Envikoizoren§tate

hybridized carbon block could be modeled using the poré&niversiiempdrizona 852&hited States;

surface diffusion metetein the THO controlled arsenate Nanosystems Engineering Research Center for
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remained available for adsorption of organic pollutants. Sustainable Engineering and the Built Bmizicoament,
While crystalline meaizidesre widely used to study State Univerdiggpdrizona 8528lhited States;
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arseniacemovathroughfocusingnoreon amorphous Kiril D. Hristovskd The Polytechnic Sdhizolha State

adsorbentathethan crystalline olB=tause amorphous Universityesadrizona 852 1ited States;

THO on carbon blocks create unique surface binding siteNattasystems Engineering Research Center for

novel material shows ability to remove both As(V) and A8l#hotechnology-Enabled Water Stutmifent,

The unique ability to remove arsenite is now tha focus oSustainable Engineering and the Built Bmiziooament,

separate pafére mechanisms and energetiosasfion State Univer3ieynpdrizona 852&hited States;

adsorption by amorphous adsorbents can play a determimionrgid.org/0000-0001-8694-4712

role in designing nadslorbents or retrofitting the Curr%t'mplete contact information is available at:
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