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ABSTRACT:Millions ofhouseholds stillrely on drinking water
from privatewellsor municipalsystemswith arseniclevels
approaching orexceeding regulatory limits.Arsenic isa potent
carcinogen,and there is no safe level of it in drinking water.Point-
of-use (POU) treatment systems are a promising option to mitigate
arsenicexposure.However,the mostcommonlyusedPOU
technology,an activated carbon blockfilter,is ineffectiveat
removing arsenic.Our study aimed to explore the potentialof
impregnating carbon blocks with amorphous titanium (hydr)oxide
(THO) to improve arsenic removalwithout introducing titanium
(Ti) into the treated water. Four synthesis methods achieved 8−16
wt % Ti-loading within the carbon block with a 58−97% amorphous THO content.The THO-modified carbon block could adsorb
both oxidation states ofarsenic (arsenate and arsenite) in batch orcolumn tests.Modified carbon block with higherTi and
amorphous contentalways led to better arsenate removal,achieving arsenic loadings up to 31 mg As/mg Tiafter 70,000 bed
volumes in continuous-flow tests.Impregnating carbon block with amorphous THO consistently outperformed impregnation using
crystalline TiO2. The best-performing system (TTIP-EtOH carbon block) wasan amorphousTHO derived using titanium
isopropoxide,ethanol,and acetic acid via the sol−gel technique,aged at 80 °C for 18 h and dried overnight at 60 °C.Comparable
pore-size distribution and surface area of the impregnated carbon blocks suggested that chemical properties play a more crucial role
than physicaland texturalproperties in removing arsenate via the amorphous Ti-impregnated carbon block.Freundlich isotherms
indicated energetically favorable adsorption for amorphous chemically synthesized adsorbents.The mass transport coefficients for
the amorphous TTIP-EtOH carbon block were fitted using a pore-surface diffusion model,resulting in Dsurface= 3.1 × 10−12and
Dpore= 3.2 × 10−6cm2/s. Impregnating the carbon block with THO enabled effective arsenic removal from water without adversely
affecting the pressure drop across the unit or the carbon block’s ability to remove polar organic chemicalpollutants efficiently.
KEYWORDS:arsenate,water,titanium,adsorption,carbon block

1. INTRODUCTION

Arsenic occurs in many groundwater and surface water sources
across the globe,1 and itis among the top 10 mostviolated
water quality standards in the United States.2 Arsenic is a Class
A human carcinogen,and long-term exposureto arsenic-
contaminated potable water has been linked to skin,kidney,
liver,and bladder cancers.3 The United States Environmental
Protection Agency (USEPA) and World Health Organization
(WHO) have set a maximum contaminant level(MCL) of 10
μg/L for arsenic in drinking water.4 As a carcinogen with a
high MCL relative to cancer risk (i.e.,1 in 10,000 health risk
instead of1 in 1,000,000),there is no safe levelfor arsenic.
Arsenicarguably posesamong thehighestcancerrisksin
drinking water.2 While drinking water systems comply with the
10 μg/L forarsenic,the regulation can be based on a very
limited number of samples (e.g.,less than one sample per year

for smallutilities),and many communities have arsenic levels
near the MCL.Over 40 million people in the U.S.A.rely upon
private wells thatare rarely measured and notregulated for
arsenic,butdrinking waterarsenic exposuresare known to
occur.5,6Globally,arsenic concentrations exceeding the WHO
regulationsin drinking watermayimpactmorethan 200
million people.7 Thus,reducing arsenic exposure levels in tap
water remains an important societalneed.
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Arsenicoccursin the two inorganicoxidation statesof
arsenate (As(V)) and arsenite (As(III)).Because of their pKa
values,arsenate occurs as a deprotonated oxo-anion at normal
drinking waterpH levels,whereasarsenite isnonionic and
more challenging to remove without an oxidation step.Many
iron,aluminum,titanium,cerium,zirconium,or othermetal
(hydr)oxide-basedadsorbentsare effectivein adsorbing
arsenate.8,9The adsorbent type and pore structure significantly
influence arsenate removalcapability.10,11In the U.S.A.,the
commercialmaterials mostly used by municipalities are iron
(hydr)oxideor crystallinetitanium dioxide(TiO2)-based
sorbents.12−14Titanium (hydr)oxides(THO) are stable
underenvironmentallyrelevantpH conditions15 and can
form inner-sphere complexation with arsenate through oxygen
bridges.16,17 In situ THO synthesisthroughhydrolysis/
precipitation18 or sol−gelmethodsallow flexibilityto use
differentproceduresand titanium precursors19 thatlead to
formation ofTHO with differentphysicochemicalcharacter-
istics and tunable degrees ofcrystallinity.8 Because crystalline
forms of THO are easier to characterize and study, amorphous
THO is overlooked in research despite itsbetterarsenate
removalcapability.20Consequently,there is a gap in studying
the mechanismsof arsenateimmobilizationby different
amorphous grades ofTHO. Furthermore,using high-surface-
area (nano) powders ofamorphous THO is not practicalfor
water treatment applications due to its poor hydraulic stability
or need for postfiltration to remove particulates.21Therefore,
THO immobilization into a porous support is a prerequisite.
Integration ofnanostructured THO into pores ofmacroscale
adsorbentsthathavegoodhydraulicperformanceis an
appropriate alternative.22

Activated carbon block filters are porous compact point-of-
use (POU) disposable cartridges,fitting into canisters under
the sink,and have zero liquid waste.Carbon block filters have
shorthydraulicretentiontimes(<30s), adsorborganic
pollutants,and filterparticulates(e.g.,pathogens,colloidal
lead,and copper).23,24 Carbonblockshaverapidmass
transportfrom waterto highly porous and high-surface-area
activated carbon.25However, a carbon block is not designed to
remove oxo-anions such as arsenate from water.Therefore,we
explored impregnation ofTHO with differentdegreesof
crystallinity into an activated carbon block to create multi-
functionalPOU filters thatremove arsenate.Our underlying
premisewas that increasingthe degreeof amorphous
synthesizedTHO in commercialcarbonblockimproves
arsenate removal,without impacting its hydraulic behavior or
ability to remove organic pollutants.

The goalof thisstudywasto exploretherelationship
between the amorphouscontentof the THO-impregnated
carbon block and arsenic removalfrom water in both batch-
and continuous-flow experiments.The focus was on the more
commonly occurring arsenate As(V) oxo-anions,butlimited
experimentsshowedthe abilityto also removearsenite
(As(III)). We hypothesizedthat (1) increasingdrying
temperaturedecreasesthe amorphouscontentof the
synthesized THO and (2) arsenate adsorption capacity (μg
As/g adsorbent)is positivelyproportionalto the THO
amorphouscontent.Four techniqueswereutilizedto
synthesize stable titanium (hydr)oxide materialswithin the
poresof a carbonblock.Pseudo-equilibrium adsorption
capacity experimentaldatawere modeled using Freundlich
isothermsfor usewith the pore-surfacediffusionmodel
(PSDM),which provides insights into arsenic mass transport

within the modified carbon block.Additionally,continuous- or
intermittent-flow packed-bed column experiments were carried
out to evaluate the effectivenessof the THO-impregnated
carbon block in eliminating arsenate from both model and tap
watersand to demonstrateits practicalityin real-world
matrices.The possible adverse influence ofthe impregnation
processon the intrinsiccapability ofthe carbon block in
mitigating organic contaminantswasstudied using a model
polarchlorinated organic contaminant(i.e.,para-chloroben-
zoic acid (pCBA)).

2. METHODOLOGY
2.1.Carbon BlockImpregnation Procedures.A

commercialcarbon block(ICEPURE (10″ length × 4.5″
diameter,with an average particle size of 5 μm)) was selected
to study the effect of the type of synthesized THO because in-
house tests confirmed the following: (1) it contains negligible
background titanium and (2) itdid notremove arsenate in
dynamic column tests.To work with a manageable size of
carbon block forimpregnation and reasonable quantitiesof
water in continuous-flow tests,commercialcarbon block was
cut into cylindrical cores with a diameter and height of 32 and
22 mm, respectively (a bed volume of 17 cm3), using a circular
drilling tool.Thesedimensionswereselected to maintain
consistency with the hydraulic loading rates and empty bed
contacttimes(EBCT) commonlyusedin carbonblock
systems (loading rate of4.5 m3/m2·h and an EBCT of0.28
min).26Carbon block cores were then impregnated with THO
and used in continuous-flow experiments.

Two impregnation methods were used to understand the
impact of precursors on the formation of stable THO coatings
within the carbon block pores: hydrolysis/precipitation (using
titanium oxysulfate (TOS) resulting in the TOS carbon block)
and sol−gel (using different precursors and procedures).First,
sol−gelimpregnationcomparedthe effectivenessof two
different precursors, titanium isopropoxide (TTIP) or titanium
butoxide (TiBu)resulting in TTIP-EtOH and TiBu-EtOH
carbon blocks,respectively.Second,sol−gelimpregnation
usingTiBu was combinedwith preformedcommercial
crystalline (anatase/rutile)titanium dioxide (DegussaP90)
resulting in a P90-filled carbon block. Table S2 summarizes the
key synthesis conditions for the fabricated sorbents and their
acronyms.The procedures from the existing literature18,27−29

were modified to synthesize THO inside the carbon block
pores(in situ). The detailedsynthesisproceduresare
described in the Supporting Information (SI).

Using the same synthesis methods described above,instead
of impregnating the carbon block,a series ofTHO powders
were produced and used for complimentary analysis, character-
ization,and pseudo-equilibrium batch adsorption tests.To
evaluate hypothesis #1 thatincreasing THO drying temper-
ature decreases the amorphous content,THO powders were
collected,dried at various temperatures up to 450 °C to vary
crystallinity,analyzed by an X-ray diffractometer (XRD),and
evaluated for arsenate adsorption tests through batch experi-
ments.The detailsfor all of the employed characterization
techniques are provided in the SI.

2.2. Dynamic-Flow Column Testsfor Pollutant
Removal.Continuous-flow column tests were performed to
investigate and compare the arsenate adsorption capacity and
removalefficiencyof unmodified and impregnated carbon
blocks under a dynamic regime,as used in the POU filters.
Carbon blocks were inserted into a brass holder thatforced
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water through the carbon block (Figure S1).A QG-150 pump
with a Q2 head was used to continuously flow the water.The
pressure drop across the carbon block was measured using a
pressuregaugeinstalled on thecolumn inlet.FigureS2
illustratesthe apparatusused forcontinuouscolumn tests.
Before the experiments,the system was prewashed continu-
ously with deionized (DI) water for 8 h to remove any residues
of the side products and unreacted chemicals untilgetting a
constant pH of5.5−6.The flow rate was set to 60 mL/min,
giving a loading rate of 4.5 m3/m2·h and an EBCT of 0.28 min.
These loading rates and contacttimes are typicalof carbon
blocks.

First,a model water containing 1.3 μM (100 μg/L) arsenate
was prepared using sodium arsenate.Because the intent of the
dual-purposeadsorbentis to simultaneouslyremoveboth
inorganic and organic pollutants from tap water within a single
engineered device,removalof the probe organicpollutant
(pCBA) with an initialconcentration of1.9 μM (300 μg/L)
was also monitored.pCBA was chosen for experiments due to
its polarchlorinated organicstructure,which isharderto
removeby activatedcarbonthannonpolarorganicslike
chloroform,often used to testcarbon blocks.The polar
structure of pCBA is representative of many emerging organic
pollutants or pesticides found in water.30 No pH buffer was
used,butthe pH ofthe solution did notvary during the
experiment (pH = 6.3 ± 0.1;22 ± 1 °C).Second,after the
successful proof of concept,a second set of column tests were
performed in the presence of background oxo-anions (silicates,
phosphates,etc.)and higherpH levels,both knownto
adverselyinfluencearsenateremovalby metaloxide
adsorbents.31 The background salts representrealistic ranges
for drinkingwater,includinglevelsabovethe USEPA
secondary totaldissolved solids’levelof 500 mg/L (∼780
μS/cm),which is common in the southwestern U.S.A.where
arsenate occurs naturally in groundwaters.Influentsolutions
were prepared by spiking 100 μg/L arsenate and 300 μg/L
pCBA to the localTempe’s tap water (pH 7.8,alkalinity 160
mg/L asCaCO3, and conductivity 1314 μS/cm) and 10×
diluted tab water (pH 7.6,alkalinity 16 mg/L as CaCO3, and

conductivity 139 μS/cm).Table S3 describes the tap water
chemistry.Thesemorechallengingoperationalconditions
provided insightinto the potentialoperationalrange ofthe
modified carbon block from themostoptimistic(pH 6.3
modelwater) to more challenging tap waters (pH 7.8 with
competing ions).The pH ofdiluted and undiluted Tempe’s
tap water did notchange during the experiments due to its
alkalinity.

POU systemsgenerallyoperateintermittently.32 During
“off” cycles,arsenate can diffuse from the near surface ofthe
carbon block deeper into the pores ofthe adsorbent,which
increases the available binding sites near the outer surface of
the carbon block adsorbentonce an “on” cycle isinitiated.
Therefore,arsenateremovalfrom thesystem effluentwas
compared forcontinuous-vs intermittent-flow operational
modes.Since most POU systems do not operate continuously,
intermittent-flow experimentswere conducted to assessthe
effectiveness of the THO-modified carbon block. Water flowed
through the carbon block for 14 h and was then turned off for
10 h. This cycle was repeated multiple times over the course of
the experiment,which lasted for approx.70,000 bed volumes.
During the periods with zero flow through the carbon block,
arsenic had time to diffuse into the pores of the THO-modified
carbon block,leading to an increase in the number ofouter
surfacesitesavailablefor arsenicadsorptionwhenflow
resumed.These experimentsprovide valuable insightsinto
the limitations ofarsenic mass transport within the modified
carbon block.The analyticaltechniquesused to quantify
chemicalspecies in water are detailed in the SI.

2.3.Pseudo-Equilibrium Batch Adsorption Tests.
Batch adsorption testswereperformed on selectsamples.
First,to compare the arsenate adsorption capacity ofTHO
powders held atdifferentdrying temperatures,batch experi-
ments were performed with an adsorbent dose of 6 mg of Ti/L
using 1 L polypropylene bottles filled with DI water containing
200 μg/L of arsenate and 600 μg/L of pCBA (pH = 6.3 ± 0.1;
22 ± 1 °C); mass concentration ratios (3 mg of pCBA/mg As)
were the sameas in the dynamic-flow tests.Higher
concentrations were used in batch tests because ofthe very

Figure 1.XRD patterns of (a) THO-impregnated carbon blocks (CBs) and (b) THO powders formed outside the carbon block.In the peaks’
labels,“A” refers to anatase and “R” refers to rutile phases.
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high adsorption capacity of the synthesized THO powder and
the desire to detect>99% removalof arsenate.Second,to
obtain the Freundlich isotherm parameters for use in PSDM
fitting,the same batch reactors with identicalconcentrations
and conditionswere employed.THO powders(synthesized
outside the carbon block) were ground, sieved with a mesh size
of 170 (<90 μm),and added to bottles at doses ranging from
0.5 to 6 mg Ti/L. To confirm that samples were representative
of THO inside carbon block pores,batch experiments were
performedusingthe mostamorphousTHO-impregnated
carbon block that was crushed after impregnation and added
to bottles at doses varying from 3.5 to 40 mg/L.

The bottleswereshaken for7 daysto reach pseudo-
equilibrium atroom temperature;preliminary kinetictests
showed that longer than 3 days were required to reach pseudo-
equilibrium andno changein solutionphasearsenate
concentrationswasobserved after7 days.Arsenate and/or
pCBA concentrations remaining in solution (Ce) were fit using
the Freundlich isotherm model (qe = KCe

1/n),33where qe is the
adsorption capacityat equilibrium (μg/mg Ti),Ce is the
arsenateor pCBA concentrationin the liquidphaseat
equilibrium (μg/L),K is the Freundlich adsorption capacity
parameter(μg/mg Ti)(L/μg)1/n, and 1/n isthe Freundlich
adsorption intensity parameter (unitless).

2.4.Pore-Surface Diffusion Model(PSDM).A MAT-
LAB code for the PSDM developed by the Hofmann group at
theUniversityof Toronto wasused to parameterizeand
simulate arsenate removal using the most and least amorphous
THO-impregnated carbon block to study the influence of the
amorphouscontentof the synthesized THO on the mass
transportand diffusivity ofthe impregnated carbon block in
arsenateremoval.All modelassumptions,equations,and
correlationsare provided in the SI.34 Diffusion coefficients
were parameterized over the first 10,000 BV and then used to
simulate the breakthrough performance from 10,000 to 70,000
BVs.

3. RESULTS AND DISCUSSION
3.1.Crystallinity of the Synthesized Adsorbents and

Effectiveness ofthe Coating.Figure 1a shows two XRD
spectra, one for the unmodified carbon block and the other for
the THO-impregnated carbon block.The unmodified carbon
blockXRD spectrum displaystwo peaksat 23 and 43°,
corresponding to the (002 and 100/101) facets ofactivated
carbon,respectively.35,36These peaks remain unchanged even
afterimpregnation with THO.The concentration ofTHO
inside the activated carbon pores is relatively low,and X-rays
do notpenetrate very deeply into the impregnated carbon
block’s pores.Consequently,the changes in the XRD spectra
afterimpregnation are minimal.This low concentration of
THO within the pores is due to the filter being crushed into a
powdered form,causing the THO to mainly existinside the
poresof the activated carbon particles.To characterize the
THO formed inside the carbon block,Figure 1b shows XRD
spectra for the same THO powders produced ex situ under the
same temperature, pressure, and time conditions with the same
precursorsand solventsas theimpregnated carbon block.
Broad responses from 15 to 100° indicated a lack of crystalline
TiO2 forTTIP-EtOH and TOS samples.In contrast,TiBu-
EtOH and P90-filled samples showed sharper peaks,indicating
more crystalline structures.

FigureS4a illustratesthe XRD spectraof different
synthesized THO aftereliminatingthe background XRD

signal. TTIP-EtOH had the highest amorphous content (97%),
followed by TOS (95%),P90-filled (64%),and TiBu-EtOH
(58%).The high amorphouscontentof TTIP-EtOH was
attributed to the incomplete hydrolysisand smallerformed
nucleithatcannotproceed to furthercrystallization.37 The
incomplete hydrolysis and smaller nucleiwere caused by the
substitution of alkoxide groups of TTIP with carboxylgroups
of aceticacid duringthe synthesisprocedure.The most
amorphousTHO, TTIP-EtOH, wasstudiedfurther,and
Figure S3a presents the XRD spectra of TTIP-EtOH dried at
differenttemperatures.By subtracting thebackground and
estimating the degree of crystallinity (Figure S4),the analysis
showed thatthe amorphouscontentof the TTIP-EtOH
sample dried at60 °C was97% and thatthe amorphous
content decreased to 68% for the sample dried at 450 °C.The
samplesdried at150,250,and 350 °C had amorphous
contentsof 91,80,and 77%,respectively.This trend of
crystallinityincreasingwith higherdryingtemperaturesis
consistent with the literature.38

Figure S5 showsthe Ti-loading inside the carbon block
impregnated through differentprocedures.The mostcrystal-
line-impregnated carbon blocks,produced via P90-filled and
TiBu-EtOH syntheses,had lower Ti-loadings (8.6 and 9.3 wt
%,respectively).In contrast,Ti-loadingsof the amorphous
TTIP-EtOH and TOS carbon blocks were 15.9 and 12.2 wt %,
respectively.This higher Ti-loading could be attributed to the
stabilized TiO2+ions due to the acid present in the synthesis
procedure and the well-controlled viscosity and reactivity of
the precursorsolution,which contained acetic acid asthe
acidic catalyst.In some cases,mixing the titanium precursor
with aceticacid in thefirstsynthesisstepleadsto the
replacement of the alkoxide groups with carboxylic groups and
that makes it a more controllable solfor binding and coating
purposes.28,29Amorphous metaloxides likely coatthe media
surface more homogeneously than crystalline particles.39

Cross-sectional scanning electron microscopy (SEM) images
and energy-dispersive X-ray spectroscopy (EDX)elemental
mapping were acquired from differentimpregnated carbon
blocks (Figures S6 and S7).On the basis of Figure S6b,THO
inside the TOS carbon block existed asagglomeratesand
chains ofTHO particles.In contrast,Figure S6e shows that
THO particles inside the TTIP-EtOH carbon block were not
agglomerated,potentially leading to more accessible arsenate
adsorption sites.A high-magnification image ofthe TTIP-
EtOH carbon block(FigureS6e)showsindividualTHO
nanoparticles with diameters of20 to 50 nm,which are an
order ofmagnitude smaller than THO particles in the TiBu-
EtOH carbon block (Figure S6c).The smaller THO particles
in the TTIP-EtOH carbon block may result in higher surface
areas and pore structures that facilitate intraparticle diffusion of
arsenate. On the basis of EDX elemental mapping in Figure S7,
allof the sol−geldriven impregnated carbon blocks had an
evensurfacedistributionof THO particles,whileTHO
distribution in the TOS carbon block was more heterogeneous
and had agglomerated particles.Overall,the sol−gel-based
methodsresulted in amorehomogeneousTHO surface
coating due to the in situ condensation and polymerization
step of the sol−geltechnique.

3.2.ArsenateRemovalPerformancein Dynamic
Column Tests with Unmodified and THO-Impregnated
Carbon Blocks. Figure 2 shows arsenate breakthrough curves
for unmodifiedand THO-impregnatedcarbonblocks.
Arsenate breakthrough at10,000 BV oftreated waterwas
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used to compare the treatmentperformance because 5,000−
10,000 L is the typicaloperationallife recommended by POU
vendorsfor carbon blockshavinga 1 L capacity.THO
impregnation did not affect the pressure/head loss through the
carbon block.The pressurelossfor all impregnated and
unmodified carbon blocks was below 0.3 bar (1 bar = 14.5 psi),
whilethedifferencebetween unmodified and impregnated
carbon blockswas≤0.1 bar.Maintainingthe pressureis
important so that customers do not experience low flow rates.
SEM images confirmed thatthe impregnated carbon blocks
had open macroporesand pathways,and the impregnation
processdid notimpairthe porosity structure in waysthat
would cause more fluid shear,drag,or otherresistance to
flowing water.

The highly porouscarbon block providesopen accessto
adsorption sites for arsenate. The distribution of micro-, meso-,
and macropores was determined using the Barrett−Joyner−
Halenda(BJH) method associated with theliquid N2
physisorption isotherms at 77 K,presented in Figure S8 and
Table S4 for the adsorbents.The results show that mesopores
(>2 and <50 nm) dominatedboth unmodifiedand
impregnatedcarbonblocks,followedby micropores(≤2
nm). Only a small fraction (less than 10%) of the pore volume
was associated with macropores (≥50 nm up to 200 nm). This
distributionof pore sizesallowsfor efficientarsenate
adsorption from water,with accessto variouspore sizes to
accommodate the differentsizesof arsenate ions.Figure 2
shows that there was near instantaneous arsenate breakthrough
(i.e., no arsenate removal) for the unmodified carbon block. In
allcases,impregnating THO into the carbon block improved
arsenateremoval.The bestarsenateremovalcapacity was
achievedby the amorphousTTIP-EtOH carbon block,
followed by TOS,TiBu-EtOH,and P90-filled carbon blocks.
A carbon block alone removed essential zero arsenate.Clearly,
by increasing titanium loading inside the carbon block during
impregnation,arsenate adsorption and removalwould elevate.
Therefore,the obtainedadsorptioncapacitieswerealso

normalized to the Ti-loading inside the impregnated carbon
block.Table S5 summarizesthe adsorptioncapacities
normalizedand not-normalizedto the Ti-loadingafter
10,000BVs weretreated.The Ti-normalizedarsenate
adsorption capacity ranged from 5.7 to 8.1 mg As/g Ti.The
amorphousTTIP-EtOH carbon block achieved the highest
adsorption capacity (8.1 mg As/g Tiafter 10,000 BV and 31
mg As/g Tiafter 70,000 BV treated),nearly 40% better than
the crystalline-based P90-filled carbon block.In fact,allof the
chemically synthesized Tiimpregnation methods were more
promising than the P90-filled carbon block thatcontained
commercialcrystalline TiO2.

Using titanium-basedadsorbentsoffersa significant
advantage in terms oflow solubility,especially compared to
the iron used in othercommonly used arsenate adsorbent
minerals.Iron hasa secondary regulatory levelin drinking
water due to its aesthetic properties, but this is not the case for
titanium.However,because ofconcernsaboutthe possible
toxicity of TiO2,

40Ti leaching from impregnated carbon blocks
wasmeasuredby analyzingcolumneffluentsamples.Ti
concentrations in the effluents ranged from 12 μg/L,atthe
beginning ofthe column test,to less than 1 μg/L during the
adsorption process,as shown in FigureS9.Overall,mass
balance calculations using concentration and volumetric flows
concluded that only 0.01 to 0.03% of the initialloaded Tion
the carbon block was released into the column effluent (Figure
S9).

The secondtestedhypothesiswas that the arsenate
adsorption capacity (μg As/g adsorbent) is positively propor-
tionalto the THO amorphouscontent.Mostpriorstudies
focuson crystalline structuresand the impactof crystalline
facetson arsenateadsorption.8,9 One possibilityfor the
superiorperformanceof amorphousmetal(hydr)oxide
adsorbents,including those synthesized using TTIP-EtOH,is
thattherandomnessof thestructure and differentspatial
organization ofthe Tiand O atoms resultin differentangle
factorsas comparedto the crystallinestructures,thus
improving the adsorptive removal of arsenate.8 Another reason
may relate to the surface area and pore structure.Table S6
presents the Brunauer−Emmett−Teller (BET) surface area of
THO powder synthesizedex situ to the carbonblock
preparation.The unmodified carbon blockhad a slightly
higher surface area (571 m2/g) than the impregnated blocks
(363−447 m2/g).Among the impregnated samples, the TTIP-
EtOH carbon block had the lowestsurface area (363 m2/g)
but showed the highest surface area (318 m2/g) among the ex
situ produced powders (e.g.,TOS had 260 m2/g,TiBu-EtOH
had 193 m2/g, P90-Filledhad 171 m2/g). Pore-size
distributionsare provided in Figure S8 and based on the
BJH model,Table S6 showsthe distribution ofporesinto
micro-,meso-,and macropores.Becauseof the possible
inaccuraciesof the BJH-derived pore-size distribution,41 the
non-localdensity functionaltheory (NLDFT) modelis often
considered more suitable forcharacterizing micropores,and
Figure S8 includes this data.Collectively,these results indicate
thatTHO contains>20% more microporesthan crystalline
P90-modified samples.TOS and TiBu-EtOH powders show
the highest ratio ofmicropores (31% and 18%,respectively),
which correlateswith the arsenic removalefficiency consis-
tently following the order of the materials’ micropore ratio and
surface area.Overall,the higheramorphouscontentbased
uponXRD and surfaceareafor TTIP-EtOH-synthesized
materialssupported the literature showing thatamorphous

Figure 2.Arsenate removalbreakthrough curves ofunmodified and
impregnated carbon blocks (CBs).Background matrix: DI water with
arsenate = 100 μg/L, pCBA = 300 μg/L, pH = 6.3, and temperature =
22 ± 1 °C.Experimentalconditions: EBCT = 0.28 min and loading
rate = 4.5 m3/m2·h.The horizontal dashed line represents the current
MCL of arsenic (10 μg/L).
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structures have a higher surface area and pore volume,which
resultsin higheradsorption sitedensityrelativeto their
corresponding crystalline species.20,42

Intuitively, the net lower surface area and pore volume of the
TTIP-EtOH carbon block could have been expected to worsen
arsenateremovalcapacityin the dynamiccolumntests
compared with other impregnation methods,but the opposite
trend was observed. However, considering only the amorphous
precipitate, which occurred within the carbon block, the TTIP-
EtOH-synthesized THO had more surface area than the other
synthesized powders.Thus,on a systemsscale (i.e.,carbon
block),the chemicalproperties of amorphous THO appeared
to have more influence than the physicalproperties (i.e.,pore
volume or surface area).

3.3.Cyclic Operation ofthe Impregnated Carbon
Block.Because POU systems operate in on−off cycles,the
best-performing impregnated carbon block (TTIP-EtOH) was
tested in a cyclicalmode to compare the performance against
the continuous operation mode. As shown in Figure 3, arsenate

removal improved during cyclic operations. Arrows in Figure 3
indicateperiodswhen theflow through thesystem was
intermittently turned off.Upon restarting the flow,10−20%
lowereffluentarsenateconcentrationsoccurred.During
periods of no flow (i.e.,off-cycle,stagnation period),arsenate
that had adsorbed near the outer surface ofthe impregnated
carbon block had time to diffuse deeper in the adsorbent pores
and surfaces.At 40% arsenate breakthrough (C/C0 = 0.4),
TTIP-EtOH carbon block’s arsenate adsorption capacity (2.3
mg As/g carbon block) during cyclical testing was 50% greater
than during continuousflow (1.5 mg As/g carbon block),
showing the improved capability to remove arsenic from water.
In the later stages of arsenate breakthrough (e.g.,C/C0 = 0.8),
the performancedifferencelessenedbetweenthe two
operation modes,wheretheadsorption capacityin cyclic
operation (3.3 mg As/g carbon block) was only slightly better
than in continuous operation (2.9 mg As/g carbon block).As

the adsorbentapproached equilibrium with influentarsenate
concentrations,the driving force from waterinto the media
reduced due to saturated adsorption sites. However, during the
early phase ofthe column operation and before reaching 10
μg/L (i.e.,currentarsenicMCL), the slope ofthe break-
through curve forintermittentoperation was shallowerthan
that for continuous operation,and the adsorption capacity was
67% higher with intermittent operation.

3.4. Role of Retained OrganicGroupsin the
Formation of Amorphous THO and Coordinated Oxy-
gen in Amorphous THO-Impregnated Carbon Blocks.
FigureS10 presentsFourier-transform infrared(FT-IR)
spectra of the amorphous TTIP-EtOH carbon block compared
with the unmodified carbon block.The spectra indicate the
presence ofmore organic carboxylic groupson the TTIP-
EtOH carbon block that justifies the formation of amorphous
THO due to incomplete hydrolysis,as discussed before,which
agrees with the literature (more discussion is provided in the
SI).37Although FT-IR is only a surface characterization tool,
observing carboxylgroups in the TTIP-EtOH carbon block is
evidenceof increasedoxygenand hydroxylgroupsafter
impregnation.Oxygen atoms have differentbinding energies
in carboxylgroupsand metaloxides.This likelybenefits
arsenateadsorptionbecausethe primarymechanism for
arsenate removal is inner-sphere complexation through oxygen
bridging,and higheroxygen contentof the adsorption sites
improvesnetarsenate adsorption.8,9Our FT-IR data agrees
with the literature thatamorphousTHO hasmore surface
oxygen and hydroxylgroups.20 In addition,functionalization
with the carboxylic group as an agent appears to play a pivotal
role in obtaining a more amorphous adsorbent.The increased
surface oxygen group contentsare notonly importantfor
arsenate adsorption, but also for arsenite removal. As a proof of
concept to explore As(III) and As(V) removal,which is being
explored in more depth currently,an equal dose of amorphous
TTIP-EtOH was utilized for batch adsorption with the model
water (1.35 μM (100 μg/L) [As(III)]0 or [As(III)]0 at pH =
7.9).Figure S11 shows thatTTIP-EtOH has an adsorption
capacity of 21 mg of As(V)/g Tiand 18 mg ofAs(III)/g Ti,
which showsthecapabilityof amorphousTTIP-EtOH to
remove both arsenic species.Commonly,adsorbents have a
lowerarsenite adsorption capacity on metaloxidesbecause
As(III) is nonionicat near-neutralpH levels.The surface
oxygengroupsof our THO-modifiedadsorbentslikely
facilitate the removalof arsenic via inner-sphere complexation
with botharsenicredoxstatespecies(i.e.,arsenateand
arsenite).Figure S11 shows the X-ray photoelectron spectros-
copy (XPS) O 1sspectra ofTTIP-EtOH before and after
arsenate and arsenite adsorption.The decreased relative area
under the Ti−OH peak from 20 to 9% for arsenate and 12%
for arsenite,respectively,and the increasein the bridging
oxygen peak by 21% imply the adsorption of both arsenate and
arsenite through oxygen bridging.A decrease in C−OH and
C�O peaks’ relative area after arsenic adsorption also suggests
the surface oxygen groups’participation in arsenic adsorption.
Overall,the mechanism ofarsenic adsorption by amorphous
THO involvesinner-spherecomplexation through oxygen
bridging, wherein the surface oxygen groups and content of the
adsorbentplay an importantrolein the removalof both
arsenate and arsenite.

3.5.Batch ArsenateRemovalTests,Freundlich
Isotherms,and PSDM Parameterization.Simulating
arsenate breakthrough in continuous-flow experiments requires

Figure 3.Arsenate breakthrough curves ofthe TTIP-EtOH carbon
block in intermittent and continuous modes.Background matrix: DI
water with arsenate = 100 μg/L,pCBA = 300 μg/L,pH = 6.3,and
temperature = 22 ± 1 °C. Experimental conditions: EBCT = 0.28 min
and loading rate = 4.5 m3/m2·h. The horizontal dashed line represents
the current MCL of arsenic (10 μg/L).

ACS ES&T Engineering pubs.acs.org/estengg Article

https://doi.org/10.1021/acsestengg.3c00012
ACS EST Engg.2023,3,989−1000

994



determining the pseudo-equilibrium adsorption capacity that
serves as the driving force for diffusion into carbon block pores
and surfaces. Figure S12 shows the experimental data and fitted
Freundlich isotherms (i.e., qe= KCe

1/n) for arsenate adsorption
by the different THO powders formed ex situ to the carbon
block.Table1 summarizesthe fittedvalues.Freundlich
intensity parameters (1/n) forthe mostamorphous (TTIP-
EtOH) and leastamorphous(TiBu-EtOH) synthesized
adsorbentswere0.23and 0.25,respectively.Adsorption
processes are thermodynamically favorable when the Freund-
lich 1/n values are below unity (1/n < 1).A linear adsorption
isotherm is represented by 1/n = 1,indicating uniform affinity
amongall surfacebindingsites.Valuesof 1/n < 1 (i.e.,
sometimes expressed as n > 1) indicate higher heterogeneity
on the adsorbentsurfaceand thepresenceof numerous
binding siteswith varying strengths.This resultsin a high
potentialfor the adsorption ofthe targetcompound from a
wide range ofconcentrations.In simpler terms,a lower 1/n
value implies more favorable energetics and greater adsorbent
effectiveness atlower chemicalpotentials,making itefficient
for removing compounds at lower concentrations.43Favorable
1/n for TTIP-EtOH and TiBu-EtOH could be attributed to
the numerous binding sites available on the surface ofboth
sol−gel-derived adsorbents.Because1/n valuesarenearly
equivalent, we can compare the Freundlich adsorption capacity
(K) of both materials.Freundlich K valuesof amorphous
TTIP-EtOH (10.9 (μg/mg Ti)(L/μg)1/n) were 60% higher
than semicrystalline TiBu-EtOH (6.8 (μg/mg Ti)(L/μg)1/n).
Parallelexperimentswereperformed usingTHO powders
collected ex situ to the carbon block,as wellas Ti-containing

solids synthesized in situ within the carbon block pores; the in
situ sample was crushed,sieved with a mesh size of 170 (<90
μm), and usedin batchadsorptiontests.The in situ
synthesized and crushed TTIP-EtOH carbon block yielded a
1/n of 0.23 and K of 1.7 (μg/mg modified carbon block)(L/
μg)1/n and 12.8 (μg/mg Ti)(L/μg)1/n. The similar 1/n and K
values between powders and the crushed carbon block confirm
the validity ofusing THO precipitates to represent THO on
the carbon blockfor the batchexperiments.The better
performance ofamorphous TTIP-EtOH oversemicrystalline
TiBu-EtOH particulatesin batch experimentsis consistent
with the higher arsenate removal observed in dynamic column
tests with TTIP-EtOH and TiBu-EtOH carbon blocks (Figure
2).Also,the SI provides further information on the arsenate
adsorptioncapacitiesof TTIP-EtOH dried at different
temperatures that hold varying amorphous content.

Using Freundlich isothermsobtained from batch experi-
ments,Figure4a,bshow thePSDM modelfittingthe
experimentalarsenate breakthrough curvesfor TTIP-EtOH
and TiBu-EtOH carbon blocks,respectively.Upper and lower
bounds on the PSDM parameterization are provided. Details of
the PSDM parameterization are provided in the SI,and Table
S7 summarizesthekeyvalues.Significantinsightscan be
obtained by analyzing fitted parametersand dimensionless
variablesfrom the models.8,10 Largerintraparticlemass
transportlimitationsareobserved within theTiBu-EtOH
carbon block compared to the TTIP-EtOH carbon block when
considering the fitted surface or pore diffusion coefficients (Ds
or DP) and associated combined BiotNumbers (Bic) (Table
1).Compared with the TiBu-EtOH carbon block with Ds and

Table 1.Fitted Freundlich Isotherm Parameters for Arsenate and pCBA Adsorption,and Pore-Surface 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 (μg/mg Ti)(L/μg)1/n R2 1/n K (μg/mg Ti)(L/μg)1/n R2 Ds (cm2/s) Dp (cm2/s) Bic
TTIP-EtOH 0.23 10.9 0.95 2.34 5.2 × 10−6 0.82 3.1 × 10−12 3.2 × 10−6 32
TiBu-EtOH 0.25 6.8 0.94 2.87 1.6 × 10−7 0.92 0.28 × 10−12 1.5 × 10−6 50

Figure 4.Observed (symbols) and PSDM predictions (lines) for arsenate breakthrough using (a) the TTTP-EtOH carbon block and (b) TiBu-
EtOH carbon block. Experimental and operating conditions same as provided in Figures 2 and 3. The horizontal dashed line represents the current
MCL of arsenic (10 μg/L).
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Dp values of 0.28 × 10−12and 1.5 × 10−6cm2/s, respectively,
Ds and Dp values for the TTIP-EtOH carbon block were ∼11
and ∼2 times higher,respectively (Ds = 3.1 × 10−12cm2/s and
Dp = 3.2 × 10−6 cm2/s), which indicates greater intraparticle
diffusion within the TTIP-EtOH carbon block.44Impregnated
carbonblockswith TTIP-EtOH showedhigherarsenate
adsorption efficiency,likely due to theiramorphousnature.
Although TIP-EtOH carbon blocks had more micropores and
fewer mesopores than TiBu-EtOH carbon blocks (Table S4),
pore-sizedistributionalonedoesnot entirelydetermine
adsorption efficiency. The amorphous nature of the impregnat-
ing agent,THO, probablyresultsin higherdiffusion
coefficientsbecauseof thesmallerparticlesizeand more
accessible surface adsorption sites.The literature suggested
thatfor Biotnumbersbetween 1 and 100,both film mass
transfer and intraparticle diffusion are important.45 The data
sets for both carbon blocks (Table 1) had Biot numbers >20.
Because highervaluesindicate greaterimportance ofintra-
particle masstransport,46 thisimpliesintraparticle diffusion

controlled theoverallmasstransportof thesystem.The
combined higherequilibrium adsorption capacity(K) for
TTIP-EtOH created a large concentration-based driving force
for arsenate in water to diffuse into the modified carbon block
and reduced thenet intraparticlediffusion masstransport
limitations (i.e.,lower Biot # for TTIP-EtOH carbon blocks).

3.6.Influence ofBackground WaterMatriceson
Arsenate and pCBA Removal.Figure 5a,b shows arsenate
breakthrough using TTIP-EtOH or TiBu-EtOH carbon blocks
for local tap water (conductivity = 1314 μS/cm) and 10-times
diluted tap water (conductivity = 139 μS/cm) matrices spiked
with thesamearsenatelevels.Arsenateremovalwasless
efficientin the tap waterwith highersaltsand background
competingions.The TTIP-EtOH carbonblockwith an
arsenate adsorption capacity of 4.1 mg/g Ti over a 10,000 BV
treatment stillperformed better than the TiBu-EtOH carbon
block with the arsenate adsorption capacity of3.9 mg/g Ti,
whichshowssuperiorperformanceof amorphousTHO
comparedwith semicrystallineTHO regardlessof the

Figure 5. Pollutant breakthrough curves of unmodified,TTIP-EtOH,or TiBu-EtOH carbon blocks (CBs) in different water matrices: (a) arsenate
breakthrough curves at conductivity = 1314 μS/cm and pH = 7.8,(b) arsenate breakthrough curves at conductivity = 139 μS/cm and pH = 7.6,
and (c) pCBA breakthrough curves at conductivity = 1314 μS/cm and pH = 7.8 and comparison with unmodified CB performance. All experiments
had the same initial arsenate (100 μg/L),pCBA (300 μg/L),temperature (22 ± 1 °C),EBCT (0.28 min),and loading rate (4.5 m3/m2·h).The
horizontaldashed line represents the current MCL of arsenic (10 μg/L).
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background salts.Table S5 summarizesarsenate adsorption
capacities after treating 10,000 BVs.Since these initial arsenate
removalcolumn tests in DIwateratpH = 6.3 showed the
superior performance of amorphous TTIP-EtOH carbon with
a 40% highercapacity arsenic removalcapability compared
with the partiallycrystallineP90-filledcarbonblock,
subsequent tap water experiments only evaluated the superior
TTIP-EtOH carbon block.Arsenate removalcapability was
only slightly lower(25−30%)for the TTIP-EtOH carbon
block in the tap water (pH = 7.6−7.8; undiluted or 10-times
diluted to a reduced conductance) compared againstthe DI
waterexperiments(Figure2). This showsa promising
performance ofamorphousTHO-impregnated carbon block
in removalof arsenate from realdrinking watermatrices at
realistic pH valuesand the presence ofcompeting anions.
Additionalfield studieswill be needed to examine broader
ranges of potentialwater qualities.

Arsenate breakthrough curves (Figure 5a,b) were steeper in
the presenceof higherbackgroundsalts,whichshows
instantaneous competition between arsenate and co-occurring
anions foradsorption onto THO.The tap waterphosphate
concentration was 6 μg/L as P (Table S3), which was very low
compared to arsenate and unlikely to compete for adsorption
with arsenate spiked ata 6-times highermolarratio (i.e.,7
μmole As/μmole P). As such, dissolved silicate is most likely to
be the dominant competing anion during arsenate adsorption
by metal(hydr)oxides.47 The silica concentrations were 3.7
and 0.39 mg-Si/L in the tap water and 10-times diluted tap
water,respectively;this corresponds to 85 and 8.6 μmole Si
/μmole As, respectively. Silica concentrations above >1 mg-Si/
L can significantly affectarsenate removal.48 While silicate
polymersand oligomershave a strong affinity to the THO
surface,its correspondingmonomersand dimersarenot
serious inhibitors for arsenate adsorption because arsenate has
a highersurface affinity and can repelthe monomersand
dimers.47 Lesspolymerization likely occursat lowersilicate
concentrations, and therefore arsenate removal efficiency is less
affected at lower silicate concentrations.Other ions present in
realwater samples can have an adverse effect on arsenate ion
adsorption.Sulfate ions,for instance,have a lowersurface
binding affinity on metaloxide surfacesthan arsenate ions.
Previousstudieshave shown a lessthan 10% reduction in
arsenateadsorptionin the presenceof elevatedsulfate
levels.9,49,50However,in the tap water experiments conducted
in this study,sulfate levels were roughly 1,000 times higher
than arsenate levels,which could resultin some sulfate ion
competition orbindingto noncompetingsurfacesiteson
THO. Additionally,cations such as Ca2+and Mg2+can also
adsorb onto the THO surface,affecting surface charge and
promoting electrostatic attraction between arsenate and the
adsorbent surface.49

The tap water pH (7.6−7.8) was higher than that of the DI
water(pH = 6.3). This higherpH affectsthe arsenate
speciation,making itoccurmainly in the form ofHAsO4

2−

rather than H2AsO4
− based on the pKavalues of arsenate (pKa1

= 2.3 and pKa2= 6.9).The pHPZC values for TTIP-EtOH and
TiBu-EtOH carbon blockswere4.5 and 5.1,respectively.
Whilecarbonateions do not significantlycompetewith
arsenatefor adsorption,theircoadsorption on theTHO
surface can shiftthe ζ-potentialto lower values,resulting in
greater electrostatic repulsion of arsenate ions from the surface.
An increased negative charge of the adsorbent’s surface along
with the speciation ofarsenate athigherpH leads to more

electrostatic repulsion between the adsorbentand adsorbate
thatadversely affects the adsorption.Overall,the decline in
THO performance in the tap water matrix is likely attributable
to the higher pH and oligomerization and polymerization of
the silicate on the metal(hydr)oxide surface,which occupies
the adsorption sites and inhibits the arsenate adsorption.

A modelorganic pollutantwasalso spiked into the tap
watersto evaluate the influence ofTHO impregnation on
organic pollutant removal performance of carbon block. Figure
5c shows pCBA removal in the tap water experiments. Without
THO impregnation, pCBA was low (C/C0 < 0.1) in the carbon
block effluentat 10,000 BV treated,resulting in apCBA
adsorption capacity of2.3 mg/g carbon block.Impregnating
THO did not adversely influence the shape ofthe pCBA
breakthroughcurveor its adsorptioncapacity.pCBA
adsorption capacitieswere 2.4 and 2.2 mg/g carbon block
for TTIP-EtOH and TiBu-EtOH carbon blocks,respectively.
This findingis consistentwith our prior workshowing
trichloroethylene(TCE) removalwasunaffectedby iron
impregnation of granular activated carbon.51The TTIP-EtOH
impregnation coats only portions of the carbon block’s surface
(Figure S7),leaving carbon surfaces and open pores available
for organic contaminant adsorption.

Additionalbatch experiments with pCBA were performed
using THO powders to confirm minimaladsorption capacity
by the THO itselfand predominantadsorption capacity by
activated carbon forpCBA removal.Figure S13 showsthe
batch experiment data and the linearized Freundlich isotherm
obtained foradsorptiveremovalof pCBA with powdered
TTIP-EtOH and TiBu-EtOH. There was unfavorable
adsorption ofpCBA with the synthesized THO;1/n values
were above 1,and K values were small,as mentioned in Table
1. As shown in Figure S14, pCBA removal by the THO carbon
block was notaffected significantly by the background water
chemistry and occurrence of salts,proving that pCBA removal
occurred mainly by unmodified carbon block surfaces and not
by the added THO.This is because the silicate in tap water
polymerizeson theTHO surfaceand noton thecarbon
surface.SI providesadditionalFT-IR characterization and
discussion for pCBA removal. Overall, these results support the
ability to engineer modified carbon block to achieve the dual
purpose ofsimultaneously removing oxo-anion and organic
contaminants from water without impairing the characteristics
of the carbon block.

4. SUMMARY AND CONCLUSIONS
Carbon block isthe mostwidely used componentin POU
filters,butit cannotremove arsenic from water.Our results
demonstrated thatsol−gelmethods create amorphous THO
within the poresof the activated carbon thatenablesthe
commercialcarbonblockto removearsenate,and even
arsenite.The best-performingsynthesismethod(TTIP-
EtOH) involved a sol−gelmethod using TTIP,EtOH,and
acetic acid through aging at 80 °C and drying at 60 °C,which
achieved a 15.9 wt% loading ofTi into carbon block and
achieved arsenic adsorption capacities of 8 to >31 mg As/g Ti
in dynamic column tests (after 10,000 or 70,000 bed volumes
of operation,respectively).THO impregnation resulted in a
negligible additionalpressure drop (<0.1 bar) through the
carbon block and <0.03 wt % titanium leaching with respect to
the initialTi-loading.The slightreduction (25%) in As(V)
removalfrom tap water containing competing ions and higher
pH (7.6),relative to more optimistic As(V) removalfrom a
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modelwater(pH = 6.3) withoutothercompeting ions,is
impressive and shows promise for real-world applications.

Two hypothesesweresupported with experimentaland
modeling data.First,higher percentages ofamorphous THO
were achieved at lower synthesis temperatures.Second,higher
percentages ofamorphous THO in powders and within the
carbon block improved arsenate removalfrom water in batch-
and dynamic-flow carbon block tests.Furthermore,impregnat-
ing carbon block with THO atup to ∼15 wt% titanium
appeared to only coat a portion ofactivated carbon,without
cloggingpores.Consequently,arsenatediffusioninto the
hybridized carbon block could be modeled using the pore-
surface diffusion modelwherein the THO controlled arsenate
removal from water and the non-THO coated activated carbon
remained available for adsorption of organic pollutants.

While crystalline metaloxidesare widely used to study
adsorption mechanisms, in part because of their relative ease in
characterization compared againstamorphousmaterials,it
appearsthatthereis tremendousopportunityto improve
arsenicremovalthroughfocusingmoreon amorphous
adsorbentsratherthan crystalline ones.Because amorphous
THO on carbon blocks create unique surface binding sites, this
novel material shows ability to remove both As(V) and As(III).
The unique ability to remove arsenite is now the focus ofa
separate paper.The mechanisms and energetics ofoxo-anion
adsorption by amorphous adsorbents can play a determining
role in designing noveladsorbents or retrofitting the current
technologies for commercialimplementation.
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