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Abstract

Carbon block filters, commonly employed as point-of-use (POU) water treatment components,
effectively eliminate pathogens, adsorb undesirable tastes, odors, and organic contaminants, all
while producing no water waste. However, they lack the capability to remove arsenic. Enabling
carbon block to remove arsenic could reduce its exposure risks in tap water. Inspired by Sous
vide cooking techniques, we developed a low-energy, low-chemical method for impregnating
commercially available carbon block with titanium (hydr)oxide (THO) in four steps: 1) vacuum
removal of air from the carbon block, 2) impregnation with precursors in a flexible pouch, 3)
sealing to prevent oxygen intrusion, and 4) heating in a water bath at 80 °C for 20 hours to
eliminate exposure and reactions with air. This process achieved a uniform 13 wt.% Ti loading in
the carbon block. Our modified carbon block POU efficiently removed both arsenate and arsenite
from tap water matrices, containing 10 or 100 pg/L arsenic concentrations, in batch experiments
or continuous flow operations. Surprisingly, THO modified carbon block removed arsenite better
than arsenate. This innovative method, using 70% fewer chemicals than traditional autoclave
techniques, offers a cost-effective solution to reduce exposure to arsenic and lower its overall risk
in tap water.
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1. Introduction

Arsenic, a metalloid of significant concern, naturally occurs in groundwater across various
regions worldwide.! Individuals who primarily rely on groundwater as their source of
drinking water face a considerable risk of developing multiple cancers and neural diseases
due to prolonged exposure to arsenic-contaminated drinking water.2 Municipalities employ
a variety of treatment practices at centralized facilities to reduce arsenic concentrations

in drinking water to below the maximum contamination level (MCL) of 10 pg/L. This
MCL is based upon approximately a 1 in 10,000 cancer risk assessment. Thus, even

when arsenic concentrations are below 10 pg/L, the cancer risk from arsenic is not zero.3
Also, prenatal and early-life exposure to arsenic in more vulnerable children, even at low
concentrations, results in subsequent cognitive issues. Therefore, as a carcinogen there is
no safe threshold for arsenic in drinking water, and a further reduction in arsenic exposure
would reduce health risks from drinking water. In the United States, over 60% of regions
have drinking water with an arsenic concentration exceeding 1 ug/L.> Consequently, an
additional barrier is desirable for removing arsenic from drinking water, with point-of-use
(POU) technologies proving to be a practical option. Iron-based adsorbent media have been
extensively examined in the literature, resulting in the development of various granular
materials available commercially for point-of-entry (POE) applications in distribution
systems, such as wellhead treatment, and in POU cartridge modules. These materials have
been shown to be highly effective in removing arsenic from water.6-11 Table S1 provides a
comprehensive comparison of literature values for arsenic adsorption capacity of iron-based
sorbents. Reported adsorption capacities span two orders of magnitude, ranging from 1 to
100 mg As/g material. Performance of these adsorbents were more efficient at lower pH
levels but less effective at lower initial arsenic concentrations. Most iron-based media exhibit
reduced adsorption capacities for arsenite (As(l11)) when compared to equimolar levels of
arsenate (As(V)). This discrepancy is primarily due to the fact that arsenate is anionic at
near-neutral pH levels typical of drinking water, while arsenite is predominantly non-ionic.12
There is a pressing need to develop point-of-use (POU) systems with multifunctional
capabilities, capable of removing both As(V) and As(l11) species, all the while achieving
other treatment objectives, such as enhancing taste and odor, or adsorbing substances like
PFAS and other trace organics.1314 Such systems should be compact and designed to fit
within a single small-sized treatment module, eliminating wastage and conserving water
resources.

Carbon block filters are widely used in POU systems to adsorb organic contaminants (e.g.,
PFAS) and filter pathogens.13-15 However, conventional carbon block filters are unable to
remove arsenic from water. Our previous work successfully enhanced the arsenic removal
capabilities of prefabricated carbon block modules by impregnating them with amorphous
titanium (hydr)oxide (THO) as stable metal (hydr)oxides at environmentally relevant pH
values, using sol-gel techniques.1® Small cylindrical pieces were excised from the carbon
block to facilitate bench-scale experiments. However, to apply this modified technology in
practical water treatment applications, it is necessary to impregnate full-sized carbon block
modules using an effective technique that could be scalably manufactured. Due to its highly
porous nature, with many micropores and mesopores, simply soaking the carbon block
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in the impregnating solution may not yield effective and homogeneous impregnation.t’
Moreover, trapped oxygen within the pores of the porous media hinders the easy transport
of the solution through the pores. Additionally, as the sol-gel solution becomes increasingly
viscous over time, it becomes impractical to impregnate the carbon block by pumping

the solution through the module. Therefore, the most efficient method involves applying

an immediate vacuum to a carbon block immersed in the THO synthesis solution.18 By
removing the trapped oxygen from the carbon block structure through vacuum application,
the solution can penetrate and fill the pores simultaneously and rapidly.1’

Another crucial aspect is preventing contact between the synthesis solution and air moisture
after impregnation and before aging. This precaution is essential as it directly affects the
hydrolysis rate of the sol-gel synthesis and the resulting gel structure.1® Therefore, the
synthesis should proceed within a sealed environment. Because the aging temperature is

a controlling factor in sol-gel synthesis,20 homogenous heat transfer is essential to have

an even formation and distribution of identical THO particles throughout the thickness
(~1.3 cm) of the carbon block from its outer surface to the center core. Given the

intricate network of pores within the carbon block and its substantial size, the presence

of trapped air within the carbon block structure, acting as an insulator or oxidant instead

of the synthesizing liquid, poses a significant challenge to achieving uniform heat transfer.
Therefore, it is crucial to guarantee homogeneous heat distribution throughout the entire
structure during the aging process. Moreover, the conventional approach of sol-gel synthesis
and impregnation within a Teflon-sealed autoclave leads to significant wastage of precursors
and solvents, primarily due to the formation of THO outside the carbon block. That

being stated, substituting the rigid stainless-steel Teflon-sealed autoclave with a flexible
resistant pouch results in a better carbon block fitting inside the reaction chamber and

fewer required chemicals for impregnation. Therefore, adopting an effective impregnation
technique that addresses all the concerns mentioned above and enables sustainable and
affordable impregnation processes becomes necessary.

The Sous vide technique involves integrating four essential sequential steps within a single
“reactor” for efficient impregnation of the carbon block, including 1) applying a vacuum

to remove air from the carbon block, 2) impregnating with precursors inside a flexible
pouch rather than a rigid autoclave, 3) sealing the container to prevent oxygen intrusion,
and 4) heating inside a water bath and eliminating any air from the process. Utilizing this
method results in minimizing the requirement for large amounts of impregnation chemicals,
preventing the contact between the synthesis solution and moisture in the air, and an
efficient heat transfer throughout the carbon block structure using a hot water bath,21:22
Consequently, the carbon block impregnated using the mentioned method attains uniform
impregnation and formation of THO particles within its pores. Since the characteristics

and advantages of the Sous vide technique align with the requirements for effectively
impregnating the carbon block, we drew inspiration from this method to employ it for
impregnating prefabricated carbon block filters. So, in this paper, the Sous vide term stands
for an integrated four-in-one method to modify POU carbon block filters. We hypothesize
that utilizing the integrated Sous vide method will reduce chemical consumption and
promote an even distribution of THO particles within the carbon block.
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The primary objective of this study is to impregnate a commercially available full-size
carbon block filter with amorphous THO using the integrated steps provided by the Sous
vide technique as a novel impregnation method. The novel and conventional autoclave
impregnation approaches using our previously published sol-gel method were employed

to synthesize amorphous THO directly within the carbon block. Subsequently, a series of
characterization tests were conducted to assess the efficiency of the impregnation process
using the novel method and to compare the crystallinity of the resulting THO with the
conventional autoclave synthesis method. Lastly, the impregnated carbon blocks were
utilized for POU arsenic removal from tap water spiked with arsenic and actual groundwater
samples. Furthermore, the affordability of the technique was investigated.

2. Methodology

2.1. Chemicals and reagents

Titanium (V) isopropoxide (TTIP) with a purity of 97%, pure ethyl alcohol (EtOH) with

a grade of 190 proof (ACS Spectrophotometric grade, 95%), and sodium (meta)arsenite
were obtained from Sigma Aldrich. Glacial acetic acid (Certified ACS Plus) was purchased
from Fisher Chemicals. Sodium bicarbonate (ACS grade) was supplied by AMRESCO,
and sodium arsenate (J. T. Baker, Dibasic, 7-Hydrate, ACS reagent) was acquired from

J. T. Baker. All the chemicals and reagents were used as received without any further
modifications.

2.2. Carbon block impregnation with THO

2.2.1. Integrated Sous vide impregnation of the carbon block.—The activated
carbon block cartridges are manufactured by heating and extrusion of a mixture of powdered
activated carbon and a polymer as the binder and wrapping the filter with one layer of plastic
net.23 Many types of cartridges are commercially available in the market, with different
thicknesses, particle sizes, and types of activated carbon (e.g., lignite- vs bituminous coal-
based). Figure S1 illustrates the prefabricated carbon block cartridge used in this study.

A low titanium-containing activated carbon block (10” x 2.5”, 5 um) with the product
number FI-ES-CAB10 was procured from APEC (CA, USA). To determine the porosity of
the carbon block, a small cylindrical piece (obtained by drilling a volume of 17 cm3) was
submerged in hot water, and the displaced water was measured using a graduated cylinder.
The carbon block has a thickness of 1.3 cm, an outer diameter of 6.3 cm, an inner diameter
of 3.6 cm, and a height of 24 cm. This results in a total volume of 480 cm? for the activated
carbon block, with a void space of 244 cm in the center. Based on the measured porosity of
68%, the carbon block possesses a total pore volume of 330 cm?3 (calculated as 480 x 0.68).
Therefore, each carbon block module's net volume of the pores and void space is 574 cm?3
(or 1,148 cm3 for two carbon blocks combined).

Figure 1 illustrates the dimensions of the carbon block and the process of impregnating
it with amorphous THO using the Sous vide technique. The impregnation was conducted
using commercial vacuum bags (FoodSaver 11” Heavy Duty rolls). The carbon blocks
were not disassembled and were used as received, including the outer plastic mesh and
rubber seal endcaps. Two carbon blocks were placed inside a single bag for simultaneous
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impregnation. The sol-gel synthesis method was adapted from the literature with certain
modifications.242% Following the synthesis procedure described in our previous work, the
ratios of the precursors and solvents were adjusted to achieve a total solution volume of
1,150 mL. Briefly, 340.7 mL of titanium isopropoxide (TTIP) and 387.8 mL of acetic acid
were mixed and stirred for 75 minutes in a beaker. Subsequently, 421.5 mL of ethanol
(EtOH) was added to the mixture. After stirring for 5 minutes, the solution was transferred
to the vacuum bag containing the two carbon block modules. The vacuum bag containing
the carbon blocks and the sol-gel synthesis solution was placed under the Sous vide vacuum
and seal machine (NESCO Deluxe model VS-12). First, a vacuum was applied intermittently
through pulses to evacuate the trapped air from the activated carbon block’s pores and
facilitate the solution penetration. This function was repeated until no further bubbling was
observed. Next, the “Vacuum and Seal” function was utilized to apply a higher-intensity
vacuum, followed by immediate bag sealing. To ensure proper sealing, an additional manual
double seal was used. The sealed and vacuumed bag, containing the carbon blocks and the
solution, was then placed in a preheated water bath at 80 °C. The aging step was performed
for 20 hours inside the water bath. Afterward, the vacuum bag was cut open, and the carbon
blocks were removed and dried overnight at 60 °C. Once dried, the carbon block was
pre-washed with >18 Mohm nanopure (ThermoFisher, Barnstead GenPure) and inserted into
a standard 12” x 4™ housing for further washing with nanopure water at a continuous flow
rate of 1 L/min for 30 minutes. The THO powders formed ex-situ to the carbon block were
also collected, washed with EtOH and nanopure water, and dried at 60 °C overnight for
further characterization tests.

2.2.2. Conventional autoclave impregnation of the carbon block.—The
conventional autoclave synthesis was conducted using a small cylindrical piece of the carbon
block (diameter of 3.1 cm and height of 2.3 cm) due to the larger size of the whole

carbon block, which cannot fit inside a lab-scale autoclave. The objective was to compare
the structure of the resulting THO between the two methods. The conventional autoclave
method was performed in a manner similar to our previous work.18 In brief, a cylindrical
coupon of the carbon block with a volume of 17 cm? was obtained by cutting it using a
drilling tool. Initially, 20.2 mL of TTIP was mixed with 23 mL of acetic acid and stirred

for 75 minutes. Subsequently, 25 mL of EtOH was added to the solution. After stirring for
5 minutes, the carbon block piece was immersed in the solution, and a direct vacuum was
applied to it using a vacuum pump. The solution and carbon block were then transferred

to a Teflon-lined stainless-steel autoclave and aged in an oven at 80 °C for 20 hours. The
impregnated carbon block was subsequently washed with ethanol and nanopure water and
dried overnight at 60 °C. The same washing and drying procedures were carried out on the
THO formed ex-situ to the carbon block, and the resulting powders were utilized for further
characterization.

2.3. Pseudo-equilibrium batch experiments and continuous-flow arsenic removal tests

To determine the Freundlich isotherm parameters, batch experiments were conducted using
the ex-situ collected THO powder within 50 mL centrifuge tubes. 15 uM arsenate (As(V))
or arsenite (As(I11)) salts were spiked into Tempe tap water, which had a conductivity

of 1,368 uS/cm and a pH of 7.9. Subsequently, adsorbent doses ranging from 12 to 144
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mg/L were added to the tubes and shook them for a duration of 7 days. In the case of

the arsenite experiments, the stock solution was purged with N» before adding arsenite to
prevent any oxidation. After reaching equilibrium, we determined the arsenate and arsenite
concentrations in the vials and fitted these data using the Freundlich isotherm equation

(g. = KC'/"),28 where C, represents the equilibrium concentration of arsenate or arsenite in
the solution (ug/L), ge is the adsorption capacity at equilibrium (ug/mg), K is the Freundlich
adsorption capacity parameter ((Lg/mg)(L/ug)/"), and 1/n is the Freundlich adsorption
intensity parameter (Unitless).

Figures S2 and S3 present the schematic design and a photograph of the setup utilized for
the continuous POU treatment tests, respectively. The non-modified and THO-impregnated
full-size carbon blocks were placed in separate POU continuous flow systems. A sediment
filter was positioned before the carbon block module. Control tests confirmed that the
sediment filter did not remove any arsenic. Water flowed through the carbon block module
by gravity at a controlled flow rate of 1 L/min, regulated by a valve. The carbon block had
an empty bed contact time (EBCT) of 28 seconds. The water passed through the system in
daily cycles, consisting of 14 hours of continuous flow followed by 10 hours of stagnation
with no flow, representing the intermittent water flow through a POU filter.

Two different water matrices containing arsenic were investigated in this study. One water
matrix consisted of local tap water from Tempe, AZ (Table S2) with a conductivity of
1,368 pS/cm and a pH of 7.9, spiked with 100 pg/L of arsenate or arsenite. The same
matrix was spiked with 10 pg/L of arsenate or arsenite to evaluate the effect of initial
arsenic concentration, specifically to evaluate how the THO-carbon block system performs
in reducing arsenic exposure even in drinking waters that comply with the existing arsenic
MCL. For arsenite removal experiments, the feed barrels were purged with N, prior to
adding arsenite to prevent any oxidation. The second water matrix was local groundwater,
which served as a drinking water supply and had a conductivity of 1,132 pS/cm and a

pH of 8.2 (Table S3). The groundwater contained 36 pug/L of arsenate and no arsenite.

It is important to note that the municipality treats this groundwater to bring the arsenic
concentration below the MCL of 10 ug/L. All experiments were conducted at a temperature
of 23 £ 1 °C. Throughout the experiments, influent and effluent water samples were
collected regularly.

2.4. Analytical techniques and characterizing the impregnated carbon block

The crystallinity of the formed THO was examined using a powder X-ray diffractometer
(XRD, PANalytical Aeris) to compare its structure with THO synthesized conventionally
inside a Teflon-sealed autoclave. The titanium content of the impregnated carbon block was
quantified through acid digestion of the samples, followed by analysis via an inductively
coupled plasma mass spectrometer (ICP-MS, Perkin Elmer Nexlon 1000). Briefly, the
samples were digested using a mixture of HySO4 and HNO3, following the standard
method 3030-G.27 The titanium concentration was then measured using an ICP-MS. X-

ray fluorescence (XRF) analysis (XL3, Thermo Scientific) was employed as a secondary
method to confirm the titanium content. To investigate the homogeneity of the titanium
coating inside the carbon block, elemental mapping was conducted using scanning electron
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microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy (EDX) on different
parts of the carbon block (Helios 5, Thermo Fisher Scientific).

The metal concentration in the influent and effluent samples collected throughout the arsenic
removal tests was quantified using ICP-MS. Before the analysis via ICP-MS, 4 mL of

the samples were digested using 1 mL of a 10% HNO3 solution, resulting in a final
concentration of 2% HNOs in the digested samples.

3. Results and discussion

3.1. Characterization of THO and Impregnated carbon block

XRD characterization provides evidence that the conditions of the vacuum-seal synthesis
technique inside the pouch produce material that closely resembles those of the conventional
autoclave synthesis approach. XRD analysis is usually applied for crystalline material
characterization but is still often used as a preliminary technique to differentiate crystalline
from amorphous structures. Thus, in our study, the XRD analysis provides preliminary
confirmation for the presence of amorphous titanium (hydr)oxide materials.28:29 Ongoing
research is exploring other analytical tools, such as pair distribution function (PDF) and
X-ray absorption fine structure (XAFS), as superior techniques to validate this finding and
study the local structures.30-32 The field of amorphous metal (hydr)oxide material science is
still developing compared against well-established measurement and interpretation methods
based upon crystalline materials.33 Figure 2 presents the X-ray diffraction (XRD) spectra
obtained from three samples: (1) THO powder that remained within the vacuum-seal bag
but was formed outside the carbon block, (2) THO powder produced using a conventional
Teflon-lined autoclave, and (3) commercial P25 as the reference crystalline TiO, to compare
the crystalline peaks and facets. XRD analysis could not be performed on THO impregnated
within the carbon block due to the formation of THO inside the pores of the porous carbon
block and the relatively low titanium content compared to activated carbon. The XRD
spectra of the two THO samples exhibit only a broad peak around 25°, which is indicative of
amorphous titanium (hydr)oxide. Figure 2 includes a reference XRD pattern for crystalline
TiO,, to highlight the differences from the THO samples. The XRD spectra of the THO
samples produced through the novel integrated method and conventional autoclave method
are nearly identical.

Exposure of the synthesis solution to water or moisture increases the hydrolysis rate,
forming a more crystalline structure.3# No additional water was introduced during the
synthesis process, so atmospheric moisture becomes the sole water source influencing the
final product's structure. The employed novel impregnation technique effectively mitigates
the contact between the synthesis solution and air or atmospheric water. The prompt
sealing of the vacuum bag immediately after applying the vacuum plays a crucial role in
preventing any moisture from coming into contact with the synthesis solution. This airtight
sealing ensures the preservation of the desired moisture-free environment throughout the
impregnation process.

Analysis of the THO-impregnated carbon block using acid digestion and consequent ICP-
MS analysis revealed a titanium content of 13 + 0.5 wt.% as a result of the impregnation
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process. This value agreed with the titanium loading obtained from XRF analysis as a
secondary method. The titanium loading exhibited minimal variation, with a difference of
less than 1% observed across nine distinct samples of the carbon block (i.e., 3 different
spots at the top, middle, and bottom of the impregnated carbon block). The Ti loading in the
wrapping plastic net was <1 wt.%.

Figure 3 presents SEM images and EDX elemental mapping of titania obtained from nine
different regions of the carbon block. The mapping reveals that titanium particles are
uniformly distributed throughout all sections of the filter. Matching the EDX elemental
mapping with SEM images in Figure 3 depicts the presence of THO particles within the
macropores and channels of the carbon block, which serve as pathways for water flow.
The examples of THO particles inside the water pathways are pointed at by red arrows

in Figure 3. Notable, not all surfaces of the activated carbon were covered by titanium
materials, as these non-THO coated surfaces provide adsorption sites for the removal of
organic contaminants, which we previously confirmed for the conventional sol-gel with a
Teflon-lined bomb autoclave approach.1® However, the size limitations of the Teflon vessel
(diameter of 4.2 cm and height of 8 cm) restricted impregnation to small carbon block
plugs, preventing full-scale impregnation of commercial carbon block samples. This size
limitation was overcome by using the flexible vacuum pouches, which exhibited robustness
and enabled the impregnation of carbon block samples of any size. Overall, the utilized
impregnation process resulted in even titanium loading within the carbon block pores, with
the uniform formation and distribution of THO particles achieved through the combined
effects of vacuum and sealing and the homogenous heat transfer during the impregnation
process.

Batch experiments and the obtained adsorption isotherms

Figure 4 shows the linearized form of the Freundlich isotherm (logq, = logK + %logCa),ss

derived from the measured equilibrium concentrations of arsenate and arsenite, and their
corresponding adsorption capacities on the amorphous THO. In tap water, the Freundlich
isotherm intensity parameter (1/n) for arsenate and arsenite was found to be 0.37 and

0.5, respectively. These 1/n values, below unity, suggest the heterogeneous nature of the
adsorbent's surface after arsenate and arsenite adsorption, reflecting the different energies of
the adsorption sites. Moreover, 1/n < 1 indicates the favorable adsorption of the sorbate,36
in this case both arsenate and arsenite, over a wide range of concentrations in tap water

by the synthesized amorphous THO.37 In essence, the obtained 1/n values less than unity
demonstrate the capability of the synthesized adsorbent to effectively remove arsenate and
arsenite, even at very low concentrations,38 which is a significant advantage in reducing
exposure to arsenic at lower levels. In addition, arsenite is often more difficult to remove
due to its neutral charge at environmentally-relevant pH values.3° Additionally, the removal
of arsenite by the THO-carbon block during batch tests was surprisingly efficient, especially
considering that most work on iron-based adsorbents typically favors arsenate over arsenite
adsorption. This finding underscores an advantage of the synthesized THO when compared
to conventionally used iron-based media, which often exhibit low arsenic adsorption
capacities at low initial concentrations.®19 This intriguing discovery in batch experiments
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was subsequently corroborated in continuous flow column experiments, as elaborated upon
in conjunction with Figure 5.

Oxo-anions, including arsenic, adsorb onto metal (hydr)oxides through surface inner-sphere
complexation and oxygen bridging.4° Likewise, other co-occurring oxo-anions can compete
with arsenic for adsorption.12 Among these, phosphate stands out as a significant competitor
for arsenate due to its similar acidity, charge, and geometry. Even though the phosphate
concentrations in the studied tap water were too low to effectively compete with arsenic

(6 ug P/L), we conducted batch experiments using equimolar concentrations of phosphate
and arsenate (15 uM) to examine the selectivity of the THO adsorbent. The results revealed
that the synthesized THO had an arsenate adsorption capacity of 6.8 ug/mg (0.09 pmoleAs/
mg), and a phosphate adsorption capacity of 2.3 ug/mg (0.07 pmoleP/mg). These findings
demonstrate that the synthesized THO adsorbent exhibits a slightly higher affinity for
adsorbing arsenate compared to phosphate. To quantitatively assess this selectivity, the

equimolar based binary separation factor (e i ion ; compeing ion = %) was calculated to be
30, which illustrates the higher selectivity of the amorphous THO towards arsenate (i.e.,

a > 1).41 This selectivity is a notable advantage of the developed filter, as it can selectively
adsorb hazardous arsenic even in the presence of its competitive counterpart.

3.3.  POU arsenic removal tests with THO-impregnated carbon block

Figure 5a illustrates the arsenate breakthrough curve obtained from treating 100 ug/L
arsenic-spiked tap water using the THO-impregnated carbon block over the treatment

of 10,000 bed volumes (BV). In our study, one bed volume corresponds to 0.48 liters

of water for the full-sized carbon block utilized. The THO carbon block demonstrated
exceptional arsenate and arsenite removal efficiency, surpassing 90%, during the initial
2,000 and 4,000 BV of treatment, respectively. This level of efficiency resulted in reducing
influent concentrations to levels below the MCL of 10 pg/L. However, a decrease in arsenic
adsorption was observed in the subsequent BVs of treated water, leading to a breakthrough.
After treating 10,000 BV of water, it was determined that the cumulative amount of arsenate
and arsenite removed from the water, representing a reduction in exposure if the water
were to be used for drinking, was 224 mg and 260 mg of arsenic, respectively. This
calculation was based on the area above the breakthrough curve, taking into account the
volume of each BV. Consequently, after the treatment of 10,000 BV, the adsorption capacity
of the THO-impregnated carbon block was found to be 4.6 mg As/g Ti or 0.6 mg As/g
THO-carbon block for arsenate, and 5.3 mg As/g Ti or 0.7 mg As/g THO-carbon block

for arsenite. This observation highlights a higher arsenite adsorption capacity and a delayed
breakthrough compared to arsenate, demonstrating the greater selectivity of the developed
filter toward arsenite, particularly at the initial concentration of 100 pg/L. Phosphate is a
well-known competitor for arsenate, and its presence in drinking water could result in a
faster arsenate breakthrough.#2 Since phosphate concentration in the tap water was only 6
Hg/L as P, which is too low to compete with arsenate, other competing ions, such as silicate,
likely cause a lower selectivity towards arsenate and is a focus on ongoing research on the
THO surface.
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The arsenate breakthrough point is almost similar to the observations in our previous work,
where a small cylindrical piece of carbon block was impregnated through a conventional
method of using a Teflon-sealed autoclave as the reactor.16 In addition, the arsenate
adsorption capacity of the full-size impregnated carbon block after the treatment of 10,000
BV in this study (4.6 mg As/g Ti) is comparable with that of bench-scale 17 cm?3 carbon
block plug (4.1 mg As/g Ti) obtained in our previous study.16

The semi-steep nature of the breakthrough curve suggests that while impregnation occurred
throughout the macropores, mesopores, and micropores of the carbon block, it primarily
took place within the macropores and water pathway channels. This localization of
impregnation within these pathways results in an enhanced mass transfer coefficient.3
This is in line with a general principle concerning porous adsorbents like carbon blocks,
where pore size plays a significant role in shaping the mass transfer zone in continuous
flow. Micropores, due to their small size, offer access to a substantial portion of the
intraparticle surface area, but their size leads to low mass transfer diffusion rates, primarily
due to surface interactions and tortuosity.** Consequently, it becomes more challenging for
the sorbate to reach the adsorption sites within the micropores, resulting in intraparticle
diffusion-limited adsorption and a gradual breakthrough. In contrast, sorbate molecules can
more easily reach the adsorption sites in the macropores and water pathway channels,
leading to bulk or film transfer diffusion limitation and a steeper breakthrough.*> Given

the semi-steep breakthrough shape of the curve, it can be inferred that the adsorption
predominantly occurred within the macropores and water pathway channels of the carbon
block. The findings agree with the combined Biot number of 32 reported in our previous
work.18 Given that a Biot number between 1 and 100 suggests a combination of intraparticle
diffusion and film mass transfer-controlled adsorption,*® lower values in this range show
more importance of film mass transfer limitation. Furthermore, the similarity in adsorption
capacities and breakthrough shapes between the full-sized impregnated carbon block and
lab-scale coupons, as reported in our previous work, indicates the effectiveness of the
integrated method used to scale up production of the THO-impregnated carbon block.16
Additionally, because the developed system is designed as a POU technology that can
accommodate different flow rates, the mass transfer zone is influenced by varying flow
rates. Lower flow rates result in a reduced mass transfer zone velocity and longer EBCT,
leading to a delayed and more gradual breakthrough. In this study, to align with typical POU
operations, a flow rate of 1 L/min was selected, providing an EBCT of 28 seconds, which
falls within the common range for POU systems (<1 minute).4’

A minimal hydraulic pressure drop (< 0.35 bar or < 5 psi) was observed during the

operation of either the non-treated or impregnated carbon block. This indicates that the
impregnation process with THO did not cause any pore blockage in the carbon block,
allowing water to flow through the pores without obstruction. Furthermore, continuous
titanium (Ti) concentration monitoring during water flow showed no evidence of Ti leaching
(i.e., < 1 ppb). The homogeneous heating achieved during the aging step played a crucial
role in the formation of THO particles inside the carbon block and their strong binding with
the carbon surface, thereby preventing the leaching of Ti from the impregnated carbon block.
Another reason for the essential Ti stability on the carbon surface is the disposal of the filter
after exhaustion. Adsorption treatment processes transfer pollutants from liquid to a solid
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phase, which can be easily disposed of in landfills, thereby removing them from common
exposure pathways to the environment and people. For home POU systems, regeneration

of THO-carbon block probably isn’t a viable route. Iron- and some other metal oxide
adsorption systems used in POE arsenic treatment processes can be regenerated using heated
strong alkaline solutions.#849 Because these solutions generate hazardous waste containing
arsenic, they are not recommended for home POU systems. There is a potential advantage

in using titanium instead of iron-impregnated carbon blocks that could be explored in the
future through end-of-life landfill leaching tests. As we have discussed and demonstrated

in our previous work, arsenic binds to the THO surface through oxygen binding, which
involves a chemical inner-sphere complexation.18 This chemical interaction between arsenic
and THO results in irreversible and stable adsorption of arsenic. Moreover, in comparison

to iron-modified carbon, the strong chemical bonding established between the THO particles
and the carbon surface, achieved through the sol-gel synthesis method, prevents any leaching
of titanium or arsenic. This ensures that the filter remains safe for disposal in landfills, as
originally designed for carbon block filters.

Figure 5a also presents the arsenic breakthrough curves for the THO-impregnated carbon
block obtained from treating arsenic-spiked tap water that contains only 10 pg/L.
Impressively, the THO-impregnated carbon block achieved the removal of over 90% of
both arsenate and arsenite over the first 5,000 and 10,000 BV, respectively, resulting in

an effluent concentration below 1 pg/L. Over the 10,000 BV treatment of the 10 pg/L
arsenic-spiked tap water, the THO-impregnated carbon block effectively removed arsenate
and arsenite, equivalent to 38 and 43 mg of arsenic, respectively. These values correspond
to an adsorption capacity of 0.8 mg As/g Ti or 0.1 mg As/g THO-carbon block for arsenate
and 0.9 mg As/g Ti or 0.1 mg As/g THO-carbon block for arsenite. The extended excellent
performance of the system with an influent arsenic concentration of 10 pg/L demonstrates
the feasibility of reducing long-term exposure and health risks, even at lower concentrations
of arsenic, which fall at or below the current arsenic MCL. The substantial amounts of
removed arsenic highlight the necessity of employing POU treatment systems as a secondary
barrier for arsenic removal from drinking water.

Drawing from the literature, Fe-based adsorbents typically exhibit arsenic adsorption
capacities ranging from 0.2 to 280 mmole As/mole Fe (Table S1). Taken with caution,

the higher end of this capacity range is achieved through unrealistically high initial
concentrations, sometimes reaching up to 140,000 pg/L. Therefore, a valuable comparison
can be made by examining these adsorbents on a molar basis when evaluating their
performance at similar influent concentrations. In the case of the THO-impregnated carbon
block developed in this study, the arsenate and arsenite adsorption capacities stand at

3 and 3.4 mmole As/mole Ti, respectively, when considering waters with an influent
concentration on only 100 pg/L. In contrast, certain Fe-based adsorbents have demonstrated
capacities in the range of 1.1 to 2 mmole As/mole Fe at similar influent concentrations,50:51
These molar-based capacities underscore the superior performance of the developed THO-
impregnated carbon block in comparison to several Fe-based adsorbents, particularly when
dealing with realistic concentrations. To the best of our knowledge, there are no studies
conducted at the initial concentration of 10 pg/L for comparison, mainly because most
researchers consider the MCL of 10 ug/L as the remediation goal. Additionally, the
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adsorption capacities in this study were determined using tap water, which contains various
competing ions, while many of the reported adsorption capacities in the literature are derived
from experiments conducted with synthetic water matrices. The superior efficiency of the
developed THO-impregnated carbon block in removing arsenate and arsenite from such
very low concentrations (i.e., 10 ug/L) positions it as a potential alternative to the existing
Fe-based adsorbents, which are typically employed at higher concentrations.

Figure 5b illustrates the arsenic breakthrough curve obtained from treating groundwater
containing 36 pg/L of ambient arsenic (100% arsenate) using the THO-impregnated carbon
block. Over the course of treating the first ~3,000 BV, more than 90% of the influent arsenic
was successfully removed, demonstrating effective arsenic removal. Subsequently, a gradual
breakthrough of arsenic occurred. After treating 6,000 BV of water, the THO carbon block
achieved a total arsenic removal of 81 mg (corresponding to 1.7 mg As/g Ti or 0.2 mg As/g
THO-carbon block). These values are comparable to the adsorption capacity observed in the
arsenate-spiked tap water experiments with a 3 times higher influent arsenate concentration
(4.6 mg As/g Ti or 0.6 mg As/g THO-carbon block) and 10,000 BV treatment. This
indicates that the impregnated carbon block exhibits effective arsenic removal capabilities
across different influent arsenic concentrations.

Because other hazardous oxo-anions and metals co-occur in groundwater naturally,>2 there
could be an antagonistic health effect due to long-term exposure to their mixtures.53>4 In
addition to arsenic, the public groundwater supply contained detectable levels of selenium,
vanadium, and iron. Figure S4 reveals that the unmodified carbon block did not exhibit
significant removal of As, Se, V, or Fe within the initial 250 BV of the treatment, prompting
the discontinuation of further testing with the unmodified carbon block. In contrast, Figure
5b demonstrates the simultaneous removal of these metals, including arsenic, by the THO-
impregnated carbon block. While selenium removal was not as efficient as arsenic removal,
the THO carbon block achieved substantial removal of vanadium and iron. The removal

of iron is advantageous for two reasons. Iron can contribute to aesthetic issues such as tap
water color and staining. Additionally, the removal of iron by the THO carbon block may
potentially enhance arsenic removal through the coprecipitation of arsenic with pre-existing
iron present within the pores of the carbon block.% In fact, the irregular shape of the
breakthrough curve for arsenic may be attributed, in part, to the adsorption of arsenate

onto the removed iron. Simultaneous removal of vanadium is the other advantage of the
impregnated carbon block. While vanadium does not currently have the United States
Environmental Protection Agency (USEPA) MCL, recent research indicates that vanadium
is an emerging drinking water contaminant that raises health concerns.> Overall, the
integrated features involved in Sous vide impregnation resulted in the proper formation

of amorphous THO inside the carbon block’s pores, comparable to the THO formed through
the conventional Teflon-sealed autoclave approach.

3.4. Chemical Precursor Consumption in integrated Sous vide vs Conventional Synthesis

Approaches

The impregnation technique used in this study addresses a critical need in terms of reducing
chemical waste, resulting in a more affordable and environmentally friendly process. Table
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1 provides a comparison of the total volume of chemicals required for impregnating a
carbon block using the conventional autoclave method versus the Sous vide technique.
Concerning the volume of the small 17 cm?3 carbon block piece and a full-size carbon
block filter (480 cm3), impregnation of the full-size carbon block via the conventional
autoclave method requires 3,887 mL of synthesis solution (details are explained in the Sl).
In contrast, impregnation within a flexible pouch consumed only 1,150 mL of synthesis
solution, which is 70% lower than the volume required for conventional impregnation. This
significant reduction in chemical consumption translates to higher affordability and a more
sustainable process. Overall, the current integrated impregnation technique successfully
produces a THO-impregnated carbon block with comparable arsenic removal performance
to conventional impregnation, utilizing a 70% lower volume of precursor chemicals. This
reduces the costs of the initial chemicals but also the costs and impacts of disposing of
residual chemicals after the synthesis of the THO-impregnated carbon block is completed.

Environmental Implications

Amorphous THO-impregnated carbon block modules have been demonstrated as reliable
point-of-use (POU) filters for the effective removal of arsenic from drinking water, with

no adverse effects on the hydraulic flow rate or leaching of precursor materials. THO-
impregnated carbon block continued the ability to remove trace organics.1® The application
of the integrated impregnation technique that involves applying a vacuum, impregnation
inside a flexible pouch, sealing the container, and heating inside a water bath successfully
eliminates trapped oxygen, allowing the synthesis solution to penetrate the carbon block
pores. The absence of air and the homogenous reaction environment provided by the hot
water bath contribute to the even distribution of THO particles with ~13 wt.% Ti within the
carbon block pores without obstructing water pathways or causing a significant hydraulic
pressure drop.

The modified carbon block exhibits promising performance in removing arsenate, arsenite,
and other hazardous oxo-anions and metals from both spiked tap water and actual
groundwater, comparable to conventional bench-scale autoclave methods. The capability
of the developed THO-impregnated carbon block in the efficient removal of both arsenate
and arsenite from very low concentrations of the feed water makes the technology
outstanding compared to the existing iron-based adsorbent media. This is particularly of
high importance since several governments are seeking lower MCL for arsenic in drinking
water.57 Therefore, the development of such filters that can adsorb both arsenate and arsenite
in super-low concentrations is an emerging necessity. The appropriate sol-gel reaction
progression inside the vacuum bag results in a chemical binding between THO and the
carbon surface, preventing Ti from leaching during water flow. Additionally, the integrated
impregnation process reduces chemical consumption by 70%, offering a more sustainable
and affordable approach for modifying carbon block filters with amorphous THO.

Currently, there are commercially available POE and POU arsenic removal systems (e.g.,
AdEdge Bayoxide® E33 Arsenic Filter and AD4510S AdEdge Arsenic Removal Water
Filter), with many of them utilizing iron-based granular adsorbent media. These iron-based
POU systems typically serve a single function, specifically the removal of arsenic, and do
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not address the removal of organic pollutants or taste/odor compounds. Impregnating metal
(hydr)oxides into an activated carbon block enables the development of a multi-functional
POU system. This is a significant advantage in reducing the overall space requirements
beneath the sink. In unpublished work by our lab, an evaluation of a commercially available
iron-impregnated carbon block obtained from Asia indicated the prolonged release of
soluble iron, at levels above the secondary maximum contaminant level of 0.3 mg/L, into
the treated water. Iron release had adverse aesthetic effects of POU systems. In contrast,
impregnating the carbon block with THO did not result in any titanium leaching and Ti level
in the effluent was always below 1 pg/L.

Other POU designs capable of removing arsenic that use nanofiltration or reverse
osmosis often exhibit low water recovery (~30%)4 and discharge arsenic to the sewer

or septic system. These membrane-based POU systems also require cartridge filters and
carbon block pretreatment to remove particulates and disinfectant residuals. Additionally,
they demand significantly more space than a single THO-carbon block cartridge. In
contrast to membrane-based POU systems, carbon block POU designs that have zero
liquid waste and dispose of solid waste containing arsenic (i.e., spent carbon block) to
landfills. Consequently, the THO-carbon block presented in this study offers a substantial
improvement over other POU systems for arsenic removal. Future research is required to
study the potential application of the same technique for retrofitting other types of porous
media with different dopants or target contaminants, which could expand the range of water
treatment options available.
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Synopsis

A four-in-one vacuum-seal method was adapted into a material science technique to
synthesize amorphous metal (hydr)oxides within the pore space of the most widely
utilized point-of-use drinking filter systems to enable the co-removal of arsenic and other
co-contaminants.
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Figure2.
XRD spectra of the produced THO using Sous vide and conventional autoclave approaches

compared with a reference TiO».
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Figure 3.
Backscatter electron images and the correlated EDX Ti elemental mapping acquired from

the bottom (left), middle (middle), and top (right) of the impregnated carbon block. Black
and white images show the backscatter electron images acquired from the carbon block’s
cross-sections, and the blue spots show the Ti immobilized on the surface of the same
cross-section as the acquired backscatter electron image.
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Linearized Freundlich isotherm fitting obtained from pseudo-equilibrium batch experiments
results for arsenate and arsenite adsorption with amorphous THO. Experimental conditions:
Co(As) = 15 uM spiked in Tempe tap water, conductivity = 1,368 uS/cm, pH=7.9,and T =

23+1°C.
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Arsenate and arsenite breakthrough curves for THO-impregnated carbon block in Tempe tap
water spiked with Cy(As) = 100 pg/L and Cy(As) = 10 ug/L, conductivity = 1,368 uS/cm
andpH=7.9, EBCT =048 minand T =23+ 1 °C (a), and Se, V, Fe, and As breakthrough
curves for THO-impregnated carbon block in actual groundwater with Co(As) = 36 pg/L,
Co(V) =6 pg/L, Co(Se) = 9 ug/L, Co(Fe) = 7 ug/L, conductivity = 1,132 uS/cm and pH =
8.2, EBCT =0.48 min,and T =23 + 1 °C (b).
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Table 1.

Total chemicals consumption in each impregnation technique for different volumes of the carbon block

Carbon block Total chemicals

Impregnation method volume (cm3)  consumption (mL)

Conventional autoclave method 17 68.2
Conventional autoclave method with 2 full-size carbon blocks 960 3,887
Theintegrated method with 2 full-size car bon blocks 960 1,150
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