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HIGHLIGHTS GRAPHICAL ABSTRACT

A novel TiO»-doped cementitious compos- R
ite (TCC) was fabricated for As(V) removal.
Ratios of TiO,-to-cement and water-to-
cement are the dominant factors in As(V)
removal.

A sewer made of TCC was set up and
decontaminated As(V) from the following
water.

Both precipitations with calcium and
adsorption on TiO, contribute to As(V)
removal.

Adsorption of As(V) on TiO, is more sig-
nificant at lower As concentration.
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ARTICLE INFO ABSTRACT

Editor: Xinbin Feng Arsenate (As(V)) in municipal wastewater leads to a public health problem due to its contamination of natural water
sources. Here, we proposed to use sewer pipe made of TiO»-doped cementitious composite (TCC) for As(V) removal

Keywords: from municipal wastewater. The optimum composition of TCC, the performance for As(V) removal in the simulated

Arsenate ) sewer system, and the molecular-level As(V) removal mechanisms were investigated. To obtain the optimum compo-

gfg; entitious composite sition, variables were adjusted to maximize the As(V) removal using TCC. Results show that the TiO, and water con-

Adsorption tents were the dominant factors. Simulated sewer pipes made of TCC removed As(V) from 100 pg/L to <10 pg/L,

Precipitation which performed better than plain cementitious composite. Moreover, extended X-ray absorption fine structure
(EXAFS) analysis indicates that both precipitation and adsorption contribute to the As(V) removal by TCC, while the
adsorption is more significant with a lower As(V) concentration (i.e., 1 mg/L). This is the first study evaluating the fea-
sibility to apply TCC for As(V) removal from sewer wastewater. The optimized composition, simulation results, and
molecular-level mechanism gained from this study are useful to the future design of TCC for As(V) removal, especially
for sewer systems.

1. Introduction

Arsenic (As) contamination has attracted intensive attention due to its

* Corresponding author at: Department of Civil, Environmental and Ocean Engineering, worldwide presence and .h%gh toxicity (Abdul et al., 2015; P_ena .et al,
Stevens Institute of Technology, 1 Castle Terrace Point, Hoboken, NJ 07030, USA. 2005). About 94 to 220 million people were exposed to water with high As
E-mail address: qshi4@stevens.edu (Q. Shi). concentrations (Podgorski and Berg, 2020). The problem is more serious in
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developing countries, such as Bangladesh, India, Vietnam, Chile, Iran, and
China (Amini et al., 2008; Brammer and Ravenscroft, 2009; Eslami et al.,
2022), and also about 2.1 million people in the United States are affected
by As-contaminated water (Ayotte et al., 2017). As is a naturally occurring el-
ement in groundwater but also exists at high levels in many other water sys-
tems because of anthropogenic activities, e.g., mining, smelting, glass
manufacturing, and agricultural process (Andrianisa et al., 2008; Singh
etal, 2015).

Arsenic (As) has been detected in different types of municipal wastewater
and mainly exist as arsenate (As(V), accounts for 41.7-74.3 % of the total As)
(Zhai et al., 2020), which endangers human health. However, while numer-
ous studies have been reported regarding the As(V) removal from groundwa-
ter and mining wastewater, there are limited reports on As(V) removal from
municipal wastewater. Hence, this study proposes to remove As(V) using a
sewage pipe fabricated with a cementitious composite. This method is ex-
pected to be convenient to implement in the existing sewer systems and capa-
ble of significantly reducing As(V) from municipal wastewater.

To achieve this goal, a cementitious composite with high efficacy of
As(V) removal. It was already reported that cement can remove As(V) from
water (Kundu et al., 2004). Moreover, iron oxides were used to modify ce-
ment to improve its efficacy (Kundu and Gupta, 2006a), because of the high
As(V) removal ability of iron-based materials (Eslami et al., 2019; Eslami
et al., 2018; Eslami et al., 2020). Nevertheless, the removal mechanisms
were not clarified in these studies, which limits the understanding and fur-
ther improvement of this kind of adsorbent. Meanwhile, nano-TiO, and
nano-TiO,-based materials were widely used to remove inorganic and or-
ganic As(V) with high efficacies (Pena et al., 2005; Jing et al., 2005; Bang
etal., 2011). Therefore, it is envisioned that a type of TiO,-doped cementi-
tious composite (TCC) is a promising adsorbent to remove As(V) from sew-
age systems.

However, it remains unclear how the combination of concrete and TiO,
particles performs in As removal. It is also unknown whether TiO,-doped
concrete will gain desired performance in As(V) removal from municipal
wastewater while retaining desired mechanical properties. This research
aims to evaluate the effects of concrete doped with TiO, nanoparticles on
the performance of As(V) removal and its mechanical properties, as well
as understand the underlying mechanisms. Specifically, there are three
main objectives: (1) The effects of mixture design variables of TCC on
the As(V) removal performance and the mechanical properties are
evaluated, and the underlying mechanisms of the changes of mechanical
properties are investigated. (2) The As(V) removal mechanisms by TCC,
i.e., distinguishing the adsorption and precipitation. (3) The performance
of TCC in removing As(V) from municipal wastewater in a simulated sew-
age pipe under a flowing condition.

In this study, to achieve these objectives, a total of nine cementitious
composite mixtures were designed and tested. The mechanical properties
and the hydration kinetics of TCC were investigated. Then, the As(V)
removal performance was evaluated in different aspects: (1) The As(V)
removal efficacy was evaluated by the single-point test, kinetic test, and
isotherm test. (2) The effects of coexisting anions and reusability of TCC
were tested. (3) The performance of TCC in a simulated sewer system
made using TCC was tested as a potential use case. Finally, to elucidate
the mechanisms, the pore structure of TCC was evaluated by mercury intru-
sion porosimetry (MIP) and its relationship with As(V) adsorption was an-
alyzed, and the adsorption configuration and possible precipitation were
identified by X-ray absorption spectroscopy (XAS). Overall, this study eval-
uates the feasibility to apply TCC for As(V) removal in a sewer system by
evaluating the As removal performance at different scales and exploring
the microstructural and molecular-level mechanisms of As(V) removal.

2. Materials and methods
2.1. Preparation of cementitious composite

TCC was prepared with Type I Portland cement, river sand (Whibco of
New Jersey, USA), tap water, high-range water reducer (BASF
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MasterGlenium® 7620, USA), and nano-TiO,, particles (Aeroxide® P25,
Evonik, USA). The chemical properties of the tap water used in this study
are shown in Table S1 in the Supplementary data. The chemical composi-
tion and the specific gravity of the cement are shown in Table S2. The
particle size distribution of the river sand is shown in Fig. S1. The
main characteristics of the nano-TiO, particles are shown in Table S3.
The morphology of the nano-TiO, particles observed by Scanning elec-
tron microscopy (SEM) is shown in Fig. S2. A polycarboxylate-based
high-range water reducer (HRWR) was used to improve the flowability
of the mixtures.

For the mixture design, four variables were investigated, namely, TiO»-
to-cement ratio (Ti/c), water-to-cement ratio (w/c), sand-to-cement ratio
(s/c), and lightweight sand content (LWS). These four variables were se-
lected because (1) The nano-TiO, content directly affects the As(V) adsorp-
tion performance; (2) Ti/c, w/c, s/c, and LWS are the factors affecting
the composition and the microstructures of cementitious composites,
which in turn affect the mechanical properties and As(V) adsorption of
TCC.

Nine mixtures were investigated (Table 1): Mixture 1 (M1) was a plain
cementitious composite without nano-TiO,, which was tested as the con-
trol. Mixtures M2, M3, and M4 had different Ti/c. According to preliminary
tests, mixtures with different w/c (M5 and M6), s/c (M7 and M8), and LWS
content (M9) were prepared with a fixed Ti/c of 0.05.

A 5-L mixer (Hobart N50 mixer) was used to fabricate the mixtures in
four steps: (1) mix ingredients and sand at 60 rpm for 90 s; (2) add 80 %
of the required amount of water and mix at 120 rpm for 120 s; (3) add
the rest 20 % of water and mix at 120 rpm for 60 s; (4) scrap the
mixer and mix for another 60 s. The temperature was controlled at
20 °C.

Cubic specimens with a side length of 50 mm were cast in molds and
placed on a vibrating table. Inmediately after casting, the specimens
were covered by wet burlap and a plastic sheet. The cubic specimens
were demolded after 1 d and then cured in lime-saturated water at room
temperature (23 = 2 °C) until the age of testing.

2.2. Properties of cementitious composites

The rate and extent of hydration were evaluated using an isothermal
calorimeter (Calmetrix I-Cal 4000 HPC). About 60 g of fresh suspension
was sealed in a plastic vial and placed into the calorimeter at 25 °C. The
heat of hydration was continuously measured from 2 min after mixing
and continued to 48 h. The results were normalized by the mass of the
binder.

The compressive strength of these samples was measured after 1 d, 7 d,
and 28 d of standard curing using 50-mm cubes with a loading rate of
1.8 kN/min, according to ASTM C109 (Standard Test Method for Compres-
sive Strength of Hydraulic Cement Mortars).

The phases in the hardened cementitious composite were evaluated
using a thermal analyzer (model: TA® TG55). Around 20 mg of dried pow-
der crushed from cubic samples were tested. The temperature was pro-
grammed from 20 to 1000 °C at a speed of 10 °C/min with a 30 mL/min
flow of nitrogen gas.

Table 1
The mass ratios in the investigated mixtures.

Designation =~ Cement Water River LWS Nano-TiO, Water Note
sand reducer

M1 1 0.4 1 0 0 0.005 Control

M2 1 0.4 1 0 0.025 0.005 Ti/c

M3 1 0.4 1 0 0.05 0.005

M4 1 0.4 1 0 0.1 0.005

M5 1 0.2 1 0 0.05 0.005 w/c

M6 1 0.6 1 0 0.05 0.005

M7 1 0.4 0.5 0 0.05 0.005 s/c

M8 1 0.4 1.5 0 0.05 0.005

M9 1 0.4 0.5 0.34 0.05 0.005 LWS
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2.3. Adsorption tests

Batch adsorption experiments including single-point, kinetics, and iso-
therms were conducted to evaluate the adsorption efficacy of the cementi-
tious composite adsorbents. For the batch experiment, the mixture was
ground into powders as adsorbent and then mixed with As(V) solutions
on a rotator at 30 rpm for the designed time. Then the solutions were
centrifugated at 9000 rpm for 10 min, separated, and acidified using
HNOs. Finally, the As concentrations were measured by graphite furnace
atomic absorption spectrometry (GFAAS, Agilent Z240, U.S.).

For the single-point test, 0.05 g mixture was added into a 50 mL 1 mg/L
As(V) solution and mixed for 24 h. The As(V) solution was prepared by di-
luting the 1 g/L As(V) stock solution using tap water, and the pH was main-
tained at 6.8-7.2. Triplicate tests were conducted.

Three mixtures were selected based on the single-point test for further
kinetic and isotherm studies. According to the preliminary tests, the kinet-
ics was conducted by mixing 10 g/L mixtures with 1 mg/L As(V) solution.
Samples were taken at the designated time, i.e., after mixing for 10 min,
30min, 1h,2h,4h,8h,16h,24h, 36 h, 48 h, and 72 h. For the isotherm
study, 0.2-20 g/L mixtures were mixed with 1 mg/L As(V) for 72 h to inves-
tigate the As(V) removal ability of these three selected mixtures. For all
batch tests, the final pH of the As(V) solutions was within 6.8-7.2.

2.4. Effects of the presence of coexisting anions

To investigate the possible competitive effects of coexisting anions,
As(V) removal tests on mixtures M1, M3, and M6 were conducted in the ab-
sence and presence of phosphate (PO3 ), sulfate (503 ), bicarbonate
(HCO3), or silicate (SiO27). The concentrations of As(V) and these co-
existing ions were all 1 mg/L, while the concentrations of M1, M3, and
M6 were all 1 g/L. The mixing time was 72 h. Triplicate tests were
conducted.

2.5. Reusability test

To evaluate the reusability of TCC for As(V) removal, the TCC used in
the batch tests was regenerated by the NaOH solution and reused for
three cycles. Specifically, the solid mixture after As(V) adsorption was sep-
arated by centrifugation and mixed with 10 mL 1 M NaOH for 1 h. Then, the
solid was separated from NaOH and washed with 20 mL DI water three
times for reuse.

2.6. Simulated sewer test

To simulate a sewer system, a small-scale flowing channel (Fig. S3) was
designed to investigate the efficacy of the proposed TCC on As(V) removal.
The simulated sewer system is an opening channel with a length of 1 m, a
slope of 1/50 (height/length), and a cross-section of 25.4 X 25.4 mm. Dur-
ing the experiment, the solution of 100 pg/L As(V) was pumped using a
peristaltic pump into the channel at a flow rate of 1 mL/min. Samples at
the end of the channel were collected five times per day in the first 2 d,
and then twice per day until the breakthrough.

2.7. Characterizations

The porosity and pore size distribution of the samples were determined
using mercury intrusion porosimetry (MIP) (Anton Paar Poremaster, USA).
For each investigated mixture, about 1 g of samples with the size of 5 mm x
5 mm X 5 mm were tested. The applied pressures ranged from 0.1 to
400 MPa.

The morphology of TCC M3 was investigated by SEM (Zeiss Auriga FIB/
SEM, USA). The distribution of the Ti was captured by energy-dispersive X-
ray spectroscopy (EDS) mapping. Cubic samples with the size of 20 x 20 x
20 mm were cut from the cubic specimens using a concrete saw at 28 d. The
samples were vacuum-dried and then embedded in epoxy resin. The sam-
ples were hardened and polished with silicon carbide papers. Results in
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Fig. S4 show that Ti element distributes evenly in the TCC, implying that
nano-TiO, particles are uniformly dispersed.

To study the precipitation and adsorption of As(V) on TCC, As K-edge
(11,867 eV) XAS was collected at beamline 9-BM at the Advanced Photon
Source (Argonne National Laboratory, United States). An energy range of
—200 eV to 14 k relative to the As K-edge was used to acquire spectra in
fluorescence mode with a 4-element vortex silicon-drift detector or trans-
mission mode according to the adsorbed amount of As on these samples.
Thirteen scans were collected for each sample and averaged to improve
the signal/noise ratio. The spectra were first processed by ATHENA and
then simulated using a FEFF shell-by-shell fitting using ARTEMIS
(Newville, 2001; Ravel and Newville, 2005), in line with our previous stud-
ies (Zhang et al., 2020; Shi et al., 2020), and the details are described in
Text S1.

3. Results and discussion
3.1. Mechanic properties of TCC

The rate of heat evolution for the cementitious composites of M1
(Ti/c = 0), M2 (Ti/c = 0.025), M3 (Ti/c = 0.05) and M4 (Ti/c = 0.1)
were investigated by the heat flow (Fig. 1A). Results indicate that the max-
imum heat flow (peak) of M2 (7 h), M3 (6 h), and M4 (5 h) occurred earlier
than that of M1 (12 h). Also, the intensities of heat flow for M2 (9.8 mw/g),
M3 (10.8 mw/g), and M4 (11.8 mw/g) were higher than that for M1
(7.2 mw/g). The peak of the heat flow results from cement hydration
(Zhenhai et al., 2017). Hence, the results imply that the increase of Ti/c
accelerated cement hydration. The acceleration of cement hydration
leads to more hydration products, enhances the mechanical properties,
and densifies the microstructures of TCC.

Similarly, TCC (M2, M3, and M4) released more cumulative heat in the
first 10 h than M1 (Fig. 1B). M2 released the highest cumulative heat
among these four materials. The released heat from cementitious composite
comes from cement hydration. In this case, M2 has a lower cement content
(41 %) than M1 (42%), but released higher heat, because the grain bound-
ary region was densely populated and transformed completely early in the
presence of TiO, nanoparticles (Chen et al., 2012). Among these three TCC
materials, M3 and M4 showed lower cumulative hydration heat than M2,
because of their lower cement content (40 % and 39 % for M3 and M4, re-
spectively) and agglomeration of nano-TiO, (Jiang et al., 2021).

The compressive strength of these four mixtures is presented in Fig. 1C.
As expected, the compressive strengths of M2 (71 MPa), M3 (66 MPa), and
M4 (64 MPa) at the curing age of 28 d were significantly higher than that of
M1 (55 MPa). However, although M3 and M4 had higher Ti/c (0.05-0.1)
than M2 (0.025), the compressive strengths of M3 and M4 were lower
than that of M2, agreed well with the hydration kinetic results (Fig. 1-A
and B).

The hydration products of M1, M2, M3, and M4 are analyzed by the
thermogravimetric analysis (TGA, Fig. 2-A and B). The contents of bonded
water and Ca(OH), were determined as the weight loss at 105-400 °C
(Fig. 2-C) and 400-500 °C (Fig. 2-D), respectively (Qin et al., 2018). Over-
all, the incorporation of nano-TiO, into M2 (Ti/c = 0.025) significantly in-
creased the amount of Ca(OH), (from 8.6 % in M1 to 10.0 % in M2) and
bonded water (from 4.3 % in M1 to 5.7 % in M2), indicating that the hydra-
tion reactions were facilitated. With the increase of Ti/c from 0.025 (M2) to
0.1 (M4), the effect was compromised, consistent with the conclusion from
the analyses of hydration heat and compressive strength (Fig. 1).

3.2. As(V) removal performance

Single-point tests were conducted to evaluate the As(V) removal perfor-
mance of these nine mixtures (Fig. 3-A). M1, M2, M3, and M4 were de-
signed to investigate the effect of Ti/c. The As(V) removal decreased from
43 % by M1 to 26 % by M2 (Ti/c of 0.025). The low As(V) removal by
M2 might result from the filler effect of nano-TiO particles, which densifies
the microstructure and thus partially blocks the penetration of As(V)
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Fig. 1. Heat flow (A) and cumulative heat (B) for the hydration of mixtures with different Ti/c, and the corresponding compressive strength (C) at different curing ages.

solution into the internal TCC (Chen et al., 2012; Meng et al., 2012).
However, as the Ti/c increased to 0.05 (M3), the As(V) removal was signif-
icantly improved to 57 %, because the TiO, content was doubled and the
filler effect was compromised, in agreement with the results of hydration
heat, compressive strength, and hydration products (Section 3.1). Com-
pared with M3, the Ti/c in M4 (0.1) was doubled but the As(V) removal in-
creased slightly from 57 % to 65 %, indicating that the TiO, content might
have already reached the limit.

With the increase of w/c from 0.2 of M5 to 0.4 of M3, and to 0.6 of M6,
the As(V) removal increased from 8 % by M5 to 26 % by M3, and 62 % by
M6, respectively. Therefore, the As(V) removal efficiency was enhanced
with the increase of w/c, due to the promoted porosity.

The increase of s/c from 0.5 of M7 to 1 of M3 enhanced the As(V)
removal by 14 % (i.e., from 43 % by M7 to 57 % by M3), because of the
increased porosity. However, while the s/c reached 1.5 in mixture M8,
the As(V) removal was reduced to 43 %, because the excessive sand content
in M7 (s/c of 1.5) reduced the percentage of nano-TiO,, which conse-
quently compromised the As(V) adsorption by TCC.
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The replacement of LWS with river sand (50 % by volume) in M9
weakens the As(V) removal from 57 % by M3 to 32 % by M9. This decrease
is attributed to more hydration products and reduced porosity of M9 be-
cause of the internal curing by LWS (Jiang et al., 2021; Cusson and
Hoogeveen, 2008).

Overall, the single-point test indicates that the Ti/c and w/c dominate
the As(V) removal. Considering the cost and efficacy, mixtures M3 and
M6 were selected for the subsequent studies, and M1 was used as the
control.

The kinetic behavior of As(V) adsorption by M1, M3, and M6 was inves-
tigated and shown in Fig. 3-B. The adsorbed As(V) increased fast in the first
hour and reached equilibrium within 24 h. pseudo-first-order are used to fit
these data (Text S2). The fitting results in the linear form are shown in
Fig. S5 and Table S4. For these three cases, the data were fitted better by
the pseudo-second-order model (R? = 0.995-0.999) than the pseudo-
first-order model (R* = 0.595-0.693), suggesting the rating-limit step for
As(V) removal is the chemical adsorption process (Ho and Mckay, 1999).
The fitting results showed that the adsorption rate of these three mixtures
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Fig. 2. TGA test results for M1, M2, M3, and M4: (A) the cumulative mass loss, (B) the differential mass loss, (C) the content of bounded water, and (D) the content of Ca(OH)s.
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and equilibrium pH = 6.8-7.2).

follows the order: M6 (k, = 77.8 gmg ™' min~ ") > M3 (k, = 22.2gmg "
min~Y) > M1(k, = 16.2 g mg_1 min~b).

The isotherms were conducted to investigate the As(V) adsorption ca-
pacities of M1, M3, and M6 (Fig. 3-C) and were fitted using Freundlich
and Langmuir models (Text S3), which have been widely used for the iso-
therm model fitting (Kundu and Gupta, 2006b; Naraghi et al., 2018;
Afsharnia et al., 2016). The Freundlich model fitted the data better (R? =
0.849-0.970, Fig. S6 and Table S5) than the Langmuir model (R? =
0.292-0.751), in line with a previous study (Kundu and Gupta, 2006b).
Based on the isotherm results, the As(V) adsorption capacities of these
three materials follow the order of M6 > M3 > M1, in line with the adsorp-
tion rate obtained from the kinetic results (Fig. 3-B).

3.3. Effects of coexisting anions

The effect of coexisting anions (i.e., PO4, SO4, HCO3, and SiO3) on As(V)
removal by M1, M3, and M6 was investigated (Fig. 3-D). Disregarding the
presence of these anions, As(V) removal by M1, M3, and M6 was between
93 % and 97 %, indicating that the coexisting anions had an insignificant
effect on the As(V) removal. This result agreed well with a previous report
(Kundu and Gupta, 2006c), in which the coexisting ions had no noticeable
effect on arsenite removal by iron oxides coated cement.

3.4. Reusability analysis

The reusability of TCC for As(V) removal by TCC was evaluated by re-
generation tests using 1 M NaOH (Fig. 4). After the first regeneration, the
As(V) removal decreased significantly from 92 to 96 % to 57-73 %
(Fig. 4-A), and further to 38-55 % in the fourth cycle, indicating an

uncompleted regeneration. Notably, in the fourth cycle, the As(V) removal
by M3 (55%) and M6 (50%) was much higher than M1 (38%). In addition,
the eluted As(V) percentage from M3 (58%, Fig. 4-B) was also higher than
the other two types of cementitious composite.

It was reported that As(V) was precipitated with Ca in the cement
(Kundu and Gupta, 2008; Jing et al., 2003), while nano-TiO, has a high
binding affinity to As(V) for the adsorption (Pena et al., 2005; Dutta
et al., 2004). Generally, NaOH solution works well for desorbing the
adsorbed As(V) but not for precipitated As(V). Therefore, NaOH can desorb
the adsorbed As(V) on nano-TiO, in M3 and M6 but not for precipitated
As(V) in these three mixtures, leading to a higher regeneration ability of M3
and M6 than M1. Overall, the results indicate that the addition of nano-
TiO, also improves the reusability of cementitious composite for As(V)
removal.

3.5. Application in a simulated sewer system

Three opening channels made of M1, M3, and M6 were employed to
simulate the real sewer system (Fig. S3). The As(V) concentrations de-
creased significantly after flowing through the channel (Fig. 5-A). In
terms of As(V) removal ability, M3 and M6 were better than M1. In the
first 7 h (Fig. 5-B), the effluent As concentrations of the M1 channel is
12-23 pg/L, while these of the M3 and M6 channels are lower than
10 pg/L (the WHO drinking water standard). The effluent As(V) of M3 and
M6 channels is still lower (65-73 pg/L) than that of the M1 channel
(75 pg/L) until 50 h. Overall, the TCC-sewer (M3 and M6) with a length of
1 m and a diameter of 25.4 mm can treat 0.42 L water containing 100 pg/L
As(V) to a safety As(V) level (i.e., < 10 pg/L), while the plain cement cemen-
titious fails. It is important that the incorporation of nano-TiO, further
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Fig. 4. Regeneration of M1, M3, and M6: (A) As(V) removal and (B) eluted As(V) in each cycle. (As(V) = 1 mg/L; M1, M3, and M6 = 1 g/L; adsorption time = 72 h;

desorption time = 1 h, equilibrium pH = 6.8-7.2).

reduces waste water the residual As(V) from 12 to 23 pg/L to 10 pg/L,
which might result from the higher adsorption affinity of TiO, rather
than plain cement cementitious. To further confirm this hypothesis, we fur-
ther conducted mechanistic study in the following section.

3.6. Mechanistic analysis

The pore size distributions of M1, M3, and M6 (Fig. 6-A) show that the
total pore volume of M1 (0.069 mL/g) is higher than M3 (0.045 mL/g) and
M6 (0.062 mL/g). The differential pore size distribution (Fig. 6-B) indicates
that the pore size of M3 and M6 is smaller than M1. Herein, it can be con-
cluded that the addition of nano-TiO, reduced the porosity of the cementi-
tious composite, while the increase of w/c promoted the porosity. With a
greater porosity, As(V) solution is easier to penetrate the surface of TCC,
thus enhancing the As(V) removal, evidenced by the better removal perfor-
mance of M6 than that of M3. Therefore, with fixed nano-TiO, content, a
larger w/c is favored for TCC design in terms of As(V) removal.

To explore the removal mechanisms, samples of M1, M3, and M6 after
mixing with 1 and 100 mg/L As(V) solutions were characterized by the ex-
tended X-ray absorption fine structure (EXAFS) analysis (Fig. 7 & Table S6).
The first Fourier transformed (FT) peaks in R-space for all these samples
(Fig. 7-B) are at the same position, which is attributed to four oxygen
(O) atoms surrounding As atom with a bond length of 1.69 A (Table S6).
However, while only a second FT peak is observed for M1 samples after
mixing 100 mg/L As(V) solution (M1-100 mg/L), an additional FT peak ap-
pears for all other five samples.
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Specifically, only one second-shell of Ca is found for M1-100 mg/L,
which is fitted with 5.9 Ca atoms with an interatomic distance to As(V)
(dca_ns) of ~3.7 A (Fig. 7-B and Table S6). These values agreed well
with the local environment around As(V) in the Ca—As precipitation
(i.e., CaHAsO, (Ferraris and Chiari, 1970), Fig. 7-D), suggesting that the
precipitation is the major removal mechanism under this condition. For
samples of M3-100 mg/L and M6-100 mg/L, the fitting results reveal an
additional shell of 0.2 Ti atoms with dr;.as of 2.95-3.05 A. These results
imply that partial As(V) might be adsorbed onto TiO,. However, the low
CN of Ti (i.e., 0.2) indicates that the fraction of adsorbed As(V) accounts
for ~10 % of totally removed As(V). Therefore, the majority of removed
As(V) still exists as precipitated As(V).

For concrete samples mixed with 1 mg/L As(V), the additional FT peak
of M1 samples results from 1.8 Ca atoms with a dc, a5 of 2.99 A. This short
dca.as is in line with adsorbed As(V) on calcite (Bardelli et al., 2011) (Fig. 7-
E), indicating the existence of As(V) adsorbed on calcite or other calcium
minerals. Meanwhile, the additional FT peak of M3 and M6 samples are
due to 2-2.1 Ti atoms with drj.s of ~2.9 fo\, suggesting a bidentate mono-
nuclear configuration (Fig. 7-F). Please note, the FT peak resulting from Ca
at ~3.6 A still exists for all these three samples. Hence, the Ca—As precipita-
tion is still involved in 1 mg/L As(V) removal by M1, M3, and M6 samples.

Overall, based on the EXAFS results, the major As(V) removal mecha-
nisms by TCC are the precipitation with Ca and adsorption by nano-TiO,.
The contribution from the adsorption by nano-TiO, is more significant
when the As(V) concentration is 1 mg/L. This result explains why the im-
provement of As(V) removal with the incorporation of nano-TiO- is more
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Fig. 5. Effluent As (A) after flowing through in the simulated sewer system (i.e., the flowing channel) made of M1, M3, and M6 (flow rate = 1 mL/min, the length of the
channel = 1 m, the diameter of the channel = 25.4 mm, influent As(V) = 100 pg/L). Part B highlights the effluent As in the first 20 h.
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significant at lower As(V) concentrations, which was observed in the iso-
therm study (Fig. 3-C).

3.7. Cost analysis

The cost of plain cementitious (M1) and TCC (M3 and M6) are calculated
based on the unit cost of the raw materials listed in Table S7 (Jiang et al.,
2022; Chiaia et al., 2014; Anonymous, n.d.) and the composition of these
three mixtures (Table S8). The calculated cost for M1, M3, and M6 are
61.5, 105.1, and 97.2 USD/ton (Table S9). As stated in Section 3.3, a 1-m
long and 2.54-cm diameter sewer made of M3 and M6 can treat 0.42 L
wastewater containing 100 pg/L As(V) (i.e., reduce As(V) to <10 pg/L,

the WHO standard), while that made of M1 has no such ability. The stan-
dard sewer pipe in the US is of 30-in. diameter and 3.75-in. thickness
(Astm, 2007), so the 1-m standard sewer pipe can treat 378 L wastewater
as it has 900 times contact area with wastewater. Hence, the additional
cost for arsenate removal from wastewater by M3 and M6 are 25.8 and
19.2 USD/m>, respectively. This value is comparable to commercially avail-
able adsorptive materials (0-299 USD/m?® (Shan et al., 2019)). Moreover,
there is no additional procedure required for sewer made of TCC to treat
municipal wastewater. Therefore, the cost of labor and equipment are
nearly zero, while traditional technologies need labor and some set-up to
operate. Therefore, this technology is practically useful in terms of As(V)
treatment ability and the economic cost.
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Fig. 7. Normalized k*-weighted experimental (symbols) and simulated (lines) As K-edge EXAFS for M1, M3, and M6 after mixing with the solutions in the presence of 1 or
100 mg/L (A), the corresponding Fourier transformed magnitude (B) and real parts of Fourier transform (C). The FEFF fitting results are listed in Table S6. Molecular
illustration of the Ca—As precipitate (D) and adsorbed As(V) on calcite (E) and TiO, (F).
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4. Conclusions

This study investigates the effects of using TCC on removing As(V) from
wastewater and the underlying mechanisms using EXAFS at the molecular
level. The mixture design variables of TCC were evaluated. Flowing chan-
nels made using TCC were used to simulate sewer systems for evaluation
of the As(V) removal performance.

Based on the investigations, the following conclusions are drawn:

(1) The Ti/c and w/c dominated the As(V) removal performance. The TCC

mixture with Ti/c of 0.05 and w/c of 0.6 was the optimum mixture for

As(V) removal, which removed 62 % from a 1 mg/L As(V) solution in

24 h.

Sewers fabricated with TCC effectively decontaminated As(V) from

flowing water. With the addition of nano-TiO,, As(V) removal effi-

ciency increased significantly in the first 7 h, where the effluent As(V)
was reduced to <10 pg/L.

(3) Precipitation with Ca and adsorption on TiO, occurred simultaneously
when TCC was used for As(V) removal. Adsorption was more signifi-
cant when the As(V) concentration was low (i.e., 1 mg/L). Incorpora-
tion of nano-TiO, promoted As(V) removal.

(2

—

This study will advance future research on removing As(V) using ce-
mentitious composites, especially from municipal wastewater by sewer sys-
tems. The revealed mechanisms elucidate the roles of nano-TiO, and
mixture design variables of TCC, which helps tailor TCC for As(V) and
other hazardous oxyanions removal under different conditions.
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