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ARTICLE INFO ABSTRACT

Editor: Stefanos Giannakis Disinfection of drinking water is a fundamental step towards the protection of public health. Particularly,
chlorine dioxide is one of the most important disinfection methods applied in public water systems. However,
some unwanted and potentially toxic by-products (chlorite-ClO3 and chlorate-ClO3) can be generated during this
process. Thus, the European Union (EU) has recently set a permissible maximum concentration of 0.25 mg-L ™!

for both ClO3z and ClO3 in the water intended for human consumption. Nevertheless, the existent strategies
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Disinfection by-products proposed for the elimination of these oxyanions present important limitations for their large-scale application.
Chlorates Here, we propose the ClO3 and ClO3 adsorption by two granulated activated carbons modified with five different
Chlorites alkyl quaternary ammonium-based surfactants, exhibiting a large affinity for inorganic anions. A granulated

activated carbon modified with hexadecylpyridinium chloride monohydrate (CPC@CAG1) was selected as the
most efficient adsorbent, achieving an excellent oxyanions removal (>99 and 80 + 0.5% of ClO3 and ClO3 in
only 2 h, respectively). Finally, the ClOz and ClO3 elimination was evaluated using a continuous flow under
realistic conditions (drinking water from a real treatment plant and 12 min empty bed contact time (EBCT)),
reaching a very high oxyanions removal efficacy for 4 cycles of 160 h-each, thus envisioning the future real
application of this adsorbent in water disinfection treatments.

1. Introduction

Disinfecting water is the most common process used in drinking
water treatment plants (DWTPs), which mainly aims to oxidize organic
matter and deactivate harmful bacteria, viruses and other pathogens [1,
2]. Among disinfection methods, chlorination (i.e., Cly, NaClO) and/or
chlorine dioxide (ClO5) are widely applied because of their outstanding
oxidizing power (99.99% bacteria and viruses can be eliminated with
only 6-70 mg-L '.min~1) [3]. However, these processes can further
generate unwanted and potentially toxic disinfection by-products (e.g.,
trihalomethanes (THMs) or haloacetic acids (HAAs)) from the reaction
of chlorine with organic matter, or chlorite (ClO3) and chlorate (ClO3)
through disproportionation of disinfecting reagents [4,5]. Despite the
low toxicity of these compounds (i.e., ClO3 oral median lethal dose in
rats (LDsg) > 3861 mg-Kg ! or in humans 50 mg-kg 1), recent studies

correlated their presence in drinking water with chronic illnesses [6].
Indeed, after long-term exposure, ClO3 and ClO3 may cause methemo-
globin, associated with the oxidative stress of the interconversion re-
action of Cl03, ClO3, and chloride in the gut [6]. Further, ClO3 can act as
a competitive inhibitor of iodine uptake in the thyroid glands, resulting
in hormonal disorders and related illnesses (e.g., hypothyroidism) [6,7].

In view of the above, the European Union (EU) has recently proposed
a permissible maximum concentration of 0.25 mg-L~! for both Cl03 and
ClO3 in the water intended for human consumption (Directive 2020/
2184) [8]. Particularly, the elimination of ClO3 via degradation is a
difficult task due to its high stability. Although the reduction of ClO3 is
thermodynamically favorable (EO(CIO},/Clz) = 1.468 V under acidic
conditions), this reaction is extremely complex as it presents a very slow
kinetics and occurs at low pH values, far from those found in drinking
water (pH = 6.5 - 8.5) [9]. On the other hand, ClO3 negatively affects the
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post-UV/chlorine process due to its strong radical scavenging effect, also
enhancing the formation of ClO3 [10,11]. Until now, different ap-
proaches have been proposed to eliminate ClO3 and ClO3 from drinking
water: adsorption (based on membranes, ion-exchange resins), reverse
osmosis, chemical reaction (heterogeneous catalysis) or biological pro-
cesses [12,13]. For instance, Fe(II) compounds are able to reduce the
ClO3 and ClO3 content in water up to 99 and 55%, respectively [14]. The
bioelectrochemical process using Dechloromonas agitate CKB bacteria
has also demonstrated to transform up to 5.7 g of ClO3-m ™ >.day ! to CI’
[15-18]. Further, heterogenous catalysts based on precious metals (e.g.,
Pt, Pd) remove up to 99% of ClO3 through hydrogenation reaction [19].
Although promising technologies for the chlorination by-products
elimination, their large-scale application is strongly limited by the
complex implementation and maintenance, high cost and/or poor
durability.

Porous materials constitute a relevant alternative since they combine
a high porosity and chemical stability with a low operation cost, easy
implementation, and large techno-economic feasibility. In particular,
activated carbon (AC) filtration is one of the most frequent processes
used in DWTPs (e.g., pre-oxidation, disinfecting stages) to adsorb
organic species, per- and polyfluoroalkyl substances (PFASs), free or
residual Cl, and, in general, compounds affecting odor and taste [20].
Further, ACs have demonstrated their ability to efficiently adsorb
several oxyanions, such as ClOz, NO3, or PO3, among others.[21,22]
However, the ClO3 and ClO3 elimination using ACs have been scarcely
studied [5]. In fact, only two reports, dating from 1983 and 1994, have
proposed granulated active carbon (GAC) for the elimination of ClO3
[23,24]. The first one reported the combined elimination of C1O3 (80 mg
of Cl0O>- g’1 of GAC) and vanillic acid or indan under static conditions [5,
23], and the second one investigated the removal of ClO3 and ClO3
under water continuous flow, reaching rates of 162 mg of Cl05-g~! (2.3
mg-L~! influent) and 4.9 mg CIO3-g~! (5.0 mg-L~! influent). However,
the empty bed contact times (EBCT) employed here were much shorter
than the ones normally used in practice (0.35 & 0.18 min vs. 5-15 min).

In a further step to improve its oxyanions sorption properties, ACs
can be combined with other species. Particularly, the modification of
GACs with alkyl quaternary ammonium-based surfactants, with large
affinity for low hydration energy inorganic anions, has been reported for
the efficient ion exchange of different species (amino acids, BrO3, NO3,
or ClOy) [25]. Compared with previously reported ACs modifications in
the adsorption of anionic species in water (such citric acid, sulfuric acid
or nitric acid modified AC in the adsorption of F’) [26-28], cationic
surfactants is preferred in water treatment since their hydrophobic
character makes them useful in the elimination of non-polar contami-
nants (e.g, dissolved organic matter) [29]. However, up to our knowl-
edge, this strategy has never been proposed for the ClO; and ClO3
adsorption. This is probably due to the low reactivity and affinity of
these oxyanions to AC in comparison with ClOz, a more reactive specie
mainly adsorbed by electrostatic attraction and hydrogen bonding to
oxygen containing groups of ACs. The challenge here is to efficiently
adsorb the less reactive ClO3 and ClO3 (e.g., through ion exchange,
electrostatic interactions or surface complexation) over the large panel
of ions present in drinking water [30-32].

Thus, in this study we originally propose to eliminate ClO3 and ClO3
from real disinfected water samples using cationic surfactant-modified
GACs. Initially, the modification of two different GACs with various
cationic surfactants containing quaternary ammonium groups was car-
ried out, selecting the best performing material in terms of ClO3 and
ClO3 removal upon a fast screening under static conditions. Then, the
influence of the initial anions’ concentration on the adsorption kinetics
of Cl03 and ClO3 was assessed in a detailed study. Finally, in view of the
practical use of the selected material, the ClO3 and ClO3 removal was
evaluated using a continuous water flow under realistic EBCT conditions
(12 min), compatible with DWTPs operation, and also considering the
potential regeneration under continuous conditions.
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2. Materials and methods
2.1. Materials

All reactants and solvents were commercially obtained from Sharlau
(granulated charcoal activated carbon, (GAC1), Sigma Aldrich (Norit®
RX3 Extra (NRX3), and H3SO4 (95-97%)), hexadecylpyridinium chlo-
ride monohydrate (also known as CPC), hexadecyltrimethylammonium
chloride (CTAC, >97%), myristyltrimethylammonium bromide (MTAB,
>99%), decyltrimethylammonium bromide (DTAB, >98%), and sodium
carbonate (NayCOs) solution (72 mM in water for Metrosep A Supp 7),
and Merck (hexadecyltrimethylammonium bromide (CTAB, > 97%)),
and used without further purification. Drinking water samples were
supplied by Canal Isabel II S.A., M.P. (Spain).

2.2. Preparation of quaternary ammonium surfactant-modified GACs

For the efficient and practical removal of ClO3 and ClO3 from
drinking water, shaped GAC materials were selected over powdered
ACs, since they present some advantages for their implementation in
continuous flow devices, such as an easy fixed-bed column design and
routine maintenance, a low leaching of the solid, and the prevention of
high back pressure. The functionalized GACs were prepared following a
previously reported method [33]. Briefly, 1 mmol of surfactant (0.364,
0.358, 0.320, 0.336 and 0.280 g of CTAB, CPC, CTAC, MTAB and DTAB,
respectively) was dissolved in 100 mL of Milli-Q water under stirring for
15 min. Then, 125 mmol (1.5 g) of GAC (GAC1 or NRX3, molar ratio
surfactant:GAC 1:125) were added to the previously prepared solution
at room temperature for 5 h under strong magnetic stirring.
Surfactant-modified carbons (Surfactant@GAC) were collected by
filtration under vacuum and washed with 300 mL of Milli-Q water in
order to eliminate the excess of surfactant. The modified materials were
dried at 60 °C for 24 h.

2.3. Physicochemical characterization and water analysis

Physicochemical characterization: X-ray powder diffraction (XRPD)
patterns were collected from 5 to 35 (26) using a step size of 0.013'and a
scanning speed of 0.013 s™! by a conventional PANalytical Empyrean
powder diffractometer (PANalytical Lelyweg, Netherlands, 8 — 26
equipped with ACu K and K, radiation (A = 1.54051 and 1.54443 1°\),
equipped with PIXcel3D detector, operating at 45 kV and 40 mA.
Thermogravimetric analyses (TGA) were performed on a SDT Q-600
thermobalance (TA Instruments, New Castle, USA) under air flow (100
mL-min~?) from room temperature to 750 °C with heating profile of
5 °C-min"'. Fourier transform infrared (FTIR) spectroscopic analyses
were collected in a Nicolet 6700 (Thermo Scientific, USA) infrared
spectrometer in an attenuated total reflectance (ATR) mode by aver-
aging 64 scans at a maximum resolution of 4 cm™! in the 4000-500
cm ™! wavenumber range. Nitrogen sorption isotherms were obtained at
77 K using a Micromeritics ASAP2020 surface area and porosity
analyzer. Prior to the experiments, ACs and Surfactant@ACs were
degassed at 200 and 100 °C for 16 h under vacuum, respectively. The
Brunauer-Emmett-Teller (BET) equation was used to calculate the spe-
cific surface area in the relative pressure interval p/pg = 0.01-0.3 (being
Po the saturation pressure). Pore size distribution and pore volume were
estimated by the Horvath-Kawazoe (HK) method using a sphere geom-
etry model (p/pp = 0-0.98). The external surface, microporosity area
and volume were determined by the t-plot method (p/po from 0.3-0.6).
Elemental analyses (EA) were performed in a Flash 2000 analyzer
(Thermo Scientific). The aqueous CPC detection was performed by
UV-vis spectroscopy (Amax = 259 nm) in a Perkin® Lambda 1050 UV/
Vis/NIR equipment (Perkin Elmer, Waltham, MA, USA).

ITonic Chromatography (IC): The anions content in water was analyzed
using a 930 Compact IC Flex (Metrohm Hispania, Spain), equipped with
a 919 IC autosampler plus, a high-pressure isocratic pump with double-
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piston system in series (flow rate 0.001-5 mL-min~%), anIC conductivity
detector (operating ranges from 0 to 10,000 pS~cm_1), column oven (0 to
80 °C), and STREAM sequential suppressor (suppressor treatment with
reused eluent after measuring), consisting of a chemical suppressor MSM
II (Metrohm suppressor module) and CO5 suppressor MCS (Metrohm
CO3 suppressor) with a vacuum microchamber. The STREAM sequential
suppressor was regenerated with a 500 mM H,SO4 solution in fresh
Milli-Q water, 15% v/v acetone and 100 mM of oxalic acid solution in
fresh Milli-Q water, equipped with an 807 Deosing. The eluent consisted
of a 3.6 mM NayCO3 solution in fresh Milli-Q water. Samples were
retained in a Metrosep A Supp 7 column (5 um, 250 nm x 4 mm, Met-
rohm Hispania, Spain), consisting of a resin of polyvinyl alcohol with
quaternary ammonium group. The column was also equipped with a
Metrosep A Supp 5 Guard pre-column (5 pm, 5 mm x 4 mm, Metrohm
Hispania, Spain) and a Metrosep A Supp 16 S-Guard post-column (4.6
um, 5 mm x 4 mm, Metrohm Hispania, Spain) formed by polystyrene/
divinyl benzene copolymer with quaternary ammonium group. Analyses
were performed using a flow rate of 0.7 mL-min "}, at 45 °C and with an
injection volume of 100 pL. The retention time for F-, ClO3, CI', NO3, Br,
ClO3, NO3, and SO‘Z{ were 6.94, 9.51, 11.07, 13.52, 16,52, 17.96, 19.74,
and 30.58 min, respectively (Supporting information-SI-, Fig. S1 and
Table S1).

2.4. Screening of chlorite and chlorate adsorption

ClO3 and ClO3 adsorption studies were performed by suspending 5
mg of ACs (GAC1 or NRX3) or their surfactant modified version (Sur-
factant@GAC, Surfactant = CTAB, CPC, CTAC, DTAB or MTAB), previ-
ously grinded to avoid interparticle diffusion mechanism, in 5 mL of
drinking water, using a high initial concentration of ClO3 and ClO3 of 0.3
and 3.3 mg-L~}, respectively. Note that the used oxyanions concentra-
tions are in the range or higher than the maximum permissible con-
centration 0.25 mg-L~! set by the new directive of the EU to evaluate the
influence of oxyanions under extreme high concentration conditions
[8]. After been stirred (400 rpm) for 2 h at room temperature, the sus-
pensions were filtered under vacuum and the liquid was analyzed by IC.

2.5. Kinetic adsorption experiments: concentration influence

The kinetic adsorption experiments were performed by suspending
10 mg of material (GAC or Surfactant@GAC), previously grinded to
avoid interparticle diffusion effect, in 10 mL of drinking water for 30
min under stirring (400 rpm). Two different initial concentrations of
ClO3 and ClO3 were tested: low concentration at 0.1 and 0.25 mg~L’1,
and high concentration at 0.3 and 3.3 mg-L’l of ClO; and ClO3,
respectively. The concentration of C103 and ClO3 was selected according
to the anion concentration found in drinking water and the new regu-
lations [9,23]. When necessary, real water samples were doped with
ClO3 and ClO3. At certain intervals of time (1, 2, 3, 4, 5, 15 and 30 min),
an aliquot of 1 mL was collected by filtration and analyzed by IC. All
these experiments were performed at least triplet.

2.6. Continuous flow adsorption and adsorbent regeneration

2.6.1. Continuous flow adsorption

A fixed bed column made of plastic tube (internal diameter @ = 1.6
cm, and column length = 7.1 cm and bed length = 2.5 cm) equipped
with a nylon filter (pore = 0.22 um) located in the effluent outlet was
used as column. The GAC or Surfactant@GAC (2 g) was placed inside the
column and water was passed downstream. The dead volume inside the
column was negligible. The oxyanions adsorption was carried out using
a Shenchen LabN1-II peristaltic pump system with a continuous flow of
0.42 mL-min~! (equivalent to a flux of 0.12 m>h~1.m~2 and an EBCT of
12 min, typically used in DWTPs). Experiments were performed using
low (0.1 and 0.25 mg~L’1) and high concentration (0.3 and 3.3 mg-L’l)
of ClO> and ClO3, respectively. Aliquots of 2 mL were collected at
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different time intervals and the concentration of the different ionic
species was determine by IC. All continuous flow experiments were
developed by triplicate.

2.6.2. Regeneration of the adsorbent under static conditions

The regeneration initial tests were carried out under magnetic stir-
ring (400 rpm) at room temperature and using 10 mg of CPC@GAC1
material. The activated carbon was suspended in different aqueous so-
lutions of low (6.3 mM) and high concentration (12.6 mM) of NaCl and
NaOH, respectively, which corresponds to 2 and 4-fold the concentra-
tion of Cl present in the surfactant. At certain intervals of time (0.25,
0.5,1.5,2, 4, 6, 8, 24, 32, and 48 h), an aliquot of 1 mL was collected by
filtration using a syringe filter of 0.22 pm and analyzed by IC.

2.6.3. Continuous flow regeneration and Recycles

After each continuous flow adsorption test (total time = 160 h), the
CPC@GAC1 column was regenerated using a 12.6 mM of NaCl solution
(total time = 56 h) and the same set up used in the continuous flow
adsorption experiments (internal diameter @ = 1.6 cm, column length =
7.1 cm, bed length = 2.5 cm, continuous flow of 0.12 m3h'm2and
EBCT of 12 min). Finally, the recycling experiments were carried out
using a drinking water with oxyanions concentration of 0.1 and 0.25
mg~L’1 for ClO3 and ClO3, respectively. The concentration of oxyanions
in the effluent was analyzed by IC at different time intervals. The ex-
periments were carried out by triplicate.

3. Results and discussion

Two commercially available GACs were chosen, GAC1 and NRX3,
exhibiting large surfaces (1400 and 1220 mz-g’l), low cost (0.17 and
0.23 €-g~1), and pellet distribution variability (length: 4 and 9 mm, @: 1
and 3 mm), respectively [34,35]. Then, in an attempt to boost the
oxyanions adsorption, their surface was modified using five quaternary
ammonium surfactants with different properties (i.e., chain length, polar
head size, counter-anion; CTAB, CTAC, CPC, MTAB and DTAB; see

a) CTAB Br

b) CTAC
\ . @
N
\
¢) CPC
= cl
+ |
N
d) MTAB
Br
\ 4
N
\
e) DTAB
Br
\ 4
eSS SN
\

Fig. 1. Chemical structure of cationic surfactant based on ammonium quater-
nary a) CTAB, b) CPC, c¢) CTAC, d) MTAB, and e) DTAB.
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Fig. 1) using a simple and efficient green aqueous impregnation method
(see Section 2.2 in Materials and Methods). The amount of associated
surfactant, determined by elemental analysis and thermogravimetric
analysis (TGA; see Table 1, and Supporting information-SI, Fig. S2 &
Table S3), reached 0.27 + 0.07, 0.33 + 0.15, 0.40 + 0.01, 0.48 + 0.14,
and 0.53 4+ 0.08 mmol of surfactantg’1 GAC1, and 0.22 + 0.06, 0.34 +
0.23, 0.26 + 0.08, 0.29 + 0.12, and 0.41 + 0.12 mmol of surfactant-g’1
NRX3 for CTAB, CTAC, CPC, MTAB and DTAB, respectively. A similar
trend can be observed for both GACs: a higher surfactant grafting when
using short alkyl chain surfactants (MTAB with C14 and DTAB with C10
chain) than using long alkyl chain ones (CTAB, CPC and CTAC with C16
chain). When comparing surfactants with identical chain length but
different functional groups, like CTAB and CPC with trimethylammo-
nium and pyridinium groups, respectively, differences on the surfactant
association are observed between GACs, with a higher CPC surfactant
content than CTAB in GAC1 (0.27 + 0.07 vs 0.40 + 0.01 mmol-g’l,
respectively), and the opposite trend in NRX3 (0.22 + 0.06 and 0.26 +
0.08 mmol-g ! for CTAB and CPC, respectively). Besides, identical alkyl
chain surfactants with different counter-ion nature (Cl" and Br) show
higher impregnation rates when using CI" (CTAC; 0.33 + 0.15 and 0.34
+ 0.23 mmol of surfactant-g~! for GAC1 and NXR3, respectively) than
Br’ (CTAB; 0.27 + 0.07 and 0.22 4+ 0.06 mmol of surfactanbg’1 for
GAC1 and NXR3, respectively). This effect is probably related with the
different ionic radius of CI" and Br” (1.64 vs. 1.80 10\, respectively), which
might promote the formation of spherical vs. cylindrical micelles,
respectively [36,37].

The successful surfactant modification was demonstrated through Ny
sorption isotherms measured at 77 K, since the accessible porosity of the
GAC was significantly reduced (SI, Figs. S3). Despite this reduction, all
solids kept an important residual porosity after the surfactant grafting
(between 55-64% and 76-91% for Surfactant@GAC1 and Surfac-
tant@NRX3, respectively). Specifically, starting GAC1 and NRX3 ma-
terials are mostly microporous (~1.5nm). Thus, the surfactant
molecules or even their micelles (ranging from 1 to 5nm) could be
located in the inner porosity and/or on the outer surface of the AC
particles [38,39]. To address this issue, corrected surface area values
were estimated by subtracting the surfactant weight (Table 1). Upon
correction, no significant variation of the surface area is observed be-
tween the CTAC-, MTAB- and DTAB-surfactant@NRX3 and the pristine
NRX3 (1155, 1180 and 1040 vs. 1220 m?-g ™}, respectively), suggesting
the preferential location of the surfactant on the outer surface of the AC
particles. In contrast, surface variations are evidenced for all the Sur-
factant@GAC1 materials (ranging from 325 and 480 m2~g_1) and for the
CTAB and CPC surfactants with the NR3X (~275 mz-g’l). Unexpect-
edly, using the largest CTAB and CTAC surfactants, and therefore, less
probable to diffuse within the porosity, the accessible porosity values
were not recovered. However, CTAB, CTAC and CPC show smaller

Table 1
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micelle sizes (SI, Table S2) than other surfactants. These results could be
related to hydrophobic interactions or micelle aggregates formation. In
fact, while the GAC modification with CTAB, CPC, CTAC and MTAB was
carried out using a surfactant concentration higher than the surfactant
critical micelle concentration (CMC; 0.9, 0.8, 1.1 and 3.6 mmol-L™!,
respectively), the functionalization with DTAB was done below the CMC
(15.3 mmol-.L™1) [33,40]. Although this is a complex matter with no
enough data to conclude, the formation of micelles or larger aggregates
of the surfactant could affect the association to the GAC in different
manners: i) larger sizes might hamper the diffusion through the pores, ii)
hydrophobic interactions could benefit the incorporation, and/or iii)
formation of aggregates could hamper the accessibility of Ny into the
porosity [33].

To shed some light on the nature of the interactions between GACs
and surfactants, Fourier transform infrared (FTIR) spectroscopy was also
performed (SI, Section S3). Compared with the free surfactants, spectra
of the Surfactant@GAC materials exhibit additional bands at 2915 and
2847 cm’l, characteristic of alkyl chain stretching bands [41]. In this
regard, there is a shift in the position of those bands for all functionalized
ACs (SI, Table S4), suggesting the formation of interactions between the
surfactants and the ACs. One could speculate the formation of van der
Waals interactions, hydrogen bonds between the N* group from the
surfactant and the carboxylic, phenolic or carbonyl groups potentially
present in the AC, and/or n-n interactions in the case of the CPC sur-
factant between its pyridinium ring and the AC surface, as described in
previous studies [42,43].

Finally, the X-ray powder diffraction (XRPD) patterns of the obtained
Surfactant@GACs confirmed the amorphous structure of the AC (SI,
Fig. S5), maintaining diffraction of some peaks at around 23 26, corre-
sponding to the basal plane of graphitic structure in pristine carbons
without changing the amorphous structure carbons during the impreg-
nation method [44,45].

3.1. Screening of the chlorite and chlorate removal

For the screening of the ClO3 and ClO3 adsorption capacity, modified
GACs were suspended for 2 h in tap water solutions doped with high
oxyanions concentration (0.3 and 3.3mgL™! of ClO3 and ClO3,
respectively) in order to accelerate the material saturation. It should be
noted that these dangerous concentration values have been previously
detected in DWTPs around the world, such as in drinking water from
different regions of Chile [46]. All Surfactant@GAC materials showed
outstanding results in the ClO3 and ClOj3 elimination. Interestingly, the
functionalization positively influences the oxyanions’ elimination,
improving the ClO3 removal capacity of the bare GAC (between 2.2 to
2.4-fold and 1.5 to 1.6-fold for Surfactant@GAC1 and Surfac-
tant@NRX3, respectively, Fig. 2). The amount of eliminated ClO3

Surfactant content (mmol of surfactant per g of GAC), and textural properties (BET surface-Sggr, pore volume-Vy, particle size-Ps) of the two tested GACs before and

after the surfactant modification.

Surfactant/GAC GAC1 NRX3
mmol-g’1 SBET (mz-g’l) Vp P mmol-g’1 SBET Vo P
(em®g ™) ) m*g ™) (em®g ™) )

Pristine GAC - 1400 0.64 14.5 - 1220 0.57 13.7

CTAB 0.27 £ 0.07 880 0.42 14.4 0.22 £+ 0.06 935 0.42 12.1
(980)" (1005)"

CTAC 0.33 £0.15 865 0.42 14.5 0.34 £0.23 1080 0.50 12.5
(950)* (1155)"

CPC 0.4 + 0.01 780 0.38 13.2 0.26 + 0.08 955 0.44 12.9
(920)° (1040)°

MTAB 0.48 £0.14 885 0.42 13.0 0.29 £ 0.12 1180 0.58 14.1
(1030)" (1285)"

DTAB 0.53 £+ 0.08 910 0.43 12.6 0.41 £ 0.12 1040 0.48 12.8
(1075)" (1145)"

# Normalized value by subtracting the surfactant weight.
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Fig. 2. Removal (%) of chlorites (blue bars) and chlorates (green bars) on original and modified GAC1 (left) and NRX3 (right) with different cationic surfactants. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

depends on the nature of the surfactant, and decreases in the following
order: CPC (79.9 + 0.5%) > CTAC (76.7 +0.3%) > DTAB (74.9
+ 0.6%) > MTAB (71.2 + 1.0%) ~ CTAB (71.0 + 0.3%) > > bare GAC1
(32.6 & 3.4%) for GAC1 materials, and DTAB (72.4 + 0.2%) =~ CPC
(71.2 £ 0.2%) > CTAB (68.5 + 1.7%) ~ MTAB (67.2 + 0.4%) > CTAC
(64.0 + 1.7%) > > bare NRX3 (44.4 + 1%) for NRX3 samples. These
results highlight the efficiency of Surfactant@GAC in the removal of
ClOs3, eliminating up to 80.0% of the ClO3 present in drinking water in
only 2 h. Regarding ClO3 removal, the tested GACs showed a very good
ClO3 adsorption capacity, reaching a complete or almost complete
elimination regardless the AC or surfactant nature (Fig. 2), and in all
cases exceeding the capacities obtained with the pristine ACs.

It should be noted that, in general terms, the Surfactant@GACs with
higher accessible porosity were not the more efficient ones in the
elimination of oxyanions. For instance, CPC@GAC1, with one of the
lowest Sggr value (920 m?- g’l), demonstrated a remarkable elimination
capacity of 100 & 0 and 79.9 + 0.5% of ClO3 and ClO3 in only 2 h. On
the other hand, the elimination mechanism seems to be driven by Cl" or
Br” ions exchange processes, as supported by the sharp increase of these
anions in the treated water (ie, from 0.09 +0.03 to 24.74
+ 0.05 mg-L ™ for Br in DTAB@GAC], and from 14.12 + 0.13 to 23.65
+0.2 mg-L’1 for CI" in CTAC@GACLI; SI Figs. S6-9). Likewise, other
inorganic anions were assessed in the drinking water. While nitrite
(NO3) or fluoride (F) concentrations were not significantly affected
during ClO3 and ClO3 adsorption processes, nitrate (NO3) and sulphate
(SO%’) were adsorbed in Surfactant@GAC materials (i.e., from 3.19
+0.02 to 1.26 +0.04mgL™! and from 10.90+0.01 to 7.00
+0.1 mg~L’1 for NO3 and SO%’ in CPC@GAC]1, respectively; SI, Figs. S6-
9). Thus, we can confirm that surfactant-modified materials exhibit a
high affinity for ClO3 and ClO3 removal and can complementary elimi-
nate NO3 and SO7". The results showed that nitrate, with a similar ge-
ometry and charge, is the main competitor of ClO3, achieving total
adsorption values from 21.4 to 60.6% and calculated selectivity values
from 28.6 to 34.4% in all Surfactant@GACs (SI, Table S5).”

Finally, among the tested materials, the most promising one is the
CPC@GAC1, achieving adsorption capacities of 0.24 +0 and 2.5
+ 0.02 mg-g!, ClO; and ClO3, respectively (or 100.0 + 0% and 79.9
+ 0.5%, respectively). Thus, a further step was the analysis of the po-
tential leaching of CPC during oxyanions adsorption process by UV-vis.
Results confirmed the absence of free CPC, with a low oral toxicity (oral
LDsy = 560.3 mg~kg’1 in rat) [47], in all water samples (limit of
detection = 0.0017 mM), exhibiting the potential of CPC@GAC mate-
rials in water treatment.

3.2. Kinetic experiments and influence of oxyanions concentration

At this point, in an attempt to gain further understanding on the
involved mechanism and to make this process more efficient for prac-
tical uses, a deeper kinetic study was performed using the bare GAC1
and CPC@GAC1 materials by monitoring the oxyanions adsorption as a
function of time (<30 min) and concentration (Fig. 3). Two different
ClO3 and ClO3 concentrations were selected: i) a denoted “low concen-
tration” of 0.1 and 0.25 mg-L™}, respectively, corresponding to the
frequently reported real composition of drinking water [48-50], and ii)
a 3 and 13-fold higher concentrated tap water (0.3 and 3.3 mg~L_l,
respectively; named “high concentration”), similar to the previously
used in the screening tests (Section 3.1). The ClO3 and ClOj3 elimination
was very fast when using both, pristine and surfactant modified GAC1,
reaching the maximum oxyanion removal in only 5 min. In particular,
the kinetics could be fitted to the pseudo-second kinetic (PSO) model,
which defines the short time performance, involving ion-exchange re-
action between adsorbate with active sites on surface material, elec-
trostatic interactions, etc.; (Table 2, see SI Section 5 for further details)
[51-53]. Note here that GAC1 and CPC@GAC1 were previously grinded
and the kinetic studies performed under continuous stirring to exclu-
de/minimize the external diffusion process around the particles. Thus,
the adsorption process might be exclusively due to the ion-exchange
through the AC surface. Therefore, the ClO3 and ClO3 adsorption
could be explained by the following equation:
dq(r) t 1 t

L Ky (ge — q(1)) 5= —— +— 1
dt (g ~le) "4 K2~q§+qg W

where g, is the maximum adsorption capacity at the equilibrium
(mg-g™Y), q; is the adsorption capacity with time (mg-g~!), and K is the
kinetic constant (g-mg~!-min~1).

Except for CPC@GAC1 @ClO3 and GAC1 @ClO3, with regression
factors (R?) < 0.99, the rest of oxyanions adsorption processes can be
empirically adjusted in the first 5 min (ClO3) and 15 min (ClO3) to a PSO
with R > 0.99 (Table 2, Fig. S10). Therefore, it can be concluded that
the adsorption process is mainly governed by an ionic-exchange process,
predictable by the PSO model where various assumptions are considered
(i.e., adsorption at specific sites with no interaction between the ad-
sorbates, and attainment of monolayer coverage on the adsorbent sur-
face yields maximum adsorption) [54]. It should be noted that
considering the final application (purification of drinking water), it is
imperative to get fast adsorption kinetics in order to achieve more
efficient treatments. The initial adsorption rate can be easily compared
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Table 2

K3 values (g-mg~*-min~1), R%, and maximum loading capacity (g., mg-g ™) ob-
tained in the fitting of the adsorption of ClO3 and ClO3in GAC1 and CPC@GAC1
at low and high concentrations using the pseudo-second order (PSO).

Low concentration High concentration

GAC1 CPC@GAC1 GAC1 CPC@GAC1

ClO;
K, 11.46 16.41 8.38 0.85

®R? (0.999) (0.997) (0.994) (0.974)
qe 0.11 0.08 0.31 0.37
ClO3
K> 3.21 3.01 1.01 0.23

R? (0.988) (0.994) (0.999) (0.993)
qe 0.10 0.16 1.21 2.19

by estimating the kinetic constants (Table 2), evidencing that the ClO3
adsorption is faster (from 3.6 to 8.2-fold) than the ClO3 one in both
materials. At low oxyanions concentration, similar kinetic constants (K2)
and theoretical maximum (g.) oxyanions cargo are observed when GAC1
or CPC@GAC]1 are used as adsorbent; except for the ClO3 adsorption in
CPC@GACI1, where the kinetics is 1.4 times faster than the GAC one. At
higher concentration, GAC1 faster adsorbs ClO3 and ClO3 (9.9 and
4.2-fold) than CPC@GAC1. However, the theoretical maximum oxy-
anions cargo is similar (ClO3) or ca. 2 times higher (ClO3) when
CPC@GAC] is used. At this concentration, the g, obtained values are
remarkably higher and the K, lower, since in the PSO model a modifi-
cation of the initial concentration will directly affect the equilibrium,
increasing the adsorption capacity and, therefore, slower reaching the
equilibrium state and causing a reduction in the equilibrium constant
[51,55].

3.3. Real in-continuous flow testing

Taking advantage of the efficient performance of CPCC@GACI in the
ClO3 and ClO3 adsorption and to further demonstrate the potential
practical application of this composite in drinking water treatment, a
specific in-continuous flow device based on CPC@GAC1 was developed
to work under real drinking water conditions. It is important to mention
that the water flow used during the experiments (0.42 mL-min},
equivalent to ca. 0.12 m>h 'm~2 and a bed contact time of 12 min) is
within the range typically used in DWTPs (i.e., 5-15 min) [56]. The
selected GAC1 material is already commercialized as granules, which
facilitates its implementation in DWTP’s avoiding high backpressure.
Finally, considering the large variation in influent drinking water con-
centration (even intra-day), a peristaltic pump was used to control the
upward water flow using low (0.1 and 0.25 mg-L™1) and high concen-
trated tap water solutions (0.3 and 3.3 mg~L_l) of ClO3 and ClOs3,
respectively (SI, Fig. S11).

The breakthrough curve demonstrated that the designed CPC@GAC1

column was able to successfully adsorb up to 90% of the ClO3 from
drinking water during 3 and 3.7 days, and 80% of ClO3 during 4.2 and
5.5 days at high and low oxyanions concentrations waters, respectively
(Fig. 4). Regardless the concentration, the time to reach 50% of satu-
ration (tsg) was 6.3 and 6.6 days for high and low oxyanions concen-
tration. These impressive values largely exceed those obtained with the
non-functionalized GAC1 (at low concentration with a tsge, less than 1.3
days, 5.6-fold better performing).

Further, ClO3 was 100% eliminated in all tested conditions. This is
probably due to the reduction from ClO3 to Cl" by oxidation of organic
matter with interaction with GAC1, as previously reported [5].

The adsorbent regeneration is a crucial point for its sustainable and
economical application. The current methods for the regeneration of
ACs include thermal, chemical, microwave, wet oxidation, electro-
chemical and bioregeneration processes [57]. Here, a simple and eco-
nomic one-step anionic exchange process was used, evaluating its
efficacy by IC using two anions at two different concentrations (6.3 and
12.6 mM of NaCl and NaOH, see Supporting information-SI Fig. S12).
High values of released ClO3 were achieved when using both treatments
at high concentration (24 and 54% for NaCl and NaOH after 8 h,
respectively). Then, when the regenerated materials were reutilized in a
second oxyanions’ adsorption step under continuous flow, their
adsorption capacity after the treatment with NaCl was maintained,
while for NaOH it was importantly diminished. Therefore, the treatment
with NaCl (12.6 mM) was selected for the regeneration of CPC@GAC1
after ClO3 and ClO3 adsorption. On the other hand, no ClO3 was des-
orbed with any of the regeneration treatments, supporting the hypoth-
esis of its reduction to Cl” (see above) [5]. Importantly, the absence of
surfactant in the effluent of the first regeneration cycle was demon-
strated by UV-Vis spectroscopy (limit of detection (LOD) of CPC was
estimated to be 0.0017 mM).

Finally, the potential reusability of the adsorbent was tested by
successive adsorption (total time of the process = 160 h) and desorption
(total time of the process = 56 h) cycles under continuous flow. After 4
cycles, CPC@GAC1 was able to eliminate 100 and 50% of ClO3 and ClOs,
which corresponds to 0.11 =+ 0.00 and 0.17 + 0.01 mg-g ™! of ClO3 and
ClO3, respectively (Fig. 5). Besides, the accessible porosity of
CPC@GAC1 was kept with a slight reduction after 4 cycles (Sggr = 780
vs. 666 Inz-gfl; SI Fig. S13), probably related with a small fraction of
non-desorbed oxyanions during the regeneration process. At this point,
we understand that the direct comparison with other adsorbents under
continuous flow system is complex, since many variables affect the
adsorption process (e.g, initial concentration of oxyanions, flow rate,
column dimensions, and regression analysis). Finally, and in contrast to
the previous reported studies, our pilot-scale CPC@GAC1 prototype
operated under conditions simulating those normally used in DWTPs.
The efficient removal under these real conditions makes this system
highly promising for the removal of ClO3 and ClO3 from drinking water.
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4. Conclusions

The removal of disinfection by-products ClO3 and ClO3 from drink-
ing water is a challenging process. The adsorbents’ state-of-the art lacks
from reasonable ClO3 and ClO3 removal capacities and/or show limited
applicability in DWTPs. In this study, a simple and fast surface modifi-
cation of the commercially-available granulated activated carbon GAC1
with the cationic surfactant hexadecylpyridinium chloride (CPC)
increased its adsorption capacity between 2.2 to 2.4-fold. Further, a
deep study of the process kinetics demonstrated the potential of
CPC@GAC]1 in continuous flow water treatment systems (with a com-
plete removal of ClO3 and ClO3 in only 5 min). When tested under
continuous flow compatible with real DWTPs, the time to reach 50%
(tso9) of ClO3 saturation was 5.6-fold higher than the pristine GAC1.
Finally, outstanding regeneration and reusability characteristics were

shown with near quantitative removal and recovery rates after 4
consecutive adsorption and desorption cycles. All these results render
CPC@GAC1 a promising adsorbent for drinking water purification,
featuring rapid and effective removal of ClO3 and ClO3. Overall, these
results demonstrated that modified CPC@GAC1 shows outstanding
performance for the treatment of drinking water. Work can be antici-
pated in extending these intriguing results to real implementation based
on cost analysis and leaching evaluation. Finally, the cost production of
17.7 €-kg’1 was estimated for CPC@GACI1 material, but bulk material
production is recommended to be optimized and exhaustive techno-
economic feasibility for the next steps to be implemented in DWTPs.
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