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ABSTRACT

Arsenic contamination of drinking water is a result of natural and/or anthropogenic activities, causing unde-
sirable detrimental effects on the environment and the human health. Herein, an integrated process based on
Membrane Distillation (MD), photocatalysis and Polymer-enhanced Ultrafiltration (PEUF) was developed for an
effective remediation of arsenic (As). This approach, whose effectiveness was demonstrated by experimental tests
on artificial solution mimicking As-contaminated water in the area of Sila Massif (Italy), ensured a near total
water recovery and a rational management of residual contaminants.

MD allowed to produce high-quality freshwater from contaminated feedwater containing As in the range of
0.059-5 mg-L}, without deterioration of the transmembrane flux up to a recovery factor of 98.8%. Furthermore, a
photocatalytic step was applied on MD retentate to convert arsenite As (III) into arsenate As(V), the latter subse-
quently removed by PEUF with efficiency of 98.2%. Speciation analysis demonstrated the necessity to reduce the
feed pH to 5.6 in order to avoid the risk of scaling in MD stage, whereas Na;COj3 softening at pH 9 before the
photocatalytic stage ensured both the reactive precipitation of Ca and Mg ions and the depletion of bicarbonate ions.
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S. Santoro et al.
1. Introduction

The alarming presence of contaminants in water bodies has increased
the demand for effective remediation technologies [1-3]. Arsenic (As),
highly toxic to humans and classified as a group I carcinogen [4], is a
natural component of the earth's crust with an average abundance of 1.7
mg-kg [5-7]. Thus, As contamination of water is frequently caused by
geologic sources since it is contained in more than three hundred min-
erals such as arsenates (relative abundance of 60%), sulfides and sul-
fosalts, oxides and arsenites, arsenides, native elements and metal alloys
[8,9]. For instance, the presence of As in South America is associated to
the volcanism of the Andean orogeny [10]; as a result ca. 14 millions of
inhabitants in at least 14 countries are exposed to As contaminated
freshwater causing mortality from cancer, cardiovascular and respira-
tory diseases. [11-13]. The As contamination has been observed espe-
cially in proximity of mining sites where the anthropologic activities
accelerate its mobility and geochemical cycle [14-16]. In fact, reductive
dissolution of iron and aluminum oxides and metal reducing bacteria are
widely recognized as the major natural cause of As release from bearing
minerals [17], whereas mining, ore processing and metals extraction are
the most impacting anthropogenic sources of As in groundwater
together with coal burning, As-based wood preservatives (e.g. chro-
mated copper arsenate) and arsenical pesticides [18,19].

Effective technologies for the remediation of As pollution in the
water bodies, such as coagulation-flocculation [20], adsorption [21],
ion-exchange [22] and oxidation [23] are crucial to reduce the health
risk arising from the direct consumption of As contaminated drinking
water and water-food nexus. However, sustainable arsenic remediation
at full-scale water treatment plants is hindered by both technical and
economic issues: abovementioned technologies present critical pitfalls
such as expensive and elaborate pre-treatment stages [24], chemical
regeneration of the adsorbent materials or ion-exchange reactions [21]
and formation of by-products as dangerous sludges in coagulation-
flocculation processes [25].

In recent years, membrane processes have experienced increasing
success in water treatment [26-29] and their intrinsic modularity for
flexible applications, operational simplicity, compactness, minimal foot
print and reliability make them suitable also at scale of Point-of-Use
(POU) treatments.

In particular, Membrane Distillation (MD) has demonstrated the
potential to produce freshwater, theoretically rejecting all non-volatile
solutes [30-33], including arsenic [2,34]. Concisely, the MD remedia-
tion mechanism is based on the diffusion of low temperature vaporized
water (typically in the range of 50-70 °C) through microporous hydro-
phobic membranes that are able to avoid the penetration of liquid water
[35]. While generating high-quality freshwater, MD drastically mini-
mizes the volume of rejected brine, attaining recovery factors up to 90%
(seawater) or even greater if operated with low-salinity waters, i.e.
significantly higher than those reached by pressure-driven processes (i.
e. Reverse Osmosis) [36] and coherently with the concept Zero Liquid
Discharge (ZLD) [37-39]. Although MD has not yet reached the com-
mercial breakthrough on a large scale mainly because of its high specific
energy consumption with respect to conventional desalination and
water treatment technologies, several successful experiences (i.e. Scarab
Development AB, TNO Keppel Seghers, Solar Spring Gmbh, Aquastill
BV, Memsys, KmX Corporation, Econity, Blue Gold Technologies, i3
Innovative Technologies BV [40]) confirm the commercial availability
of MD technology with capacity ranging from 1 to 100 m® day™ for
application at the point-of-use (POU). The integration of renewable
energy (e.g. solar thermal power) or waste heat is an interesting op-
portunity to drastically reduce the economic/energetic impact of heat-
ing the feedwater, while the energy input required to cool the distillate
can be efficiently minimized by adoption of technical solutions such as
Air Gap configuration - to limit the conductive heat flux across the
membrane - or Permeate Gap configuration - a variant of the Direct
Contact MD where raw feed is used as cooling fluid for the distillate.
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Definitively, the advantages of MD in arsenic remediation are: (i)
insensitivity of the process performance to the composition of the
contaminated water (i.e. presence of a wide variety of solutes, pH,
oxidation state and concentration of As); (ii) opportunity to design MD
systems powered by renewable energy or waste heat [41-43]; (iii) easy
integration with other membrane unit operations.

Downstream MD, a robust and feasible decontamination approach
named polymer-enhanced ultrafiltration (PEUF), based on the
complexation of As with chelating polymer and the subsequent removal
of the metal-polymer complex via ultrafiltration (UF), was adopted to
achieve a near complete As removal in the highly concentrated low-
volume MD retentate [3,44,45]. Arsenic ions naturally occurs in
pentavalent (As (V), arsenate) and trivalent (As (III), arsenite) forms, the
latter being characterized by lower reactivity and higher toxicity and
mobility [46]. PEUF results efficient in removing As(V) from aqueous
media, but it is ineffective for the removal of As(III). This behavior can
be explained considering the pK, values of H3AsO4 (pKa; = 2.22, pKyp =
6.98 and pK,3 = 11.53) and the pK, values of H3AsO3 (pKa1 = 9.2, pKaa
= 12.1 and pK,3 = 12.7), which are the inorganic forms of As(V) and As
(III), respectively. On these bases, at pH below 9.2 the arsenite is un-
charged and unable to interact with the complexing polymeric agents,
while As(V) is completely dissociated in the ionic forms HpAsO4 and
HyAsO4%, which can be complexed by the polymer. Thus, As(III)
oxidation into As(V) is needed as preliminary step to obtain an effective
As removal by PEUF enabling to bind As(V) ions with the polymeric
agent via electrostatic attractions. In this respect, photocatalytic
oxidation of As(Ill) to As(V) mitigates its harmfulness, being also
accepted as a green process through the exploitation of the solar radi-
ation as energy vector [44]. TiOy efficiently assists oxidation process
thanks to the strong oxidation potential of the photogenerated valence
band (VB) holes yielding *OH from the oxidation of surface adsorbed
H,0 or OH™ groups [47], whereas oxygen plays the key role of hole-
electron scavenger [48]. At the last stage, the removal of macromolec-
ular As-complexes is conducted by conventional UF processes [49,50],
where the polymer and its metal-complexes are retained by the mem-
brane, while the non-complexed species permeate through the
membrane.

In this work we propose an innovative process for As remediation
(Fig. 1) based on the integration of: i) MD in direct contact configuration
to ensure freshwater production at 98.8% recovery factor (estimated as
the volumetric ratio of the permeate with respect to the initial feed); ii)
photocatalysis of the highly concentrated MD retentate to effectively
convert arsenite into arsenate; iii) PEUF for the effective removal of
arsenate. Remediation process is carried out on an artificial solution
mimicking a real contaminated water in the area of Sila Massif in Italy
[51]; from a geological point of view, the Sila Mountain consists of
Hercynian granite rocks intruded into metamorphites rich of sulphides
[52], the latter responsible of water contamination being an As-bearing
mineral [53].

A systematic study is focused on the evaluation of the performance of
MD process with specific focus on hydrodynamic conditions, on the ki-
netics of the oxidation of As(IIl), and on the role of the feed pressure on
PEUF effectiveness. Speciation analysis is carried out in order to assess
the necessity to acidify feedwater to avoid scaling in MD stage, and to
design soda ash softening procedure before the photocatalytic mem-
brane reactor with the aim to promote the reactive precipitation of Ca
and Mg ions in the form of dolomite CaMg(CO3)a.

The proposed process, enabling the production of purified water at
high recovery factor and shifting the arsenic decontamination issue from
large-volume feedwater to low-volume MD retentate, is potentially
implementable as POU of domestic/residential system.
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2. Materials and methods
2.1. Contaminated feedwater

A real As-contaminated water sample from the area of Sila Massif
(Italy), whose composition is reported in Table 1, was mimicked by an
artificial multi-ion solution prepared by dissolving appropriate amount
of NaHCO3, KHCO3, NaNO3, MgSO4-7H20, MgCly-6H50, CaCly-2H50,
Ca(OH)2, NaAsO; and NapHAsO4-7H30, all purchased from Sigma-
Aldrich (Italy) with purity >98%, in ultrapure Milli-Q water.

The ionic composition of all solutions involved in the experimental
campaign was determined by high-resolution continuum source atomic
absorption spectrometry (HR-CS AAS); nitric acid (HNOs, 65% wt. so-
lution in water) from Carlo Erba Reagenti (Italy) was used to prepare the
sample for analyses. In addition, the concentration of arsenite [As(III)]
and arsenate [As(V)] ions was measured separately by analytical kits
MQuant (Merck, Italy) operating in the ranges 0.005-0.5 mg-L! and
0.02-3.0 mg-L, respectively; results on total As were comparable to
those obtained from HR-CS AAS (difference < 5%).

According to data in Table 1, the concentration of total As is 2-3
order of magnitude lower with respect to major cations (e.g., Na™,
Ca2*, Mg?"), while bicarbonates represent almost entirely the anionic
species with a concentration 10-folds higher with respect to sulfates.

2.2. Materials

Each membrane module MDO20CP2N (Microdyn-Nadir GmbH,
Germany) used in MD tests was composed of 40 microporous poly-
propylene hollow-fiber membranes with inner diameter of 1.8 mm,
length of 0.5 m, pore size of 0.2 pm, porosity of 70%, membrane
thickness of 650 pm and a total membrane area of 0.1 m?.

The photocatalyst used for photocatalytic oxidation of As(III) to As
(V) was titanium dioxide (TiO3) P25 type purchased by Evonic-Degussa
(Germany) and characterized by a specific surface area of 44 m2.g™!, a
band gap 3.2 eV, a crystallographic phase of ca. 80% anatase and 20%
rutile and an isoelectric point at pH = 6.8 [54,55].

The water soluble polymeric complexing agent was poly(diallyl
dimethyl ammonium chloride) (polyDADMAC, 20% wt. solution in
water, average My = 100,000-200,000 g-mol ) purchased from Sigma
Aldrich (Italy).

Hydrochloric acid (HCl, 37% w/w) from Carlo Erba Reagenti (Italy)
and sodium hydroxide pellets (NaOH, 97% purity) from Sigma Aldrich
(Italy) were used to adjust the pH of the aqueous solutions. A pH meter
(WTW Inolab Terminal Level 3) with a glass pH-electrode SenTix 81
(WTW, Germany) was used for pH measurements.

As-contaminated
POU water
(As: 0.059 mg-L)

ACIDIFICATION

SOFTENING

Retentate
(As: 0.5 mg-L™")

CaMg(COs).
Freshwater
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Table 1
Ionic composition of As-contaminated water from Sila
Massif, Italy (Figoli et al., 2020).

Ion Concentration (ppm)
Na® 21.9

K" 1.8

Ca*' 12.5

Mg+ 7.3

cr 10.3

HCO3 117

NO3 0.6

S0,4% 9.3

As 0.059 [10% as As(II)]
pH 7.8

2.3. Integrated process for As remediation

2.3.1. Ion speciation

PHREEQC v.3 software with phreeqc.dat database, released by U.S.
Geological Survey, was used to predict the thermodynamic behavior of
the multi-ion solutions and to simulate conditions for salts precipitation
as a function of pH and temperature.

2.3.2. Membrane distillation (MD)

The remediation of As contaminated solution was carried out by a
direct contact MD system operated with two modules MDO20CP2N ar-
ranged in parallel. Both feed (artificial groundwater) and distillate (de-
ionized water) streams were continuously recirculated at the same
flowrate by a two-channel peristaltic pump iPump YZ15A (Fluid Tech-
nology, China), in countercurrent-flow mode, varying the Reynolds
numbers (Re) from 47 to 107.

Feed inlet temperature was fixed at 60 °C by a heater Mod. 112A
(VWR, Italy), whereas the inlet distillate temperature was kept constant
at 20 °C using a Digital Plus Neslab RTE201 thermostatic bath (Thermo
Scientific, Italy). The temperatures of the streams were measured at the
inlet and the outlet of the membrane modules by Sper Scientific 800,012
Pt multi-channel Type-K thermocouples with sensitivity +0.1 °C (Cole-
Parmer, US). The transmembrane flux was calculated from weight var-
iations (£0.1 g) over time using a balance (Ohaus ScoutPro SP601,
OHAUS Europe GmbH, Germany) connected to the distillate tank.

2.3.3. Photocatalysis

Photocatalytic oxidation of arsenite into arsenate was performed in a
cylindrical Pyrex glass batch reactor of 500 mL shown in Fig. 2. The MD
retentate was charged to the photoreactor and, under magnetic stirring,
TiO, catalysts was added to achieve a concentration of 0.05 g-L,
appropriate to photo-oxidize As(Ill) to As(V) while limiting light

PHOTO-OXIDATION

PEUF
Rem, Z RS ) As-decontaminated_
POLYMER retentate
COMPLEXATION l

As(V)-polyelectrolyte
complex

Fig. 1. Scheme of the integrated process for As remediation (MD: membrane distillation; PEUF: polymer-enhanced ultrafiltration).
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scattering by photocatalyst particles. The operating pH was fixed to 9
considering that: i) the thermodynamic driving force for the photo-
oxidation process, i.e. the difference between the redox potential of
the As(V)/As(IIl) couple and the valence band potential (EVB) increase
with the pH; ii) the As(III) adsorption and the As(V) desorption are
favored at alkaline pHs due to the electrostatic interactions between As
(II1) or As(V) ions and the photocatalyst surface.

The photocatalytic reactor was equipped with a Hg lamp (Helios
Italquartz, Italy) axially positioned emitting in the range from 240 nm to
440 nm (125 W), with a maximum emission peak at 366 nm and a
medium light intensity of 0.43 mW-cm™. Thermostatically controlled
water recirculated in the pyrex glass jacket by Polystat CC1 (Huber,
Germany) allowed to fix the temperature of the photoreactor. Oxygen
was bubbled into the photoreactor maintaining a constant concentration
of 22 ppm, controlled by means of the portable dissolved oxygen meter
HI 9143 (Hanna Instruments, US) equipped with a membrane selective
electrode.

A series of photocatalytic tests were carried out by changing the
irradiation times (2, 5, 10, 20, 30 and 60 min) in order to evaluate the
kinetics of the photocatalytic oxidation of As(III) to As(V).

The solutions collected at the end of each photocatalytic test were
submitted to microfiltration by using a polypropylene membrane disc
filter GH-Polypro (Pall Corporation, US) with a thickness of 101 pm and
0.2 pm nominal pore size with the aim to remove the photocatalyst
before adding the polymer complexing agent.

2.3.4. Polyelectrolyte-enhanced ultrafiltration (PEUF)

Once the MD retentate was treated by photocatalytic oxidation of As
(I11) to As(V) and the photocatalyst was removed by MF, the complex-
ation of As(V) by the polymeric complexing agent polyDADMAC was
carried-out by using the operative conditions determined in [44].
Briefly, polyDADMAC was added the As(V) contaminated solution
adjusting the polyelectrolyte/As weight ratio at 30 and the pH at 9 by
adding dropwise NaOH solution under vigorous stirring. Several studies
demonstrated that water-soluble polymers with quaternary amine
groups were effective for removing As(V) [49,50,56]: their removal
mechanism is essentially based on the anion exchange between the
chloride counterions of quaternary ammonium salt and the As(V) ions
[57].

TIEEY

Fig. 2. Schematization of the batch photocatalytic reactor: (a) oxygen cylinder,
(b) photoreactor, (c) medium pressure Hg lamp with cooling jacket, (d) mag-
netic stirrer, (e) heat exchanger, (f) power source.
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PEUF experiments were carried out using a membrane module A-
02910-41 purchased by Cole-Palmer (US) equipped with UF Iris 30
Tech-Sep polyethersulfone (PES) membrane with molecular weight cut-
off 30 kDa and active area of 9.6 cm?. Experiments were conducted at
room temperature and at relative feed pressure within the interval 1-4
bar.

3. Results and discussion
3.1. As remediation via acidification and membrane distillation (MD)

MD is a hybrid thermal-membrane process whose driving force to
mass transfer in vapor phase is given by a partial pressure gradient
established between the opposite sides (retentate and distillate) of a
microporous hydrophobic membrane. Unlike Reverse Osmosis and other
pressure-driven membrane operations, MD is not limited by osmotic and
concentration polarization phenomena; as a result, the poor sensitivity
towards the concentration of ions, especially in treating diluted aqueous
solutions such as groundwater, allows at reaching high water recovery
factors [58]. However, under these circumstances, scaling due to the
precipitation of sparingly soluble salts such as CaCO3 and CaSO4 may
represent a critical issue [59,60], exacerbated by the thermal nature of
the driving force in MD, being the gypsum and calcium carbonate sol-
ubilities inverse with temperature [32].

Modelling Ca, Mg and CO5? ionic speciation via PHREEQC (Fig. 3.a-
c) reveals that the progressive dehydration of As-contaminated
groundwater at a natural pH of 7.8 results in the supersaturation for
carbonate salts at water recovery factor above 50%.

As expected, the extent of carbonates precipitation is drastically
enhanced with the recovery factor: more than the 95% of the solutes are
predicted to precipitate at a recovery factor of 98.8%, mostly in form of
dolomite CaMg(CO3),. Definitively, the precipitation of sparingly solu-
ble salts on the membrane surfaces is a serious limitation that must be
properly addressed to avoid a reduction of the efficiency and the sta-
bility of MD.

Besides the employment of antiscaling agents [61,62], the acidifi-
cation of the feed is commonly employed to convert carbonates into
bicarbonates modifying the equilibrium in seawater [63] as following:

Ca>* 4+ HCO;~ sH* 4 CaCO; (@))

Equilibrium data in Fig. 3 confirmed that a decrease of pH to 5.6
allowed to hit water recovery factor of 98.8% avoiding the precipitation
of Mg?*, Ca®" and CO3® ions in the MD retentate.

We here anticipate the positive impact of acidification in decreasing
the concentration of bicarbonate (HCOg3') ions present in groundwater
(Table 1) on the photocatalytic oxidation of As(IIl) to As(V). It is
recognized that bicarbonate ions (pK,; and pK, for HCOg’/Cng’
system are 6.3 and 10.3, respectively [64]) can compromise the pho-
tocatalytic activity, leading to the formation of inorganic radicals upon
the interactions with holes and hydroxyl radicals, described by the
following reaction:

HCO,>” + OH->HCO; '+ OH™, @)

competing with As onto the photocatalytic surface of TiO, nanoparticles
[65]. Literature studies revealed that the presence of HCO3 in
groundwater substantially reduced (ca. 52%) the As(V) absorption on
TiO4 [66]. Additionally, bicarbonates can represent a serious limitation
in the PEUF process because of interactions with the polycationic
polymer reducing the active sites available for the chelation of As(V).

According to Fig. 4, acidification reduces the temporary hardness by
promoting the conversion of bicarbonates into carbon dioxide [67], i.e.
shifting to product side the equilibrium reaction:

HCO,* +H"sCO0, + H,0. 3)

Overall, acidification to pH 5.6 reduced by 82% the concentration of
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Fig. 4. Conversion of HCO3™ to CO, versus pH at 60 °C.

bicarbonates within the feed water, i.e. from the initial value of 1.92 mM
(from Table 1, with HCO5™ molecular weight = 61.02 g-mol') to 0.345
mM.

Average values of the transmembrane flux in MD, fed with either
pure water or acidified artificial groundwater, are reported in Fig. 5 as a
function of flowrate and at constant feed and distillate inlet tempera-
tures (60 °C and 20 °C, respectively). Experimental observations
demonstrated similar evaporation rate under the same operative con-
ditions; this is theoretically supported by the negligible difference in
water activity coefficient between de-ionized water and artificial
groundwater, as calculated by PHREEQC. At most, when the recovery
factor attained 98.8%, the predicted water activity coefficient of the

3.2
O Deionized water
28 | A Artificial groudwater
o
<
o~
) 24 -
S
oo
~
~— 2 -
<
>
[N
16
1'2 1 1 1
40 60 80 100

Re number

Fig. 5. MD flux for pure water and artificial contaminated water (As(III):
0.0059 mg‘L’l) at different feed flowrates. All tests were conducted at inlet feed
temperature of 60 °C and inlet distillate temperature of 20 °C.

multi-ion solution declined to 0.99, very close to the limit value of 1
characterizing an ideal solution. The increase of feed flowrate and —
consequently - of the dimensionless Reynolds number (Re), was found to
be beneficial to the MD performance. Therefore, a transmembrane flux
enhancement by 184% was obtained when Re increased from 47 to 107
(1.7 kg'm2h! at Re = 47; 3.1 kg:m2h'! at Re = 107). Since this effect
was more pronounced at low Re, the evaporation rate is expected to
reach a plateau at higher flowrates.

The improvement of mass transfer consequent to an increase of Re is,
in part, due the reduction of temperature polarization due to a better
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local mixing of the fluid in proximity of the membrane interface [31,68].
In general, the temperature polarization is recognized as a critical issue
in MD: heat losses associated to both the latent heat of water evapora-
tion and the thermal conduction through the membrane cause a pro-
gressive decrease of the temperature across the boundary layer adjacent
to the membrane [69], reducing the effective driving force and wors-
ening the performance of the process [30,31]. Higher Re improved the
turbulence in the channels of both feed and distillate streams, leading to
a reduction of the boundary layer resistance and improving the heat
transfer coefficient (h). This was confirmed by calculating h as:

he Nu-k
Dh

4

where k is the water thermal conductivity, Dy, the hydraulic diameter of
the compartments and Nu the Nusselt dimensionless number (i.e. the
ratio of the convective to diffusive heat transfer) estimated according to
the following empirical correlation under laminar flow:

0,0036 RePr2:

Nu =336+ 5)

0.8
1+0,0011 <Repr%)

where Pris the Prandlt number and [is the characteristic lenght [70-72].
The computed results revealed an improvement in the values of h of the
permeate from 3550 kJ-h'- m2K? to 3600 kJ-h'!-m2K"! and of the
retentate from 2380 kJ-h"l.-m2.K? to 2430 kJ-h-m2.K! when raising
Re from 47 to 107. The beneficial effect is amplified by the exponential
relationship existing between temperature and vapor pressure, as
established by Clausius-Clapeyron equation [73].

An additional and relevant contribution to the enhancement of the
MD performance when operating with increasing flowrate was provided
by the reduction of the residence time of retentate and distillate solu-
tions within the membrane module; this allowed at mitigating the heat
exchange between the warm feed and the cold permeate and, hence, at
reducing the temperature drop along the axial direction of the module.
In fact, the residence time, estimated from the ratio of the dead-volume
of the membrane module compartments on the streams flow rates,
drastically decreased by 54% (from 0.57 s to 0.26 s in the feed and from
1.27 s to 0.58 s in the distillate) when increasing Re from 47 to 107.
Consequent benefits were confirmed by monitoring the outlet temper-
atures at the shell-and-tube MD module: outlet feed temperature raised
from 40.3 + 0.3 °C to 41.7 £ 0.2 °C, coupled to a declining of the outlet
distillate temperature from 32.3 + 0.2 °C to 30.8 + 0.3 °C. Definitively,
the improvement of Re from 47 to 107 led to an enhancement of the
driving force as confirmed by the estimation of logarithmic mean tem-
perature difference varying of +1.5 °C, i.e. from 23.8 °Cto 25.3 °C [74].
Accordingly, the ultimate result is a gain in the mean value of the water
vapor pressure raised from 29.4 mbar to 32.1 mbar with a subsequent
improvement of the distilled water. Fig. 6 shows that MD allowed to
efficiently treat the contaminated water; the concentration of arsenite,
the most recalcitrant As ionic species to membrane filtration operations
such as Nanofiltration and Reverse Osmosis, increased in the retentate
stream from its initial value of 0.0059 mg-L! up to 0.5 mg-L™%.

Analysis of the distillate (total arsenic concentration below the ICP-
MS detection limit of 0.01 mg-L™!) confirmed both the good stability of
MD (absence of wetting phenomena and complete As rejection) over 8 h
c.a of operation and its effectiveness in producing a decontaminated
distillate whose quality fits the currently recommended limit for
drinking-water fixed by the WHO.

3.2. Photo-oxidation of As(IIl) to As(V) and PEUF

The MD retentate stream, with concentration As(III) of 0.5 mg~L‘1,
was subjected to a photocatalytic oxidation step to turn As(III) into As
(V); the latter was then complexed and removed in the final PEUF step.
In order to prevent the precipitation of sparingly soluble salts of Ca and
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Fig. 6. Evolution of the concentration of As(Ill) in the retentate stream and
recovery factor during Direct Contact MD test [Re = 107, inlet feed tempera-
ture: 60 °C, inlet distillate temperature: 20 °C].

Mg within the reactor, the retentate was softened by addition of NasCO3
at pH 9, overall resulting both in the conversion of residual HCO3 into
COs* and in the precipitation of dolomite CaMg(CO3),, potentially
useable for the re-mineralization of the MD distillate [75]. In fact,
desalted water usually presents a minimal hardness, and simple strate-
gies of re-mineralization (i.e. direct dosage of a variety of chemicals,
blending of the desalination permeate with external water sources or
calcite and dolomite dissolution) are necessary to secure its employment
in domestic and agricultural uses [76].

After removing hardness, the retentate solution was fed to the pho-
toreactor. The decreasing trend of As(II) concentration in time (Fig. 7.a)
was coherent with a first-order kinetic [55]:

As(IlT), = As(IIT),=exp( — kt) (6)

where [As(III)]o and [As(II)]; are the concentration of As(II) at the
irradiation time t = 0 min and at the generic irradiation time t,
respectively, and k is the observed first-order rate constant. The per-
formance of the photocatalytic process (R? = 0.960) was adequately
predicted by assuming a kinetic constant k of 0.123 minl.

The almost complete conversion of As(III) to As(V) in a 500 mL batch
of 83-fold dehydrated MD retentate required a reaction time of 60 min
and 0.125 kWh energy. To achieve the same performance, 500 mL of
raw water requires a reaction time of 23 min (as per Eq. (6)) and 0.049
kWh energy, that scaled-up linearly to a 83-fold higher volume gives
4.05 kWh. This confirms that the photocatalytic oxidation of As in MD
retentate is substantially more feasible than in a large volume of raw
water.

Feed solution treated within the photocatalytic reactor was micro-
filtered to remove the catalyst; then, the permeate - with total As con-
centration approaching 5 mg-L!, almost completely present in the
oxidated As (V) form - was subjected to PEUF stage. Here, the water-
soluble poly-DADMAC efficiently bonded arsenate ions producing a
polymer-arsenate macromolecules easily rejected by UF membranes
thanks to a size-exclusion mechanism; on the other hand, the unbound
arsenite remains solubilized into the water and easily permeates through
the UF membranes [57].

The evaluation of As (III) concentration into the permeate of the UF
step offers the opportunity to estimate the efficiency of the integrated
photocatalytic oxidation-PEUF process (1), estimated as:

As(H) gy — ASUID)

n (%)= As(l) gy p 100 2
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Fig. 7. a) As(Ill) and As(V) concentration as a function of the irradiation time in photocatalytic reactor; b) efficiency of photocatalytic-PEUF process (UF feed

pressure: 2 bar).

where [As(II)]g mp is the initial As(IIT) concentration in the retentate of
MD submitted to photocatalytic reactor and [As(IIDp,ur] is the As(III)
concentration in the permeate of the PEUF step. As reported in Fig. 7.b,
it was noticed that arsenite concentration into the PEUF permeate
dropped from 0.5 mg-L™! to 0.009 mg-L! by extending the irradiation
time of the photocatalytic step from 0 to 60 min, with an efficiency of
photo-oxidation of 98.2%.

The polymer exchanger is highly reactive towards bivalent ions
present at alkaline pH, but the oxidation altered the pH of the medium
acting on the protonation of As(V) [77]. Moreover, the values of pKa of
As species indicate the significant dependence of charge of the anions
from the pH evidencing ultimately the low tendency of As(III) to form
anions at neutral pH. Definitively, the ion exchange reaction between
the polymer and the As ions is faster at high pH because the bivalent
form of As (HAsO42") dominates with respect to the monovalent
(H2A5047) [65].

In addition, the polarity of the functional group of polyDADMAC is a
crucial parameter governing the selectivity and the retention capacity of
ion exchange because its positively charged quaternary ammonium
group interacts with the As(V) ions [57]. Thus, these interactions are
optimized in alkaline solution because divalent As(V) species are pre-
dominant, and, alkaline pH are required to ensure an efficient photo-
oxidation and complexation [78].

During this final step, UF was carried out at different relative pres-
sure of the feed in order to evaluate the influence of this parameter on
system performance. Results, summarized in Fig. 8, evidenced the
benefits of the feed pressure on the permeation rate: the water flux was
improved from 112 L-m2h?! to 334 L-m2h! when increasing feed
pressure from 1 to 4 bar. Below 2 bar, the results evidenced the linear
dependence of flux by the feed relative pressure; under this circum-
stance, concentration polarization phenomenon was negligible and only
the membrane contributed significantly to the mass resistance [79]. On
the other hand, the flux deviated from the linear behavior at pressure of
4 bar, and the UF permeability decreased of ca. 15% in comparison with
the one observed by feeding pure water. This was essentially related to
both concentration polarization, consisting in the accumulation of
retained solutes at the membrane surface, and fouling, caused by
adsorption and/or deposition of polyelectrolyte on the membrane pores
[80-83]. The quality of permeate, expressed in terms of As concentra-
tion, did not change significantly with the operating pressure: the
average As concentration in the permeate was 100 pg L'}, corresponding
to As removal of 98.0%. This value is slightly lower than the efficiency of
photo-oxidation (98.2%) because of the incomplete complexation of As
(V) due to the polydisperse nature of the polymer. Definitively, the
integration of photo-oxidation and PEUF as downstream process for MD
retentate increased the overall water recovery to 99.97% coherently
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Fig. 8. Comparison of the performance of the UF process by feeding pure water
and the As-contaminated solution containing polyDADMAC.

with the ZLD approach and mitigated its environmental risk.

From a practical point of view, 1 m? of membrane is able to reme-
diate via MD ca. 50 L of As contaminated water in 16 h at a rate of 3 3.1
kg-m2hl, sufficient to reach the minimum per capita water consump-
tion established by WHO [84] at a cost of $6.80-m™ (estimated on a
standalone MD set-up solely powered by grid electricity [85]), fairly
attractive in rural or arid regions. The post-treatment of the minimal
volume of MD retentate has a low energetic and economic impact: 0.25
KWh per liter (<0.1 $) with an estimated capital expense in the range of
1000-2000$%. Interestingly, the potential of MD to recovery up to 98.8%
of pure water paves the way for the economic viability of advanced
oxidation practice, decreasing by 2 order of magnitude the volume (and,
roughly, the treatment cost) of the As contaminated waters. Further
advantages are related to a radical abatement of the capital cost and
footprint in comparison to direct feedwater treatment.

Lastly, UF requires a total capital and operational cost of $0.234-m™
([85]), which can be doubled by considering the price of the chelating
complex and its effect on the shelf-life of the membrane because of
fouling. Overall, the purposed process is able to remediate As contami-
nated water without the production of wastewaters at a cost lower than
$10-m™.

The extent of photocatalytic oxidation depends on light sources (UV,
visible, and solar), the type of photocatalyst, and experimental condi-
tions (pH, photocatalyst dosage, initial concentration of inorganic ion,
light intensity, etc.). Visible-light-active photocatalysts are applied by
several researchers to exploit sunlight and to make the photocatalysis



S. Santoro et al.

process sustainable. Analogously, energy demand for MD can be effi-
ciently satisfied by converting sunlight into heat by using a solar thermal
collector or photothermal materials embodied into the membranes. In
the future, the exploitation of the solar radiation in the photocatalysis
and MD will make the integrated processes economically more efficient.

4. Conclusions

The novel process here discussed, based on the integration of
membrane distillation (MD), photocatalysis and polyelectrolyte-
enhanced ultrafiltration (PEUF), exhibited interesting performance in
the remediation of As-contaminated water.

MD in direct contact configuration, carried out under a moderate
temperature gradient (40 °C difference between feed and permeate inlet
temperature), was able to produce high-quality freshwater with signif-
icant advantages in terms of sustainability (possibility to operate with
waste or solar heat) and versatility (modularity for an easy scale-up)
with respect to conventional techniques such as coagulation-
flocculation, adsorption, ion-exchange and oxidation.

Experiments demonstrated the possibility to dehydrate a multi-ion
solution initially containing 0.059 mg-L of total As (10%w/v arse-
nite) up to a final concentration of c.a 5 mg-L™!, thus reaching a water
recovery factor of 98.8% and obtaining a retentate concentrated 83-
folds c.a with respect to the initial solution.

The photocatalytic reactor, fed with the MD retentate, ensured the
oxidation of the arsenite into arsenate with efficiency of 98.3%. This
step mitigated the toxicity of As and favored its immobilization in poly-
DADMAC and its subsequent removal using ultrafiltration (UF) raising
the water recovery factor of the integrated process to 99.97%.

A critical assessment of the integrated membrane process revealed
the necessity to reduce the pH of artificial feedwater down to 5.6 in
order to: i) avoid the of the risk of scaling in high-recovery MD opera-
tion; ii) reduce the concentration of bicarbonate ions for a more efficient
downstream photocatalysis.

On the other side, softening of the MD retentate at pH 9 was required
in order to: i) prevent scaling within the photoreactor; ii) remove
coexisting competitive ions by precipitating them as dolomite.

The integrated process can be designed at different scale, from do-
mestic to industrial applications, ensuring the remediation of As-
contaminated feedwater and avoiding the production of undesirable
wastewater according to the ZLD paradigm. Roughly, a cost of ca. $10
per day are required to produce 1 m® of freshwater, sufficient for the
realization of the right to water of a small community of 20 persons, and
the post-treatment of the byproduct making the integrated process of
interest for a sustainable point-of-use arsenic remediation.

Although the present experimental activity refers to an Italian case-
study, the proposed approach schematized in Fig. 1 is potentially
replicable in different geographical scenarios. In Chile, intensive mining
activities are a major source of arsenic contamination of groundwater
[2]; here, the exploitation of waste heat and solar thermal power
(northern regions have an annual direct normal irradiation of approxi-
mately 9-10 kWh-m2 per day) has the potential to significantly mitigate
the cost of MD (about $1.6-m™ when operated with brackish water
[85]), making it competitive with Reverse Osmosis. Arsenic contami-
nation is also a severe issue in many Southeast Asian countries such as
Pakistan (where a study of Shakoor et al. (2018) revealed that 75% of
groundwater wells in five different areas of Punjab exceeded the safe As
limit set by WHO [86]) and India (where As contamination involves 20
states and 4 Union Territories [87]). In all cases, the variety of the
composition of the contaminated waterbodies imposes tailored condi-
tions of acidification and softening to reduce the risk of scaling in MD
and the depletion of competitive ions in the photocatalysis and PEUF.

Nevertheless, the effective implementation of the proposed inte-
grated process, in the same way as most of water decontamination
technologies, depends on proper disposal approaches for arsenic-
bearing wastes (i.e. As-polymer complex) generated during remediation.
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