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The tap water quality in Peru fails to meet the World Health
Organization (WHO) drinking water standards; consequently, the
local population in Peru has been exposed over the last few years
to harmful arsenic levels through water consumption. A field
study was conducted in Peru between 2019 and 2020 using
granular adsorbers and hybrid membranes based on the
technology using milk protein nanofibril-carbon hybrid materials
previously introduced in the literature by us (S. Bolisetty and R.
Mezzenga, Nat. Nanotechnol., 2016, 11, 365). The performance
was analyzed across 28 households as well as 3 community-
based water treatment plants in some of the Peruvian arsenic
burdened regions, covering a range of groundwater arsenic
concentrations between 11 ug L'* and 1.1 mg L%, Three different
kinds of filtration units were installed including the combined
granular media and hybrid membrane (type 1), hybrid membrane
alone (type 1), and granular media (type lll), to determine the
effectiveness of different filtration setups for arsenic removal in
different regions. The arsenic removal by household filtration
units and community filtration units shows a removal efficiency
exceeding 99% at various initial arsenic concentrations for a
duration up to nine months. In addition, it is shown that an
aqueous NaOH solution can be used to regenerate the adsorbent,
extending its operational lifetime and the overall capacity for As
removal. High purification efficiency, very low cost, safety, little
to no energy requirement, possibility of regeneration and
simplicity of operation make this technology suitable for arsenic
removal from drinking water in a broad range of urban and rural
areas.
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Arsenic removal from Peruvian drinking water
using milk protein nanofibril-carbon filters: a field

Sreenath Bolisetty, ©*® Akram Rahimi®® and Raffaele Mezzenga @ **¢

Water impact

The metalloid arsenic in groundwater has been considered as the most
serious inorganic contamination in drinking water. Over several
hundred million people in more than 70 countries are affected by
arsenic contamination in drinking water. The milk protein nanofibril-
based technology has shown extraordinary results for the removal of
both arsenite As(m) and arsenate As(v). This work reports a field study
in several regions of Peru on drinking water purification using protein
nanofibril-carbon-based = products. = Household faucet filters,
community-based pilot treatment and large-scale plant studies have
shown very efficient long-term removal of arsenic.

1 Introduction

Highly toxic arsenic contamination in drinking water is
responsible for serious public health effects, called
arsenicosis, upon prolonged consumption." It has been
proved that chronic exposure to arsenic is associated with an
increased risk of skin, bladder and lung cancer, as well as
with skin lesions, respiratory disease, and neurological and
cardiovascular diseases.> Today millions of people in many
parts of the world are still exposed to an elevated level of
arsenic through contaminated water consumption. The World
Health Organization (WHO) proposes a 10 pg L™ arsenic
threshold as a drinking water guideline; however, many low-
middle income countries are not able to cope with the WHO
standards due to high purification costs. Consequently, some
governments adjusted their national drinking water standards
up to 50 pg L' in arsenic affected areas.’™

Peru has many mineral-rich regions with high arsenic
contamination in their natural groundwater and surface
drinking water, which can be due to both volcanic (natural
pollution) and man-made mining activities (anthropomorphic
pollution). Particularly, the expansion of the mineral
extraction industry in different parts of Peru is adversely
affecting the quality of the Peruvian water supply.®” It has
been assessed that there are approximately 1.6 million
Peruvians residing in regions with poor quality drinking water
within 5 km of active or historical mining operations.® As can
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be observed in Fig. 1a, several other heavy metals such as
lead, zinc, cadmium, mercury, copper and chromium are also
released into the water sources in Peru due to the mining
industry.>® In 2000, it was estimated that more than a million
Peruvian people living in both rural and urban areas have
been consuming arsenic-rich water (exceeding 50 pg L™
arsenic) for a long period of time (20-30 years).'®'" The
Ministry of Health (MoH) in Peru reported that the regions of
Tacna, Arequipa and Moquegua, especially the districts of
Candarave, Inclan and Jorge Basadre, have a high level of
arsenic contamination, up to 1.1 ppm, 110 times higher than
the WHO drinking water limit.

So far, several water treatment approaches including
reverse osmosis, coagulation/filtration, adsorption and ion
exchange have been developed for arsenic removal.'*'®
Despite these advances, none of these technologies is
currently applied on a broad scale in Peru because each of
them requires sophisticated technical systems, and none of
them is found to suit the reality in this moderate-income
region of the world. Accordingly, identifying a suitable, low
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Fig. 1 a) Different metal percentages in a water sample in Peru®
(MINSA 2016). b) Site location map for the Peru field study. The study
locations are marked by the red circles (Tacna, Moquegua, Cerro de
Pasco, and Chiclayo).
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energy consumption, highly efficient and safe technology that
does not require large investments and can be used at the
household level, specifically in close proximity of the mining
areas, has become urgent.

Protein nanofibrils generated from inexpensive milk
proteins have shown unique binding properties to adsorb, via
metal-ligand binding interactions, any type of heavy metal
ion and metalloids, including arsenic, from polluted water in
a non-selective, very general and unprecedented way.'”>* This
new technology is radically distinct from the -current
technologies and shows promise to bring a ground-breaking
solution to this long-standing problem. The major difference
is in the functioning mode, which is more reminiscent of an
adsorption process operated with membrane filters and
granular media of great capacity, rather than filtration
carried out with specific selectivity (e.g. exchange resins) or
size-dependent traditional membranes with high operating
pressure (e.g. reverse osmosis, nanofiltration, and
ultrafiltration). Furthermore, the technology is sustainable
and energy-neutral (it can work with simple gravitational
pressure), has no secondary pollution side effects and is of
very low cost, which make it globally accessible worldwide.

In this work we benchmark and validate this technology
under real operating conditions in one of the most demanding
settings for arsenic removal, in both urban and rural areas of
Peru. This field study is particularly aimed at assessing the
long-time performance of granular media and the hybrid
membrane based on protein fibrils in the treatment of
groundwater and surface water with a range of typical dissolved
species concentrations for both household applications and
community-based large-scale water treatments. In total, we
installed three different types of filtration units for the Peru
field study starting from April 2019 to July 2020: type I -
household installation of combined membrane and granular
media, type II - household installation of the membrane alone,
and type III - community installation of the granular media.

2 Experimental section

The technology used to produce whey protein nanofibril-
carbon hybrid membranes and granular media has been
deeply discussed in numerous earlier publications and will
not be further discussed here. In short, hybrid membranes
and granular media were produced and kindly provided by
BluAct Technologies GmbH, following earlier publication and
patent protocols.'”*®2472° Fig, 2a and b show a representative
image of the hybrid membrane (see Fig. 2a) and granular
media (see Fig. 2b), respectively.

The field study was executed in three different regions
highlighted in the map shown in Fig. 1b with highly variable
concentrations of arsenic in the area of Tacna (15-50 ppb),
Moquegua (10-35 ppb) and Inclan (60-450 ppb) in Southern
Peru and Cerro de Pasco (3-5 ppb), Ticapampa (250-1100 ppb)
and Chiclayo (5-100 ppb) in Northern Peru. Water samples were
collected before and after the filtration at regular intervals in
household and large-scale filtration units having various water

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Photograph of the filtration membrane. (b) Photograph of
the granular media. (c) Type | - household filtration unit (membrane
and granular media). d) Type Il - household filtration unit (only the
membrane). (e) Type lll - community filtration unit in Torata. (f) Type Ill
- community filtration unit (only granular) in Inclan. (g) Water samples
collected from the Inclan area with high turbidity (sample in the left
side: before filtration; sample in the right side: after filtration) and (h)
the number of the household and community installations in the
selected areas.

supply systems from April 2019 until July 2020. The samples
were collected directly from the inlet and outlet of the filtration
process and stored without any reagents. All the samples have
been acidified using 0.1 M HNOj; before analysis by AAS. The
samples were analyzed for the residual arsenic concentration
before and after the filtration at ETH Zurich using atomic
absorption spectroscopy on a AAS240Z Zeeman graphite furnace
(GTA 120) equipped with a PSD 120 programmable sample
dispenser. In this study we measured the total arsenic content
without distinguishing As (i) and As (v) in the water, before and
after the treatment. The measurements were performed in
triplicate, and the results were averaged. A separate calibration
was done by measuring the standard solutions with various
concentration regimes. The physicochemical parameters of the
water before and after filtration is shown in ESI Table S2.}

In total, three different types of water filtration units were
installed and studied in detail (see Fig. 2c-f). For the
household water treatment, type I household installation
relies on both the membrane (geometry of the filters: 20 x 10
cm; number of filters used: 3) and granular media while type
II household installation relies on the membrane alone. The
instructions were given to the people in the houses about the
usage of the filtration setup. Water was pumped from spring
water reservoirs into the filter membrane or granular media,
with a consecutive water throughput of 0.5-2 L min". It must

This journal is © The Royal Society of Chemistry 2021
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be emphasized that no chemicals were added in this study.
The details of the performance over the field study period at
different arsenic contamination levels are discussed in the
Results and discussion section below.

For the large-scale community units, only the granular
media were filled directly inside the column (type III) as a fixed
bed. The community units were installed by replacing the
existing charcoal with our granular media (see Fig. 2e and f).
The community filtration units in Inclan and EPS Tacna were
designed specifically by BluAct Technologies GmbH. The Inclan
community filtration unit also has the prefiltration units of the
stone and sand filters, with the granular media. The spring
water reservoir directly passed through the media via simple
gravitation pressure without any external energy. The filtered
water passes directly to the automatic closing reservoir tank. 20
kg granular media are used for the community-based water
filtration setups (see Fig. 2e and f). The plants are operated in a
continuous mode with automatic stops when not in use.
Additionally, the other water parameters such as pH, turbidity,
conductivity, and temperature are also recorded. The change in
turbidity of the water before and after filtration is visible in
Fig. 2g. The exact address of all installations is recorded and
shown in Table S1 in the ESL{ A total of 28 household (types I
and II) and 3 community-based (type III) water filtration units
were installed (see Fig. 2h).

Hair and nail study: toenail and hair samples were
collected from volunteers in Tacna, Ticapampa and Inclan to
establish a correlation between the exposure to arsenic via
groundwater and the accumulated arsenic in the body. The
nail and hair samples were cleaned for analysis by following
the procedure outlined by Chen et al?’ and Ryabukhin
et al.,”® respectively. The nail samples were immersed in a 1
wt% solution of the surfactant Triton X-100 and placed in an
ultrasonic bath for 20 min. After this treatment, the nails
were rinsed five times with Milli-Q water and then dried
overnight at 60 °C in an oven. The hair samples were rinsed
sequentially with acetone (25 ml, 10 min sonication), then
with deionized water three times (25 ml, 10 min sonication
each time) and finally with acetone (25 ml, 10 min
sonication), discarding the wash solution between each step.
After washing, the hair samples were dried overnight at 60 °C
in a drying oven.

After cleaning, 10-100 mg of nail or hair samples were
accurately weighed into acid-cleaned polypropylene tubes. 1
ml of concentrated HNO; (69% HNO;, BDH) was added to
each sample, and the tubes were capped and allowed to sit
for 48 h at room temperature. The resultant solution was
diluted with 4 ml of deionized water and then filtered (0.4
pm) into a fresh acid-cleaned polypropylene tube. The
resultant solution samples were analyzed by AAS.

3 Results and discussion

Data on the stored arsenic content in humans, obtained via
hair and nail composition analysis, are shown in Table 1.
The data showed that the arsenic concentration ranged from
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Table 1 Arsenic concentration in hair and nail samples and arsenic
concentration in the area

Samples pug As gt As concentration
kind/region sample in the area (ppb)
Hair/Ticapampa 2.68 850
Hair/Ticapampa 1.34 850
Nail/Ticapampa 0.12 850
Nail/Ticapampa 2.46 850
Hair/Tacna 0.27 321
Nail/Tacna 0.46 321
Hair/Inclan 0.11 298
Nail/Inclan 1.36 298
Nail/Inclan 1.12 298
Nail/Tacna 0.84 22
Nail/Tacna 0.57 22

0.11 pg g* to 2.68 ug g~ which can be classified to be high
levels in individuals according to other studies.”® The arsenic
levels in the hair and nail samples are positively associated
with the groundwater arsenic concentrations in the area.
Although the data shown in the Table 1 are scattered, as
expected in any physiological dataset, the general tendency
shows a positive correlation between the average nail and
hair arsenic concentrations found in people and the arsenic
concentration in the water they drink. The average nail and
hair arsenic concentrations (see Fig. S1, ESIf) in people
drinking water containing higher arsenic concentrations tend
to be larger than those in people consuming water with lower
arsenic concentrations, indicating more severe health
implications for those individuals with access to poorer water
quality and emphasizing the need for appropriate treatment.
The filtration units were evaluated for their arsenic
removal efficiencies before and after filtration in April 2019
in different regions using the type I household (14 studied
households), type II household (12 studied households), and
type III community (3 studied communities) filtration units.

- After Treatment
a) ’__-_Bofon Treatment
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As we can observe from Fig. 3, in all the regions using
different types of filtration setups (types I-III), the arsenic
concentrations in the filtrated water dropped below the 10
ppb WHO threshold.

Due to the relatively high arsenic content of the raw
groundwater in some regions within the studied area, a two-
stage filtration approach combining the granular media
and hybrid membrane was used to realize the optimum
arsenic removal performance. Fig. 4a-c show the results for
the arsenic removal performance of the type I household
filtration units in three households in different regions. The
results show that residual arsenic levels below the WHO
guideline limit of 10 ppb were achieved by all the filtration
systems of the installed type I unit. Even though the installed
filtration units were not exhausted with the high arsenic
levels, the hybrid membranes were blocked after a few days
due to the high turbidity of the water and fouling
phenomena. For that reason, we only changed the filter
membranes in the type I household filtration units (not the
granular media). In Ticapampa (see Fig. 4a) the
membranes were replaced two times, while in Inclan and
Tacna (see Fig. 4b and c) the membranes were replaced once
during the six month period. According to the obtained
results, even under extreme conditions the type I household
filtration units can reduce the concentration of arsenic in
water to values that meet the requirements set by the WHO
on drinking water during the period of the field study. The
performance of the type 1 units is also shown in Fig. S2 (see
the ESIf) for the Moquegua and Chiclayo regions. As can be
observed, there is no need to change the membrane during
the field study in these regions because of the low turbidity
of their water. The performance of the type II household
filtration units in different regions is shown in Fig. 4d-f,
including the concentrations of arsenic in raw water and the
values measured after passing through the tested filtration
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(a) As concentration before and after filtration with the type | household filtration unit (Tacna: H2, H3, H10, Ticapampa: H6, H7, Inclan: H12,

H13, H14, H15, Chiclayo: H19, Moquegua: H21, and Cerro de Pasco: H27, H28). (b) As concentration before and after filtration with the type Il
household filtration unit (Tacna: H1, H5, Ticapampa: H9, Inclan: H11, Chiclayo: H16, H17, H18, H20, Moquegua: H22, H24, and Cerro de Pasco:
H25, H26). (c) As concentration before and after filtration with the type Ill community filtration unit (Tacna: EPS, Inclan: R1, Torata: R2).
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Fig. 4 Arsenic concentration before and after filtration through the type | household filtration unit in a) Ticapampa (H6), b) Inclan (H14), and c)
Tacna (H3) and arsenic concentration before and after filtration through the type Il household filtration unit in d) Ticapampa (H9), e) Inclan (H11)
and f) Tacna (H1). The brown arrows indicate the date of the installation replacement.

units by gravitational pressure. Arsenic concentrations in
the effluents of the type II household filtration units
dropped significantly below 10 ppb during the 6 month
period in the low and high-level arsenic-contaminated
regions of Inclan with two replacements and Tacna with
one replacement, turning tap water into drinkable water.
The efficiency of arsenic removal reaches up to 99.9%.
However, the average arsenic concentration in the
Ticapampa region is significantly higher than those in
Tacna and Inclan, which leads to the increased effluent
arsenic concentrations after a few weeks for the type II
household installation filtration unit. The decreasing
fractional removal with an increasing arsenic concentration
in the Ticapampa area shown in Fig. 4a is consistent with
a mechanism where arsenic removal is limited by the
availability of adsorption sites and the filters need to be
changed regularly. In the case of low and medium
contamination regions, even though the hybrid membranes
are not saturated with high arsenic levels, the hybrid
membranes in the type II household filtration units were
blocked after a few days due to the high turbidity of the
water and fouling phenomena. To prevent the fouling
phenomena and also the blocking of the membrane by
other particles, sand filters were installed as pre-treatment
for the household filtration units, and stone-sand filters
were installed as pre-treatment for the community filtration
units, starting from August 2019.

This journal is © The Royal Society of Chemistry 2021

To evaluate the arsenic removal performance for large-
scale water facilities, type III community filtration units were
installed using the granular media for the large-scale
community-based filtration in EPS Tacna as a low
contamination region, as well as the Inclan and Moquegua
regions as the high contamination regions. The water was
passed through the filtration units via gravitational pressure
at a flow rate of approximately 0.1 L s ', operating
intermittently for 7 months up to a total volume of 36 000
litres.

The concentrations of arsenic remaining in water after
treatment for the Inclan and Tacna communities are shown
in Fig. 5, where during the entire span of the study, the
quality of water is improved meeting the WHO standards,
i.e., well below the 10 ppb threshold. Even in the case of
high contamination regions in Inclan, using 20 kg of the
granular media, the arsenic concentration of water from an
average 300 ppb concentration dropped to below 10 ppb
during the entire study period. In the case of the EPS
Tacna and Torata installation units, the water passed
through the media continuously for 7 months, and the
entire treated volume of approximately 1815 m® was
purified by bringing the arsenic level below 10 ppb. The
results for the community systems demonstrated that high
efficiency, long-term performance and high arsenic removal
capacity can be achieved with the type III community
filtration unit in both high and low arsenic contamination

Environ. Sci.: Water Res. Technol., 2021, 7, 2223-2230 | 2227
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Fig. 5 Arsenic concentration before and after filtration through the
type Il community filtration unit in a) EPS Tacna and b) Inclan.
According to the performance measured, there was no need to
change the granular materials during the study.
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Fig. 6 Arsenic concentration before and after filtration through the
large-scale filtration plant in Yacango. The brown arrow indicates the
first onsite regeneration event.

areas, with essentially no maintenance and additional
operating costs.

Based on the above results obtained for the households
and small communities, a large-scale study was
implemented in an existing water treatment plant in
Yacango. Yacango village relies for water supply on a spring
water reservoir with an arsenic concentration of 20 ppb. In
this large-scale water treatment plant, granular materials
were used for 5 months. The daily filtrated volume using
680 kg of the granular materials was 147 m®, with a flow
rate of ~6 m® h™. The granular adsorbent always yielded
an effluent arsenic concentration of <10 ppb in the first 5
months of operation. A total of 37 million liters of water
was treated until July 2020, yielding the operating capacity
under these specific conditions, that is, 1 kg of materials
could filter 62 000 liters of contaminated water. Due to the
saturation of the granular media arsenic removal efficiency
after 5 months of adsorbent operation (see Fig. 6), the
materials were regenerated in July 2020. The granular

2228 | Environ. Sci.. Water Res. Technol., 2021, 7, 2223-2230
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adsorbents were regenerated using NaOH (1 M) and could
subsequently be brought back to service following a short
rinsing with distilled water. As can be observed in Fig. 6,
the regenerated adsorbent shows a renewed high
performance for arsenic removal, extending the operating
lifetime of the adsorbent.

4 Conclusions

The goal of this study was to investigate the arsenic removal
efficiency of protein-based granular materials and protein-
based hybrid membranes at the household and community
levels for a broad range of groundwater compositions in Peru
and assess their potential for arsenic removal in such a broad
context.

Hair and nail samples collected from volunteers in all the
regions under screening featured high arsenic content,
indicating a strong correlation between arsenic exposure in
groundwater and its biological accumulation and
highlighting the urgent need for viable solutions.

The type II filtration unit (only membranes) was effective
for arsenic removal at medium and low contamination
concentrations. However, this kind of filtration unit was not
sufficient for removing the required amounts of arsenic in
Ticapampa tap water, where extremely contaminated water
levels were observed; in such cases, the type I filtration unit
(combined granular media and membranes) was still capable
of virtually removing the effluent arsenic and bringing back
water to drinking quality according to the WHO standards.
The type III community filtration unit (only granular) in
Inclan and Tacna operated on tap water with 300 ug L™ and
40 pg L' arsenic contents and featured complete arsenic
removal over 7 months of steady-state operation, again
bringing back water to drinking quality.

Taken together, the results from this field study show that
the water purification technology based on milk protein
nanofibril-carbon hybrids is a promising technology for
tackling the problem of arsenic groundwater contamination
at minimal operating costs and infrastructure requirements,
for the benefits of a targeted population of 15 million people
worldwide according to WHO estimations.
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