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Summary

The increasing demand of freshwater worldwide draws research efforts toward
the implementation of innovative system processes able to extract high-quality wa-
ter from contaminated/unconventional water sources. To this purpose, promis-
ing results may be achieved by the employment of membrane-based separation
technologies, which can help improving the management of water and wastewater
streams and a more sustainable human-related water cycle. Within this broad topic,
this manuscript presents two case studies in which innovative membrane filtration
systems are employed for the recovery of high-quality water from contaminated
sources. A methodological approach is presented, where membrane-based solutions
are analysed “from lab to full scale” design. In-depth studies of the parameters
affecting membrane process performance is first investigated through lab experi-
ments. Consequently, the results obtained in the lab are used to implement and/or
evaluate the performance at larger scale, also through system-scale modelling, with
the aim to identify the best operating conditions for the final proposal of full-scale
designs.

As a first case study, nanofiltration is discussed as a potential technology to
produce drinking water from chromium contaminated sources, and sources con-
taminated by heavy metals in general. Chromium removal is concerning because
a new stringent limit was recently adopted in many EU countries. First, three of
the most widely used commercial NF membranes are investigated at the lab scale.
Overall, laboratory results suggest that tighter NF membranes should be adopted
when filtering chromium contaminated waters with significant ions concentration,
and in particular divalent cations. Loose NF membranes may instead guarantee
higher productivity and adequate Cr rejection in waters with lower salinity or hard-
ness. The influence of the presence of oxidizing agents on membrane performances
and their achievable lifetime is also investigated. Promising results are obtained by
filtering real well water samples of different chemical compositions, suggesting that
nanofiltration is an effective process to extract safe drinking water from chromium-
contaminated sources. Based on these results, pilot experiments are discussed with
a pilot installed in situ. The denser membranes consistently reject chromium to
achieve the desired values in the permeate stream. Finally, a design of a full-scale
plant is proposed to treat the contaminated well water, together with the relative
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economic and environmental assessments. Guidelines are also presented to perform
similar analysis and to help with the choice of the most appropriate nanofiltration
membrane, depending on the specifics of water chemistry.

The second case study evaluates the feasibility of a forward osmosis — nanofil-
tration system to extract high-quality water from brackish groundwater and from
wastewater. Through lab experiments, magnesium chloride and sodium sulfate are
identified as the most promising draw solutes for this application. High-recovery
tests suggest that a feasible recovery larger than 60% may be achieved in the cou-
pled technology by filtering these feed solutions. The diluted draw solutions can
be completely regenerated through NF membranes, extracting, at the same time,
high-quality water on the permeate side, suitable for beneficial reuse.

An in-depth analysis of fouling phenomena shows that the loss in membrane pro-
ductivity can be partially recovered through mild physical cleaning, suggesting that
fouling would not significantly affect the performance of the system. The higher
performance obtained by filtering the real wastewater compared to the brackish
water sample suggests that the coupled technology is especially promising for the
treatment of water matrices with low salinity and high organic contents. From these
results, a system-scale modelling is developed to evaluate the influence of different
process parameters, in the case of the FO-NF system applied for the treatment of
wastewater. Finally, the design of the full-scale FO-NF plant is presented. Simu-
lations show that the overall system can achieve up to 85% water recovery using
NaySO, or MgCl, as the draw solute. However, periodical change of the draw
solutions should be accounted for.

Overall, the methodological approach presented in this thesis may represent a
valuable method to evaluate various membrane-based treatment solutions and their
potential full-scale applications.
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Chapter 1

Introduction

Freshwater represents the fundamental asset to guarantee adequate living stan-
dard to people. Many efforts have focused during the last decades to increase
water availability and significant breakthroughs were achieved [1]: in 1990 only
the 76% of the world’s population had access to safe potable water through estab-
lished drinking-water services. In 2015 this number was 91%. In 2017, the World
Health Organization reported that almost 6.9 billion of people used improved water
services (with or without restrictions based on the living location). However, the
remaining 580 million people still need access to safe potable water today. The goal
reported by the Agenda for Sustainable Development is to ensure a safe and unre-
stricted water service to the whole world’s population within 2030 (VI sustainable
development goal) [2].

With respect to human activities, the largest fraction of freshwater is required
in agriculture and in the food industry, which consume up to 70% of the global
freshwater withdrawals [3, 4]. The availability of freshwater, together with energy
supply, are considered the most important assets for global development [5]. A
strong interdependence exists between the demand of freshwater and the energy
consumption, so called “water-energy nexus” [6]. Freshwater indeed must be used
to ensure any energy- and raw materials-related operation such as the extraction
and conversion of these materials or to provide cleaning and cooling of industrial
systems [7]. On the other end, energy is needed not only to operate the industrial
processes but also to ensure freshwater extraction and purification, and in the
reclamation of contaminated waters.

Considering that only the 2.5% of the water on the Earth is freshwater, with
the 68.7% of this fraction being inaccessible [8], freshwater should be accounted
as a “limited resource” and its management becomes crucial in global sustainabil-
ity. Therefore, the engineering approach related to water and wastewater treat-
ment technologies is fundamental for global sustainable development. Nowadays,
even if conventional and established technologies are widely employed for wa-
ter/wastewater treatment, an optimization of the overall “water system” is needed
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1 — Introduction

to face the constant increase of freshwater demand. Efforts are ongoing to study
and to develop innovative water/wastewater treatment solutions with the aim to
achieve the highest possible recovery rate of the treated water, ensuring an over-
all high quality of the effluent produced, and possibly extracting other valuable
resources from the feed stream. This achievement would translate into a strong
reduction of the waste and of the cost associated to wastewater management. The
recovery of high-quality water from industrial effluents, contaminated streams or
unconventional water sources, would also allow the re-use of water on site, lowering
the environmental risks related to wastewater discharge and the pressure on more
“noble” freshwater resources. Moreover, in some cases this engineering approach
would allow the recovery of valuable resources, such as minerals, ideally achieving
the so called “zero liquid discharge”.

This thesis is placed within the context described above, presenting two case
studies of innovative water treatment solutions for the recovery of high-quality
water from contaminated sources. Membrane-based separation technologies were
chosen for this specific purpose; this thesis reports a comprehensive overview of the
process performance and the results obtained in lab experiments to inform full-scale
system design, also discussed herein. Below, a brief summary of the conventional
water/wastewater treatment systems is reported followed by an introduction on
membrane-based solutions for high-quality water recovery. Finally, the scope of
the thesis is described before diving into the details of the two case studies.

1.1 Water and Wastewater treatment systems:
an overview

Wastewater Treatment

According to the FAO, wastewater treatment facilities must be employed to
treat domestic and industrial effluents before release to the environment without
compromising the ecosystems or affecting human health [9]. With the aim to remove
particles, organic materials, and nutrients from contaminated streams, conventional
wastewater treatment plants (WWTPs) include a series of treatment processes and
operations, namely: preliminary treatment, primary treatment, secondary treat-
ment, tertiary and/or advanced treatment, and often disinfection prior to effluent
disposal [9, 10, 11, 12]. Preliminary treatment consists of equalization and the use
of screens and grids to remove large suspended solids. This step is necessary to
guarantee the proper functioning of the overall treatment train [9, 10]. The effluent
exiting the preliminary step is usually sent to a sedimentation tank (which com-
monly represents the primary treatment unit). Here, the aim is to remove all the
settleable inorganic and organic particles [9, 10]. Overall, approximately 65% of

2



1.1 — Water and Wastewater treatment systems: an overview

the total oil and grease is removed through this step, together with an average 50%
to 70% of suspended solids and 25% to 50% of BOD [9, 13]. Secondary treatment
usually includes biological treatment units and further sedimentation. Aerobic sys-
tems, such as activated sludge, followed by sludge digestion is typically employed
for the abatement of organic matter concentration in water [9, 11, 13]. However,
in the presence of wastewater constituents, such as nitrogen, phosphorous, heavy
metals, or additional suspended solids, physico-chemical treatment (coagulation-
flocculation and sedimentation) or anaerobic/anoxic steps may be performed during
or following the secondary treatment [9, 14]. Finally, before releasing the effluent
into the environment, a disinfection ensures the production of an effluent virtually
free from harmful microorganisms [9, 14]. Nevertheless, depending on the char-
acteristics of each wastewater and on contaminant concentrations, the treatment
sequence described above may be rearranged and further treatment technologies
can be employed. For instance, in the presence of contaminants that may compete
with the biological degradation of organic matter, physico-chemical treatments may
be used prior to the activated sludge process, thus enhancing the performance of
this step and of the subsequent sludge digestion. Depth filtration, instead, can be
employed for the abatement of the smallest and not easy settleable suspended par-
ticles, while ion exchange resins may be used to further reduce the concentration of
heavy metals and dissolved solids from the final effluents [15, 16, 17]. An example
of a conventional wastewater treatment train is presented in Figure 1.1.

Conventional wastewater treatment plants are not designed to produce an efflu-
ent with a quality suitable for water re-use, such as for further industrial processes
or for irrigation. Moreover, emerging contaminants (e.g., micropollutants, bio-
cides/pesticides, surfactants, and heavy metals) produced by anthropic activities
are increasingly released into the sewage system but no specific treatment units are
included in conventional WWTPs for the abatement of these compounds [18, 19].
For this reason, research is focused on studying innovative treatment technologies
or innovative treatment schemes able to guarantee high rate of removal of a wide
spectrum of contaminants and consequently to obtain the high recovery of high-
quality effluents. This achievement would allow the re-use of the recovered water,
thus minimizing the global freshwater withdrawal.

Potable Water Treatment

Drinking water supply represents one of the fundamental assets for all commu-
nities. Potable water is commonly produced by different water sources, i.e., ground
or surface waters, and different treatment steps are required to ensure a safe ef-
fluent. Overall, conventional water treatment facilities comprise different units.
Coagulation-flocculation is required to remove natural organic matter, pathogens,
and inorganic compounds, such as possible heavy metals, the latter also removable
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1 — Introduction

via oxidation and aeration [14]. Following physico-chemical treatment, sedimen-
tation and depth filtration are usually employed to remove all the remaining sus-
pended compounds, while adsorption and disinfection usually represents the final
step to ensure the potability of the treated effluent [20]. An example of conventional
water treatment train is presented in Figure 1.1.

Different treatment processes may be employed depending on the water char-
acteristics. For instance, in the presence of a significant concentration of calcium,
magnesium or heavy metals, ion exchange resins represent an established technol-
ogy for their removal [21, 22], while adsorption techniques, such as the use of gran-
ular /powder activated carbon, may be applied for the abatement of non-specific
organic materials or different inorganic compounds [23]. In the case of seawater
exploitation for potable water production, desalination technologies must be em-
ployed to ensure the abatement of total dissolved solids (TDS) [24, 25].

However, the increasing demand of freshwater and the risk of pollution due
to anthropic activities should draw the research towards studying innovative tech-
nologies and innovative treatment schemes able to produce drinking water from
less conventional water sources other than ground or surface water bodies. Firstly,
innovative treatment solutions should be proposed for the abatement of emerging
contaminants from potable sources. In groundwater, which represents the 65%
of potable water source for European countries, recent contaminations by nitrates,
heavy metals, pesticides or hydrocarbons have been found, while trace of microplas-
tics, micropollutants, and heavy metals have been measured in surface waters in
addition to an increase in concentration of organic materials [26, 27, 28, 29]. At
the same time, water providers must comply with updating regulation and increas-
ingly more stringent limits for contaminant concentration when delivering potable
water [26]. Moreover, within the goal of zero liquid discharge, innovative water
treatment solutions should be developed to produce, ideally, potable water directly
from wastewater effluents.
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Figure 1.1: Schematic representation of (a) conventional wastewater and (b) conventional water
treatment trains



1.2 — Membrane technologies as innovative solutions for high-quality water recovery from diverse aqueous streams

1.2 Membrane technologies as innovative solu-
tions for high-quality water recovery from di-
verse aqueous streams

Some of the most promising engineering solutions for high-quality water recovery
from various aqueous streams are membrane-based separation technologies. During
the last decades, efforts have focused on studying and implementing membrane
filtration solutions for water/wastewater treatment.

The role of reverse osmosis (RO) in the desalination market is well-known.
Thanks to its modular configuration, lower energy demand, and easier opera-
tion/maintenance, RO units are preferred over traditional thermal desalination
technologies [30]. This result was achieved through studies performed towards the
implementation of new membrane materials, innovative energy recovery devices,
and new membrane module configurations, which have drastically reduced the en-
ergy consumed by the reverse osmosis unit and have enhanced the overall membrane
performance [31, 32]. Significant research breakthroughs have been achieved: in the
1970s, the water productivity of a seawater RO (SWRO) plant was far from the
capacity achievable through an established multi-stage flash (MSF) unit and an
average 20 kWh was consumed per cubic meter of water produced. Today, one
of the largest desalination plants in the world (Sorek) is working through reverse
osmosis membranes producing up to 630,000 m?® of safe potable water per day with
an energy consumption below 3 kWh/m?®.

Like RO, also nanofiltration (NF) represents an established membrane technol-
ogy for high-quality water production, mostly thanks to the ability of NF mem-
branes to remove contaminants from water up to the ion size with lower energy
demand compared to RO [33]. Different types of nanofiltration membranes are
available in the market today. Depending on the characteristics of the selective layer
used to fabricate the membrane, differences can be observed in perm-selectivity [34].
Overall, NF membranes are characterized by a negative surface charge density,
which acts as a barrier to co-ions present in solution (so called Donnan exclusion
effect) [35, 36, 37]. However, the density of the active layer placed can vary. Mem-
branes fabricated with a dense active layer (tight NF membranes) would result in
high selectivity, with ions separation dominated by steric hindrance [38, 34]. Mem-
branes characterized by a less dense active layer (loose NF membranes) are charac-
terized by higher permeability and lower selectivity compared to denser membranes
[38, 34]. Loose or tight NF membranes can be chosen depending on the character-
istics of the water to be treated and the productivity/energy /footprint required by
the membrane system. Nanofiltration is recognized as a valuable alternative for the
recovery of high-quality water from wastewater efluents. In the pulp and paper
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industry, NF systems may be employed for the abatement of COD and the removal
of multivalent ions, thus being able to recirculate clean water directly inside of the
pulp and paper processes [39, 40]. A similar NF application concerns the treatment
of wastewaters produced by textile industries, where nanofiltration can reduce the
overall freshwater demand through the re-use of the treated effluent, free from dyes,
organic matter and with low ion concentration, directly into the fabrics fabrication
and handling processes [41, 42]. In both such applications, traditional treatment
technologies, such as coagulation, flocculation, or ion exchange resins, would not
achieve similar quality efHuents due to the influence of the various physico-chemical
parameters on process performance [34]. Finally, within the goal of freshwater pro-
duction, nanofiltration systems may be employed for the recovery of water from
municipal wastewater effluents [43, 44]. For instance, the combination of advanced
oxidation processes (AOPs) with nanofiltration may allow the extraction of high-
quality water (e.g., suitable for irrigation) from municipal wastewaters even in the
presence of micropollutants [45].

Among all, nanofiltration may have the potential to produce potable water
directly from brackish and other less conventional drinking water sources. Different
studies demonstrated that NF may represent a valuable technology for the removal
of dissolved minerals, organic components, micropollutants, and for abatement of
taste and odours from contaminated waters for drinking water purposes [46, 47,
48, 34]. More and more stringent regulations are imposed worldwide for potable
water production, thus requiring technology innovation within the water treatment
train to accomplish the new water quality limits, which often cannot be achieved
by the traditional treatment processes [34]. Nanofiltration may have a key role in
this respect.

To overcome the overall fresh-water demand and with the aim to develop sus-
tainable water production processes, research is also pushing forward towards the
implementation of novel membrane-based solutions able to recover water from com-
plex aqueous streams by exploiting low exergy sources. Membrane distillation
(MD), a thermally driven membrane process, is one of these promising technologies,
with the potential to recover freshwater from hypersaline solutions [49]. Within the
zero liquid discharge goal, studies have demonstrated the feasibility to recover high
quality water and minerals from concentrated streams produced by RO systems
through membrane distillation/crystallization [50, 51]. Membrane distillation may
be also employed for the extraction of freshwater from unconventional wastewater
sources, such as Oil&Gas produced waters, following their pre-treatment for the
removal of oil, surfactants, and volatile compounds [52, 53]. In both applications,
conventional treatment technologies cannot achieve similar quality of the product
water, due to the extremely high TDS concentrations. Besides, thanks to the low
temperatures required to drive the process, achievable through the exploitation of
low grade energy sources, membrane distillation may play a key role within the

6



1.2 — Membrane technologies as innovative solutions for high-quality water recovery from diverse aqueous streams

water-energy nexus [49].

Another recent and novel membrane-based technology for sustainable water
production is forward osmosis (FO), in which the driving force is exerted by the
osmotic pressure difference between a draw solution and the feed contaminated
solution. FO represents a valuable alternative for the recovery of high-quality wa-
ter from complex water matrices [54, 55]. Thanks to its low fouling propensity,
FO may be integrated in membrane bioreactor (MBR) systems, thus providing ad-
vanced treatment for the production of high-quality efluents, suitable for irrigation
or further industrial processes [56]. MBRs working with micro/ultra-filtration mem-
branes already represents a valuable alternative to conventional technologies, such
as biological tanks, sedimentation, clarification or filtration in municipal wastewa-
ter facilities. Yet, with FO integrated in it, MBR systems (FO-MBR) can overcome
the limitations of MF and UF membranes through the removal of TDS, low molec-
ular weight contaminants, and micropollutants from water, thus achieving higher
effluent quality [57, 58, 59]. Studies also investigated the performance of forward
osmosis as a feasible technology for the recovery of freshwater from RO brines or
Oil&Gas produced waters [60, 61]. Promising draw solutes have been proposed
for the treatment of the mentioned hypersaline solutions, such as ammonia/carbon
dioxide or sodium propionate, for which membrane distillation was proposed as
post-treatment regeneration process [60, 62]. As of today, the two integrated sys-
tem (FO-MD) represents one of the most promising solution for sustainable water
production. However, many efforts are still required to allow the real-scale imple-
mentation of these two novel technologies, as individual or as combines processes.

To summarize, the utilization of membrane separation technologies within the
water /wastewater treatment trains may provide higher effluent quality with sig-
nificantly smaller footprint than conventional technologies. Membrane processes
present also another significant advantage compared to traditional treatment sys-
tems: thanks to their modular composition, membrane units can be easily cus-
tomized for the specific water volumes and requirements at hand. This character-
istic translates into more versatile systems, which may suitable for water recovery
in situ, i.e., with membrane filtration units directly integrated to, e.g., the drinking
water delivery systems, or to recover water in industrial processes [39, 40, 42, 63].
Consequently, the integration of membrane technology would allow an easier wa-
ter/wastewater management thanks to a reduction of the total water/wastewater
volume. Finally, easy operation and maintenance makes membrane-based processes
suitable for water/wastewater treatment in remote areas (such as for Oil&Gas off-
shore facilities), where traditional treatment systems would not achieve the same
performance with similar footprint and operational costs.

Many studies have focused on all the different aspects of the above mentioned
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membrane-based technologies. An important line of research is dedicated to mem-
brane improvement through the development of novel membrane materials. For
instance, efforts have been devoted during the last years to the fabrication of
membranes with antifouling properties [64, 65, 66, 67]. Innovative forward osmo-
sis membranes were reported, showing promising enhanced productivity [68, 69].
Omni-phobic and oleophobic membranes were fabricated to overcome the wetting
phenomena in membrane distillation [70, 71]. However, few of those innovations
were launched on the market and still strong limitations must be addressed to scale-
up the proposed fabrication methods. At the same time, research was performed
to investigate the mass/contaminant transport theory and the influence of solution
chemistry on membrane performance, depending on the driving force of the process
and membrane module configurations [72, 73, 74, 75]. Also, research is conducted
to evaluate innovative membrane applications at the pilot/large scale. With a view
to sustainable water production, studies showed the feasibility to couple renew-
able energy sources in reverse osmosis units, thus building up more eco-compatible
solutions [76, 77]. Other promising results were reported about membrane filtra-
tion systems for direct water recovery in different industrial processes [63, 41]. A
smaller but good number of pilot scale studies have been carried out to evaluate
fouling behaviour and cleaning procedures in various membrane applications, such
as in FO-MBR systems [78, 79]. Finally, research is being performed to analyse
the economic and environmental potential of full-scale membrane design for the ap-
plication of novel technologies, such as forward osmosis and membrane distillation
(80, 81].

Nevertheless, most of the research performed so far covers only single aspects
of specific membrane applications, thus creating a gap between the results ob-
tained at the “micro scale” (lab-scale) and at what is reported at the “macro scale”
(pilot/large-scale). Therefore, this thesis aims at partially closing this gap, at least
for two specific processes/applications.

1.2.1 Thesis Hypothesis

Two case studies are analysed in which membrane technologies are proposed
as treatment processes for the recovery of high-quality water from contaminated
sources, reporting a complete and comprehensive overview of each application. A
new methodological approach was followed for both the case studies with the aim to
evaluate each of the membrane processes or combines processes from the lab to the
full-scale application. The methodological approach involved the initial evaluation
of the processes in lab experimentation; this phase was followed by a streamlined
modelling investigation to evaluate the best operating conditions for the upscaling of
the processes; a pilot study then followed for one of the two case studies, which were
both completed with a proposal for a full-scale design of the potential treatment
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1.2 — Membrane technologies as innovative solutions for high-quality water recovery from diverse aqueous streams

plant, accompanied with some economic and environmental analyses.

In the first case study, nanofiltration is analysed as a potential technology for
the production of potable water directly from contaminated groundwater contain-
ing hazardous concentrations of chromium(VI). Initial lab-scale identification of
suitable membranes and operating conditions is used to inform the operation of a
pilot system; the results of its operation are then applied for the proposed design
of a full-scale system. In the second case study, a forward osmosis — nanofiltration
system is studied and proposed for the recovery of high-quality water from brack-
ish groundwater and from wastewater. Also in this second case, a comprehensive
lab experimentation is discussed as a first step for the final design of a poten-
tial full-scale system, which is analysed in terms of feasibility and environmental
sustainability.

An overview of the lab-to-full-scale approach presented in this dissertation is re-
ported in the following schematic figure, with reference to the main steps developed
for each case study.

Case Study 1: Case Study 2:

NF for potable water FO-NF for high-quality water
production from chromium recovery from brackish
contaminated groundwater groundwater and wastewater

Analysis of different Process Identification of the most
commercial NF membranes evaluation via suitable draw solution
Investigation of the influence Lab Preliminary filtration
of solution chemistry on . . experiments to choose the
nanofiltration performance experlmentatlon best operating conditions in FO
¢ High-recovery FO-NF
Pilot scale experimentation . . experiments with real water
with the most appropriate MOde”mg / P”Ot samples
NF membranes scaIe

. ) . Fouling assessment
Fouling assessment Investigation
optimization of operational

* parameters

Design of the potential full

scale NF system ir_1c|uding Full-scale system design
tec_hno—econolmlc Ianq Full scale deS|gn comprising FO and NF step
environmental analysis via module scale modelling

Design guidance for the
implementation of similar NF
plants is presented.

Figure 1.2: Schematic representation of the lab-to-full-scale approachdiscussed in this
manuscript, with reference to the main steps developed for each case study
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Chapter 2

Nanofiltration for the production
of drinking water from chromium
contaminated source *

2.1 Introduction

Concentration of heavy metals in drinking water must be monitored before
delivering this water for drinking purposes. In particular chromium, with the pre-
dominance of its hexavalent species in water, is carcinogenic for humans [84, 85].
For this reason, both the European Commission and the World Health Organiza-
tion (WHO) have imposed a limit of 0.05 mg/L for total chromium concentration
in drinking water [86, 87]. In Italy, a decree approved in November 2016 intro-
duced a lower limit of 0.01 mg/L of Cr(VI) in potable water [88]. This provision
has recently come into force also in UK and might be soon adopted by the whole
European Community [87].

The presence of chromium in water strongly depends on pH, which affects the
speciation of this heavy metal: while the neutral HoCrO, species can only be found
in strongly acidic environment (pK below 2), the monovalent HCrO4 predomi-
nates below pH 6.5. Above pH 6.0, chromate CrO,* and dichromate Cr,O7*"
anions represents the major species [89]. CrO,*~ dominates in alkaline conditions
and, along with the monovalent HcrO,4 , represent the main source of hexavalent
chromium in natural waters [90]. Under the presence of oxidants or in oxygenated
drinking water, Cr(VI) species predominates over its trivalent form. Besides, the
latter tends to be extremely insoluble between pH 7 and 10, precipitating as solid

*part of the content reported in this chapter, with permissions, has been already published in
[82] and [83]
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2 — Nanofiltration for the production of drinking water from chromium contaminated source

Cr(OH);.

Nowadays, adsorption, ion exchange resins, and chemical reduction represent the
most widely used technologies for chromium removal [91, 92, 93]. However, these
processes often cannot guarantee the abatement of Cr(VI) under the new stringent
concentration limits. Besides, these technologies are based on the employment of
a large amount of chemical compounds needed to enhance the chromium removal
from water. A valuable alternative may be represented by membrane-based separa-
tion techniques [94]. Promising results have been achieved through the application
of reverse osmosis or complexation-ultrafiltration systems [95, 96]. In particular,
low-pressure reverse osmosis and micellar/polyelectrolyte-enhanced ultrafiltration
were studied as feasible technologies for the abatement of chromium concentra-
tion in aqueous streams [97, 98]. Among the various membrane-based solutions,
nanofiltration (NF) may actually be the best option to guarantee efficient removal
of hexavalent chromium from contaminated water, thanks to its contaminant re-
jection mechanism based on the combination of size-exclusion and electrostatic
effects. Moreover, high filtration performance can be accomplished through the
employment of nanofiltration membranes, virtually without the requirement of any
chemical compounds or high hydraulic pressures. Nanofiltration technology was
proven to be a suitable process for the removal of different heavy metals (e.g., cad-
mium, copper, manganese, lead) from aqueous solutions [99, 100, 101]. Very few
studies reported the effectiveness of NF membranes for the removal of chromium
from wastewater [102, 103, 104], and without a wide-range investigation of the
influence of physico-chemical characteristics of water or of membrane properties.
Even in comprehensive manuals on nanofiltration, no significant references are given
about the feasibility of meeting the hexavalent chromium concentration threshold
[105].

The most common NF commercial membranes are based on aromatic polyamide
selective layers. Even if stable in a wide range of pH, these membranes exhibit poor
tolerance to long-term exposure to oxidizing agents, such as chlorine or even mild
hypochlorite [106]. This degradation inevitably reduces the service lifetime of the
membrane. On the other hand, sulfonated polysulfone membranes have attracted
increased interest in recent years being highly resistant to aqueous chlorine over
a broad range of pH values [107]. The capability of the membrane to tolerate
oxidizing species may be specifically interesting if treating feed solutions relatively
rich in Cr(VI), which is intrinsically a strong oxidant.

With respect to potable water production, conventional treatment processes can
hardly achieve the increasingly stringent legislative limits applied to ensure high
water quality (such as in the case of the new limit imposed for Cr(VI) in drinking
water). To reach this goal, nanofiltration may become one of the major technolog-
ical solutions. NF may be applied for the removal of pesticides, pharmaceuticals,
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and for that of a wide range of organic and inorganic compounds from groundwater
or surface water [108, 109, 110, 111]. NF is also recognized as a valuable alternative
to the more conventional water softening systems [112]. However, there is a lack
of data relative to pilot-scale/in situ experiments performed to test the feasibility
of NF as a viable technology for drinking water production. Most of the available
studies are based on theoretical analyses and comparisons between different water
treatment systems or on very specific pilot scale integration (e.g., nanofiltration
coupled with renewable energies or ultraviolet photolysis) [113, 114, 115]. More-
over, the results available on the economic assessment of NF systems for drinking
water production are usually based only on lab-scale experiments [116].

Overall, there is a lack of studies where nanofiltration is analysed from the “mi-
cro” (lab scale) to the “macro” scale (pilot /large scale) with the aim to fully evaluate
the feasibility of the technology. Therefore, in this study we evaluate and discuss
the nanofiltration as a feasible technology to produce drinking water by purification
of chromium contaminated sources. As a first step in this work, three of the most
widely used commercial NF membranes are investigated at the lab scale, two based
on polyamide chemistry while the third one made of sulfonated polyethersulfone.
We provide an investigation of the influence of solution chemistry (i.e., the presence
of common salts or variation of pH) on nanofiltration performance, together with
specific experiments performed to analyse the separation of the contaminant in
relevant solutions, such as tap water and real well water samples. Membrane per-
formance is analysed also in the presence of oxidizing agents in solution, performing
filtration experiments with samples after accelerated contact with Cr(VI) and with
such oxidizing agents as those typically employed in conventional water treatment
plants. Simple correlations are finally proposed to aid with the choice of the most
appropriate membrane, based on specific system parameters. As a second step in
the work, a pilot scale experimentation is performed with the two most promising
NF membranes among those studied during the first phase. The performance of the
pilot plant is evaluated and discussed. Based on the results collected, a potential
full-scale NF system is designed for the treatment of real well water contaminated
by chromium and techno-economic and environmental analyses are included in the
discussion. Finally, design guidance for the implementation of similar NF plants
are presented.
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2.2 Materials and Methods

Laboratory experiments were performed to evaluate the performance of the
main representative nanofiltration membranes available commercially for chromium
removal from water. After membrane characterization, various set of cross-flow
filtration experiments were carried out:

1. Three set of experiments were performed to investigate the influence of physico-
chemical parameters of aqueous solution on membrane behaviour and pro-
cess performances. By changing pH, ions concentration, ionic composition,
Cr(III) /Cr(VI) ratio in solution, the variations in terms of productivity and
chromium selectivity of each membrane were investigated and discussed to-
gether with membrane surface analyses.

2. Preliminary experiments were carried out to evaluate membrane filtration per-
formances by filtering real well water samples (coming from three different lo-
cation contaminated by chromium) and tap water deliberately contaminated
by chromium.

3. A specific set of filtration experiments were performed with membranes ex-
posed to oxidizing agents (such as the Cr(VI) itself and the common chlori-
nated compounds used for membrane module cleaning in plant) to evaluate
the possible membrane degradation and loss of performance due to the pres-
ence of such components in solution.

Following lab evaluation, a semi-analytical system-scale analysis was developed
to simulate the achievable membrane performance in situ depending on the chem-
istry of the water sources. Based on the results obtained, pilot investigation was
performed with the two most promising commercial NF membranes among those
evaluated during the preliminary lab experiments. Firstly, cross-flow filtration tests
of real well water samples were performed at lab scale to evaluate in details the
characteristics of the permeate products. Pilot tests were performed afterwards,
measuring the productivity and chromium selectivity of the membranes studied
continuously for 42 days. Based on lab and pilot tests results, a system scale mod-
elling was developed to analyse the different process filtration parameters, ending
with the design of the nanofiltration large plant to be potentially installed in the
specific location studied. Finally, economic and environmental assessments of the
overall filtration unit were carried out, together with modelling analysis developed
with the aim to present guidelines for the design of similar NF plants.

The materials and methods reported below in details were already described in
previously published papers [82] and [83].
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2.2.1 Laboratory facilities and nanofiltration pilot plant

A laboratory membrane filtration unit was assembled to perform the prelimi-
nary experiments, while a pilot plant system was installed in situ for membrane
module performance evaluation. The two membrane systems are described below
together with the laboratory facilities used for chromium quantification analysis
and characterization of membrane surface potential [82, 83].

Laboratory membrane filtration unit

A cross-flow membrane filtration unit was used to perform the laboratory exper-
iments. The system includes a flat membrane housing cell, a high-pressure pump
(Hydra-cell pump, Wanner Engineering, Inc. Minneapolis, MN), feed vessel, tem-
perature control, and data acquisition system. The housing cell is a custom-made
rectangular channel with the following dimensions: 7.9 cm long, 2.9 cm wide, and
0.3 cm high. A membrane sample with an active area of 23 cm? can be housed in
this cell. A computer-interfaced balance was used to measure the permeate flow
rate, automatically, every 60 s. The cross-flow rate was instead monitored by a
floating disc rotameter. Bypass and back-pressure regulators were adopted to ad-
just the operating pressure (Swagelok, Solon, OH). The temperature in the feed
tank was controlled via a recirculating chiller with a stainless-steel coil immersed
in the solution.

Nanofiltration pilot plant

A schematic diagram of the nanofiltration pilot plant is presented in Figure 2.1
while its picture is reported in Figure 2.2. The system was fed with well water
through the utilization of a hydraulic pump. A tubular stainless-steel housing
was used to accommodate two spiral wound modules in series. Upstream and
concentrate valves were used to control the pressure in the unit. Two mechanical
flow meters were employed to measure the permeate and concentrate flow rates
while a digital manometer measured the pressure at the inlet of the housing. The
system was run with an inlet flow rate of 2000 L/h, a cross-flow rate of 26.7 L /min,
and a total recovery rate of 20%. Full-fit fiberglass 4040 spiral wound elements
were employed in the membrane system. The dimensional characteristics and the
intrinsic operating limits for the 4040 module are reported in Table 2.1.
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Figure 2.1: Schematic representation of the NF pilot plant. The plant was designed to operate
with two specific membrane modules in series: the NF-4040.

Figure 2.2: Picture of the nanofiltration pilot plant used to conduct the field experiments. The
system was adapted to work with only one of the three pressure vessels available (stainless steel
tubes), thus running each test with two 4040 membrane modules in series.

Chromium quantification analysis

An inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin
Elmer Optima 2000 DV) was used to measure the chromium concentration in the
feed and permeate samples collected during the lab experiments. The operating
wavelength was 267.716 nm and the detection limit 0.71 pg/L. Determinations
were carried out in triplicates in the axial viewing mode.
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Table 2.1: Operating limits and dimensional characteristics of the full-fit fiberglass 4040 spiral
wound membrane elements

Active Area (m?) 7.6
Length (m) 1.016
Diameter (cm) 99
Maximum Operating Pressure (bar) 41
Maximum Feed Flow Rate (m®/h) 3.6

Maximum Permeate Flow Rate (m”/h) 0.325
Minimum Concentrate Flow Rate (m®/h) 14
Maximum element recovery (%) 19

Measurements of membrane surface potential

An electrokinetic analyser (SurPASS 3, Anton Paar, Austria) was used to mea-
sure the surface zeta potentials of the membranes immersed in different solutions.
Two sample holders were assembled in an adjustable gap cell (20 mm x 10 mm)
with membranes taped onto it. The gap height was adjusted to roughly 100 pm.
An applied pressure of 200-600 mbar was operated to let the solution flow across
the cell, causing electric charge separation. The resulting potential difference was
measured and calculated using the Helmholtz-Smoluchowski equation [117].

2.2.2 Preliminary laboratory experiments

The performance of the nanofiltration technology for chromium removal from
aqueous solutions were firstly evaluated via lab experiments. A description of the
different membranes studied, their characterization and the laboratory tests proto-
cols are reported in the following section [82, 83].

Membranes and their characterization

Three different commercial nanofiltration membranes were studied at the lab
scale: NF90, NF270 (Dow Chemical Company, Midland, MI), and HYDRACoRe
70pHT (Hydranautics, Oceanside CA; the name is shortened to Hydra 70 through-
out the text), all received as flat sheets and stored dry. These samples are represen-
tative of commercial nanofiltration membranes suitable for chromium removal from
aqueous mixture. According to the manufacturer, Hydra70 is characterized by a
polysulfone support layer with a selective sulfonated polyethersulfone on top of it,
whereas the NF270 and NF90 membranes have a polysulfone micro-porous support
covered by a semi-aromatic piperazine-based polyamide layer. Under neutral pH
conditions, all membranes present a negative surface charge, as measured in this
work and also reported in previous studies and by the manufacturers [118; 119].
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The intrinsic transport properties were determined by testing samples of all
membranes in triplicate. Deionized (DI) water was used to evaluate the permeance
of each membrane. The permeate flux was measured at three different applied
pressures (100; 150; 200 psi — 6.9; 10.3; 13.8 bar). The solute rejection capabilities
instead were evaluated at a single applied pressure of 100 psi (6.9 bar) for different
individual compounds with each a nominal concentration of 30 mM in the feed.
Before testing the membrane samples, 6 h of membrane compaction at 300 psi
(20.7 bar) were performed with a cross-flow rate of 4.5 L/min (cross-flow velocity
of 0.85 m/s) and a water temperature of 22 °C (this compaction is performed for all
filtration experiments unless otherwise stated). Table 2.2 is reporting the average
results obtained for each type of membrane. The lowest water permeance is showed
by the Hydra70, while the polyamide-based NF270 is the most permeable one.

Table 2.2: Characteristics of the membranes used in this study

Membrane NF270 NF90 Hydra70
Active layer material Polyamide Polyamide Sulf. Polyethersulfone
Water permeance (LMH/bar) 16.5 £1.9 6.9 + 0.3 4.0+ 0.3
MgSO4 rejection (%) 98.8 + 0.3 >99.5 80.9 + 0.4
MgCI2 rejection (%) 80.8 £ 0.4 99.3 £0.3 Not measured
Na2S04 rejection (%) 98.7 £ 0.5 >99.5 Not measured
Glucose rejection (%) 85.0 £ 0.4 99.4 + 0.2 Not measured
NaCl rejection (%) 98 + 0.2 80.2 £ 0.3
Zeta potential® (mV) -23 -17 -29

¢ Measured at pH 7.4 in 10 mM NaCl

Chromium removal experiments

Four sets of cross-flow filtration tests were carried out in order to evaluate the
membrane behaviour and performance by changing the physico-chemical charac-
teristics of the feed solution. Two sets of experiments were performed with either
a trivalent or a hexavalent chromium solution in DI water, changing (i) the ionic
strength of the feed solution through the addition of salts or (ii) the pH conditions.
The third series of experiments (iii) was performed with both Cr(III) and Cr(VI)
in DI water by varying their relative amount in the feed solution. The (iv) fourth
set was conducted by filtering well water samples contaminated by chromium or by
filtering tap water from lab spiked with Cr(VI). Well water samples were collected
from three different sites in the area around Turin, Italy.

After compaction, tests were carried out at an applied pressure of 100 psi (6.9
bar), with a constant cross-flow rate of 4.5 L/min (cross-flow velocity of 0.85 m/s),
and feed water temperature of 22 °C. Rejection values were calculated from concen-
trations in the feed and permeate sample measured using the ICP described above
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(section 2.2.1).

o To achieve a nominal chromium concentration of 5 mg/L, either KoCryO7
(Alfa Aesar, Karlsruhe) or Cr(NOj)s (Acros Organics, New Jersey, US) were
added to DI water, once membrane compaction was reached; the pH was
then adjusted to 7.6. At this point, either NaCl (Sigma Aldrich, Milano,
IT) or CaCly (Carlo Erba, Milano, IT) were added individually to the feed
reservoir every 45 min thus step-wise increasing the ionic strength (3, 10, 30,
100 mM for NaCl; 3, 9, 30, 90 mM for CaCly). For each step, one sample
of feed solution and three samples of permeate were kept for analysis. The

experiment was repeated for each type of membrane studied (i.e. NF270,
NF90 and Hydra70).

o Two experiments were carried out changing the pH conditions. In order to
understand the removal mechanisms and the possible critical issue related to
the filtration of unconventional water sources, tests were performed exploring
a wide pH range (even if typical pH of drinking water ranges between 6.5-
8.5). The first separation test was performed by increasing the pH from 7.6
to 10 with the utilization of a concentrated NaOH solution (Sigma Aldrich,
Milano, IT), while in the second study the pH was decreased step-wise from
7.6 to 4.5 and finally to 3 using HNOj3 (Sigma Aldrich, Milano, IT). In such
experiments, either a Cr(NOj3)3 or a KyCraO7 solution was added to the feed
reservoir (pH = 7.6) to achieve 5 mg/L chromium concentration. The pH
was then varied every 45 min, collecting one sample of feed solution and
three samples of permeate for each step. The experiment was repeated for
each type of membrane studied (i.e., NF270, NF90, and Hydra70).

o Three filtration tests were performed varying the amount of trivalent and
hexavalent chromium in DI water in the following Cr(III)/Cr(VI) percentage:
80% / 20%, 50% / 50%, and 20% / 80%, respectively. The total nominal
concentration of chromium in the solution was always maintained equal to
5 mg/L and the pH was kept at a constant value of 7.6. Prior to each ex-
periment, the membrane was stabilized for 45 min until the permeate flux
attained a constant value. At this point, feed and permeate samples were
taken for analysis every 15 min. Since the goal of the experiment was to
understand the influence of different chromium species during the filtration,
the experiment was performed with the two loose nanofiltration membranes

(the NF270 and the Hydra70).

e The membranes were tested with tap water spiked with potassium dichromate
to obtain a nominal concentration of 5 mg/L. Preliminary experiments were
also performed with real well water samples, directly collected from three sites
and hence not subjected to any treatment. The main chemical characteristics
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of tap water and each sample are reported in Table 2.3. Prior to each exper-
iment, the membrane was stabilized for 45 min in order to reach a constant
permeate flux. At this point, feed and permeate samples were collected every
15 min for analysis.

Table 2.3: Chemical composition of tap and well waters

Tap Water Site A Site B Site C

Na® (mg/L) 7.5 9 6 1
Ca®t (mg/L) 83.4 107 60 7
Mg** (mg/L) 14.1 22 19 10
Cl™ (mg/L) 15 14 12 1
NO;  (mg/L) 30 14 45 2
SO,*" (mg/L) 36 30 31 3
pH 7.5 7.4 8.1 8.1
Total Tonic Strength (mM) 10.6 14.3 9.1 2.3
Total Hardness (mg/L CaCOs eq.) 260 360 230 60
Cr (ng/L) 5000 23 14.9 14.7

Membrane oxidation procedure

As already stated in the introduction section (section 2.1), the membrane per-
formance can be affected by the presence of oxidizing agents in solutions [106]. To
investigate this phenomenon, a specific set of experiments was performed. Three
oxidation baths were prepared, each containing 2 L of oxidizing solution. The first
and the second baths contained 100 mg/L of NaOCI and K,CryO7, respectively.
The third one was prepared employing a combination of these two oxidizing agents,
both at a concentration of 100 mg/L. In each case, the pH was adjusted to 7.6.
Three samples of each type of membrane were immersed in each bath for 72 hours
and transferred into a 0.1 M NaOH solution afterwards for 24 hours, rinsed thor-
oughly, and later stored in DI water at 4 °C.

The treated membranes were tested in cross-flow mode, measuring the perme-
ance of DI water as described above in section 2.2.2. Cr(VI) rejection was evaluated
by adding potassium dichromate to the feed reservoir in order to achieve a nom-
inal chromium concentration of 5 mg/L. Filtration conditions were kept constant
with an applied pressure of 100 psi, the cross-flow rate equal to 4.5 L/min (cross-
flow velocity of 0.85 m/s), a pH solution of 7.6, and the feed solution temperature
maintained at 22 °C.
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2.2.3 In situ pilot investigations
Pilot plant installation site

The pilot plant was installed in the location previously specified as Site A (Ta-
ble 2.3), since it presents the most difficult well water to be treated among the
sites studied, with the highest Cr(VI) concentration, hardness, and ionic strength.
The pilot plant was connected directly to the groundwater well. The overall char-
acteristics of the well water are reported in Table 2.4. Before the new legislative
limit came into force for the hexavalent chromium (i.e., 0.01 mg/L), an average
flow rate of 30 L/s drinking water was delivered from this source to provide wa-
ter to roughly 13000 residents after a mild disinfection step. However, due to the
hexavalent chromium concentration of 0.023 mg/L in solution, this groundwater no
longer represents a viable potable water source. To evaluate correctly the filtration
experiments in situ, both the high hardness and the total ionic strength of 14.3
mM must be taken into account.

Membrane filtration experiments

At this stage of the study, membrane filtration experiments were performed
with modules of the two most promising nanofiltration membranes among those
evaluated during the preliminary lab experiments. Prior to pilot plant application,
a final evaluation of the membrane performance in term of water quality produced
was performed through laboratory experiments. Real well water samples coming
from the location studied were used as feed solution. Membrane samples were firstly
compacted for 14 h at 150 psi (10.3 bar). Tests were then carried out with a constant
applied pressure of 100 psi (6.9 bar), a cross-flow velocity of 4.5 L/min, and an
average feed solution temperature of 22 °C. Both the concentrate and the permeate
streams were recirculated back into the feed reservoir. During the experiments,
feed and permeate samples were taken for analysis, performed afterwards by an
external accredited company (Eurolab S.r.l., Ttaly) in order to fully characterize the
anions/cations concentration in solution, as well as the content of organic matter
and metals.

In situ experiments were performed by running the pilot plant for 42 days with
similar applied pressures used during the preliminary lab experiments. The well
water described in Table 2.4 was filtered without any pre-treatment. The changes
in permeate and concentrate flow rates were recorded over time. Permeate and
feed water samples were collected twice per week to measure the chromium concen-
tration. The analyses were performed by SMAT S.p.A, the water utility company
owner of the water well, with an inductively coupled plasma optical emission spec-
trometry. The modules were subjected to a mild physical cleaning performed by
increasing the cross-flow velocity to 30 L/min for 1 hour every week. No chemical
cleanings were performed during the testing periods.
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Table 2.4: Characteristics of the well water coming from Site A

pH 7.5
Conductivity (uS/cm) 646
Hardness (°F) 36.8

HCO;3; (mg/L) 363
Alkalinity (meq/L)  7.24
Aggressive Index 12.6
Ionic Strength (mM) 14.3

Cl (mg/L) 9.9
F~ (mg/L) 0.11
PO,* (mg/L) 0.03
NO; (mg/L) 7.9
SO,*" (mg/L) 34
Ca”" (mg/L) 110
Mg”* (mg/L) 23
K" (mg/L) 1
Na® (mg/L) 11
As (ug/L) 1
B (se/T) 3
Co (ug/L) 59
Cr (ug/L) 23
Fe (pg/L) 32
Mn (pg/L) 13
Cu (png/L) 0.12
Se (ug/L) 2.2
7n (ug/L) E

2.2.4 Plant design, system scale modelling and Life Cycle
Assessment

The following section reports the procedures followed to design the real-scale
nanofiltration plant for the specific location studied and to perform the correlated
system scale modelling and environmental impact assessment [82, 83].
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Plant design and system-scale modelling

Before applying the software, a semi-analytical model was developed to make
first estimate of five design parameters of a nanofiltration membrane plant, namely:

* ¢y, concentration of pollutant in the feed solution entering the system (Feed)

e c., concentration of pollutant in the concentrate exiting the system (Concen-
trate)

e Cyy, concentration of pollutant in the treated water (Permeate)

o REC, recovery rate, i.e., the ratio between the flow rate of the treated water
and that of feed water

e Rej, the observed system rejection, defined as Rej :(1—%—;”)

In order to perform the semi-analytical analysis, the membrane system was
modelled by a discretization of the control volume from the inlet of the feed stream
to the outlet of the concentrate stream. The recovery rate, REC, may be considered
as the variable describing the spatial or the temporal scale of the system from the
inlet to the outlet. In order to simulate the performance that would be obtained
by applying membranes with different performance characteristics, the simulation
was carried out for several rejection values, Rej. For each value of rejection, a series
of simulations was performed by varying the initial feed concentration and calcu-
lating the permeate and retentate concentrations as a function of recovery rate.
These calculations were simply based on mass balances of the substance along the
module, some of which is retained in the concentrate stream, some of which passes
across the membrane (as a function of rejection). Based on the results from all
the simulations, correlations were found between the various parameters, and the
best analytical expressions were computed extrapolating the following equations
(while these equations do not come from first principles, they are the exact descrip-
tions of the relationships between the various parameters found from the initial
simulations):

Co= CfefRej-ln(lfREC) (21)
= 1l — (s — 1) R/ RI=REC) 2.2
REC REC

Therefore, the redundant equation relating cy,, to c, is:

1 L
-1 Rej-in(1—REC) 9.
rec Ut RECC ) (2:3)

Ctw = Ce[—(
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This preliminary analysis performed is valid for a system comprising one stage,
one pass and no bypass. This means that the concentrate and the permeate stream
do not undergo further filtration while the 100% of the feed water is treated, respec-
tively. The analysis is independent of the number of vessels or modules. However, it
is assumed that all vessels contain the same number of modules in series. Equations
2.1-2.3 may be employed to conduct a preliminary estimation of the nanofiltration
performance in term of concentration of pollutants in the different streams. For
example, it can estimate the pollutant concentrations in the final permeate pro-
duced by treating feed water with a known level of contamination, using a specific
nanofiltration membrane, i.e., a given value of observed rejection, and by simu-
lating different recovery rates for the system studied. Once the main parameters
were estimated, these were used as first guess for the following full-scale system
design performed using two software programs. WAVE (Dow Water & Process
Solutions) was used to design the best module configuration and to simulate the
chemical composition of the treated water. AQION was chosen to determine the
hydrochemistry and to calculate the Aggressive Index (A.I.) and the Alkalinity of
the water streams.

Life Cycle Assessment

Open LCA software was employed to perform the life cycle assessment of the
full-scale nanofiltration plant. OpenLCA LCIA method 1.5.7 was used as impact
assessment method, with ReCiPe as methodology. Both midpoint and endpoint
indicators were considered, the latter presented as normalized values with respect
to the total computed endpoint impact. The environmental assessment of the full-
scale NF plant was performed considering a specific functional unit: the average
daily drinking water demand of the specific location (30 L/s). Attributional LCA
was chosen as LCA analysis with hierarchist (H) perspective. The inventory data
for the NF system were calculated based on the available literature [120], while the
concentrate disposal and the energy requirements were directly imported from the
analysis carried out through WAVE. Since previous research showed the negligibility
of the burdens related to the disposal of building construction of similar membrane
treatment plants [120], the decommissioning of the nanofiltration system was not
taken into account in the LCA analysis.
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2.3 Results and Discussions
The following section presents the results with the related discussions:

1. In order to choose the appropriate NF membranes for the production of drink-
ing water from chromium contaminated sources, lab experiments were per-
formed first. These tests were conducted to assess the influence of physico-
chemical parameters of aqueous solution on membrane filtration performances
(i.e. in terms of membrane productivity and chromium selectivity) and to
evaluate whether and how the presence of oxidizing agents in solution can
affect the membranes behavior.

2. To finalize the membrane performance evaluation at the lab scale, preliminary
investigation was also carried out by filtering real well water samples and tap
water contaminated by chromium.

3. The achievable membrane performance in situ was evaluated through a semi-
analytical system-scale analysis.

4. Based on the results, the two most promising membranes were chosen to
perform the pilot scale study in situ, an essential step to analyse membrane
module performances and to set up the boundary conditions for the full-scale
system modelling and design.

5. Finally, the design of the potential full-scale NF installation is proposed for
the specific location studied, together with its economic/environmental anal-
ysis. System parameters were also deeply investigated through system-scale
analysis in order to present guidelines for the design of similar nanofiltration
unit.

What is reported below has been already presented in previously published
papers [82] and [83].

25



2 — Nanofiltration for the production of drinking water from chromium contaminated source

2.3.1 Influence of ionic composition, pH, and chromium
speciation on membrane flux and Cr(VI) rejection

Ionic Composition

The effect of ionic composition of the feed solution on membrane performance
is presented in Figure 2.3. In the case of polyamide membranes, by increasing
the ions concentration in solution the permeate flux was significantly reduced.
In particular, calcium chloride is affecting the flux more than the other studied
compounds (NaCl). Since CaClsy is rejected at higher rate compared to NaCl by
polyamide membranes, as CaCly rejection increases, salts accumulate at the so-
lution/membrane interface, thus lowering the driving force to permeation (Figure
2.3a, b). Sulfonated polyethersulfone membrane (Hydra70) showed a low or negli-
gible reduction of flux at increased ionic strength (Figure 2.3c). This observation is
a first indication of a different separation mechanism by polyamide and sulfonated
membranes, the latter dominated by electrostatic effects. These results are consis-
tent with previous studies, which reported similar separation mechanisms [34].

Accumulation of ions at the membrane/solution interface may reduce the abil-
ity of the membranes to reject contaminants through electrostatic effects, causing
the screening of the membrane surface charges and compression of the electric
double layer. The influence of calcium ions to decrease Cr(VI) rejection was signif-
icant with NF270 (Figure 2.3d). The rejection of co-ions at neutral pH ascribable
to the Donnan effect is decreased by the presence of higher valence counter-ions
shielding the negative charges at the membrane interface. However, the larger
effect of calcium compared to sodium at similar ionic strengths is attributed to
chemical binding of this divalent cation to the functionalities of the membrane,
effectively neutralizing them [121]. The results obtained so far corroborates the
hypothesis that the separation mechanism of the NF270 loose nanofiltration mem-
brane is strongly based on Donnan exclusion. Previous studies also highlighted the
importance of electrostatic-based separation together with size exclusion, for loose
polyamide nanofiltration membranes [118, 119]. On the other hand, the presence of
solutes in feed water does not influence negatively the Cr(VI) rejection capabilities
of NF90 (Figure2.3e). This result, together with the rejection of different ions pre-
sented in Table 2.2, suggests the dominance of size exclusion and solution-diffusion
mechanisms for NF90 membranes toward the removal of Cr(VI).
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Figure 2.3: Results of the influence of salt concentrations (expressed as ionic strength) on
membrane properties. Experiments performed at pH 7.6. Results refer to Hydra70 (right column,
red), NF90 (middle column, orange) and NF270 (left column, blue). (a, b, ¢) permeate fluz; (d,
e, f) Cr(VI) observed rejection. Lines are only intended as guide for the eyes.

Regarding Hydra70 membranes, while the presence of sodium chloride does not
affect the Cr(VI) rejection, increasing the CaCl, concentration in solution would
negatively affect hexavalent chromium rejection (Figure 2.3f). In this case, this phe-
nomenon cannot be attributed to concentration polarization, due to the negligible
change in water flux observed with the increase of the ionic strength in feed solution.
Instead, the hexavalent chromium rejection may be dependent on the membrane-
solutes and solutes-solutes interactions. The presence of divalent cations in solution
may decrease the efficiency of Donnan exclusion mechanisms by inducing the for-
mation of ion-pairs with the negative functional groups at membrane surface [122],
with consequent passage of chromium in the permeate.
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To analyse further the importance of the electrostatic effects on membrane se-
lectivity performance, zeta potential measurements were carried out. The overall
results are summarized in Figure 2.4. Across the entire pH range, the Hydra70
exhibited the highest magnitude of negative potential among the three membranes,
consistent with the nature of its sulfonated moieties; see Figure 2.4a. Polyamide
membranes possess instead carboxyl groups at their surface: the looser NF270 mem-
brane had lower (more negative) zeta potential than the denser NF90 membrane
and their IEP were roughly 3 and 5, respectively. These results corroborate that
electrostatic effects are important separation mechanisms, especially for Hydra70
and NF270 membranes. Zeta potential measurements in solutions of different ionic
strengths followed this same trend. Data in Figure 2.4b also suggests that the zeta
potential depends not only on the pH value but also on the type and concentra-
tion of salt [123]. At neutral pH and with similar ionic strength, the magnitude
of the potential was much lower in CaCly solution compared with NaCl solutions.
This result confirms the hypothesis of specific chemical interactions of calcium with
membrane moieties, resulting in charge neutralization and causing the easier pas-
sage of hexavalent chromium through membranes governed by Donnan exclusion
as separation mechanism [121].
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Figure 2.4: Zeta potential of the membranes as a function of (a) pH in 10 mM NaCl and
of (b) ionic strength at a pH value of 7.4 £ 0.5. In (b), empty symbols refer to CaCly while
solid symbols to NaCl. Experiments were performed at a temperature of 25 °C, for each of the
membranes studied (NF90 represented by orange triangles, NF270 represented by blue squares and
Hydra70 represented by red circles). Lines are only intended as guide for the eyes.
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pH and influence of chromium speciation

Figure 2.5 summarizes the effect of pH on the membrane performance. The
observed changes in permeate flux (Figure 2.5a) and in Cr(VI) rejection (Figure
2.5b) are reported for all membrane samples. Decreasing the feed solution pH would
translate in higher permeate fluxes in the case of the loose polyamide nanofiltration
membrane NF270. A shallow maximum is exhibited around the pK of carboxyl
groups, in agreement with what reported by other researches, who ascribed this
behaviour to two possible factors: (i) a lower osmotic pressure at the membrane
surface and (ii) the swelling of the active layer caused by acidic hydrolysis, which
would increase the hydrophilic sites in the membrane matrix [119, 124]. An op-
posite trend was observed for tight polyamide NF membrane (NF90), with flux
slightly decreasing at acidic pH. This may be ascribed to the presence of a denser
polyamide layer on top of the membrane, less subjected to acid hydrolysis, and a
more dominant contribution of concentration polarization.

Nevertheless, at acidic pH, the decrease of the negative charge at the membrane
surface would be reflected in a significant drop of Cr(VI) rejection for both the
polyamide membranes, mainly due to the consequent decrease in the magnitude
of Donnan exclusion mechanism. This is proved also by the measurements of the
surface membrane potential, which decreased significantly below pH 5 for both
polyamide membranes; see Figure 2.4a. The decrease in chromium rejection at
acidic pH is also caused by the speciation of hexavalent chromium itself, no longer
present in form of divalent anions that were dominant at neutral pH but as mono-
valent HCrO, . The low HCrO,  membrane selectivity may be ascribed to the
(i) low valence of this anionic species, which would be translated in a reduction of
the overall size of the hydrated ions and (ii) the lower ion charge density compared
to the divalent anion found at neutral pH. These two chemical characteristics can
enhance the diffusivity of chromium within the polyamide layer and can lower the
repulsion of the contaminant by the membrane surface charge, respectively [121].

Hydra70 membrane showed a different behaviour, in accordance with the type
of functionalities present at the surface. Figure 2.5a shows a negligible drop in
permeate flux with little variation in Cr(VI) rejection with decreasing pH. This
result, consistent with previous studies [125], is rationalized with the observed ion-
ized nature of sulfonated groups in the entire pH range (Figure 2.4a), corroborating
the importance of electrostatic effects for the rejection of contaminants with like
charges [126, 127].
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Figure 2.5: Results of the tests performed at different pH of the feed solution. (a) Permeate fluz;
(b) Cr(VI) observed rejection. Results are reported for polyamide NF270 (blue squares), polyamide
NF90 (orange triangles), and sulfonated polyethersulfone Hydra70 (red circles) membranes. Lines
are only intended as guide for the eyes.

The results obtained varying the relative amount of trivalent and hexavalent
chromium in DI water are presented in Figure 2.6. An increase in Cr(III) con-
centration produced a decrease in the permeate flux and a simultaneous increase
in the total chromium rejection by membranes. This result is rationalized with
the presence of sparingly soluble Cr(OH); in water at neutral pH. The uncharged
species might be removed by size exclusion by the membrane and deposit onto its
surface, thus enhancing the overall rejection of the heavy metal. A further proof of
this deposition mechanism is given by the decrease of total chromium concentra-
tion in the feed water, which was observed in time during the separation tests (not
reported here). Hydra70 showed the same behaviour as NF270 when the 50%/50%
ratio of Cr(VI)/Cr(III) was employed. As expected, the membrane material had
negligible influence on the deposition of suspended and sparely insoluble Cr(OH)s.
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Figure 2.6: Results of the tests performed by varying the relative amount of trivalent and hexava-
lent chromium in DI water. The results are presented for the different Cr(III)/Cr(VI) percentage
20% - 80% (orange points), 50% - 50% (green pont), and 80% - 20% (blue points). Results are
reported for both NF270 and Hydra70, showing the trend of (a) permeate fluxes and (b) chromium
rejection as a function of the cumulative permeated volume.

Summary

Results obtained by varying chemical composition of feed waters have impor-
tant implications for the deployment of commercial membranes in water treatment
plants. Each type of membrane showed high values of Cr rejection at near neu-
tral pH or above. However, the presence of divalent cations negatively affected
the Cr(VI) rejection, mostly in the case of loose nanofiltration membranes where
Donnan exclusion represents the main separation mechanism. Tight NF membrane
instead, such as the NF90, exhibited high Cr(VI) rejection with high ionic strength
solutions, ascribable to the denser nature of the selective layer. Therefore, hardness
is an important parameter to consider when designing a nanofiltration system for
chromium removal from aqueous mixtures. Specifically, results were schematically
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depicted in Figure 2.7 and may be summarized as follows: (i) under typical sur-
face or well water conditions, NF270 should provide adequate rejection mostly by
electrostatic effects while guaranteeing the largest permeate fluxes; (ii) however,
for feed water containing a greater amount of solutes or hardness, NF90 may be
needed, which can provide consistently high Cr(VI) removal by size-based mecha-
nisms, although at the expense of system productivity. (iii) Sulfonated polysulfone
has lower permeability and is affected by divalent cations, while it is robust across
a wide pH range and at high concentration of monovalent ions.
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Figure 2.7: Schematic representation of the mechanisms involved in Cr(VI) rejection and con-
sequent extent of removal by nanofiltration membranes as a function of active layer density and
surface charge.
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2.3.2 Performance of oxidized membranes

The membrane performance before and after exposure to oxidizing agents (con-
centrated hypochlorite and/or highly concentrated hexavalent chromium solutions)
are presented in Figure 2.8 for both (a) NF270, (b) NF90, and (c¢) Hydra70. Over-
all, the NF270 performance might be strongly affected by the presence of oxidizing
agents in solution. Namely, a 1.5 fold increase in permeate flux was observed after
exposure to solutions of Cr(VI) alone, whereas the effect of hypochlorite and of com-
bined Cr(VI)/NaOCI was less severe. The enhancement of water passage through
the membrane may be ascribed to the degradation of polyamide, which would
eventually result in loss of membrane integrity and irreversible damage to the poly-
meric matrix. Several studies have investigated the mechanism of chlorine attack
on polyamide and a so-called “Orton re-arrangement” has been suggested [106].
Even if the mechanism is still uncertain, the proposed pathway involves the substi-
tution of hydrogen on the amide nitrogen by chlorine followed by ring chlorination
via an intramolecular rearrangement. Polyamide damage by hexavalent chromium
has not been reported so far. However, some studies highlighted the role of tran-
sition metal ions in catalyzing polymer degradation processes [128]. Results also
suggests that selectivity of the loose polyamide nanofiltration membrane (NF270)
can be strongly affected by the presence of oxidizing agents in solution. In the case
of NF270 membrane samples treated in the hexavalent chromium solution at high
concentration, roughly a 10-time increase in Cr(VI) passage was observed during
filtration (Figure 2.8d). Permeance of the tight polyamide nanofiltration mem-
brane (NF90) was also affected by oxidation treatment. Enhancements of water
passage were observed in the case of samples treated with either Cr(VI) or NaOCI,
while lower permeance was measured for membranes treated with both Cr(VI) and
hypochlorite, but variability among samples increased significantly. However, the
NF90 showed high rejection of Cr(VI) (>99%) after a 72-hour exposure to all the
oxidizing agents investigated. Finally, Hydra70 did not exhibit significant changes
in permeate water flux upon exposure to oxidizing agents and only a slight decrease
in selectivity to Cr(VI) following contact with a solution containing both oxidizing
agents. This result confirms that sulfonated polyethersulfone possesses an adequate
chemical stability. The results are in accordance with other recent studies [129] and
can be attributed to the lack of chlorine-sensitive amide group in the membrane
matrix.
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Figure 2.8: Results of the experimental tests performed on membranes exposed to oxidizing
agents. (a, b, ¢) Permeance values and (d, e, f) observed chromium(VI) rejection percentages are
reported as filled and empty bars, respectively: (a, d) blue bars in the left column for NF270, (b, e)
orange bars in the middle column for NF90, (c, f) and red bars in the right column for Hydra70.
Results are presented for pristine membranes as well as for samples after accelerated contact with
hezxavalent chromium, sodium hypochlorite, or a mizture of the two agents.

Based on the results discussed above, it can be stated that:
o NF270 performance are mostly affected by contact with hexavalent chromium

« Selectivity of tight polyamide nanofiltration membrane (NF90) to chromium
is not negatively influenced by the exposure to oxidizing agents

» The presence of both Cr(VI) and hypochlorite can affect the performance of
sulfonated polyethersulfone membranes (Hydra70)

Taking into account the experimental results obtained by oxidized membranes,
a performance analysis is reported for both NF270 and Hydra70 to describe the
behavior of the membranes at increasing exposure times to oxidizing agents. In
particular, the time required to increase the Cr(VI) concentration in the permeate
stream upon contact with the most sensitive oxidizers or mixture of oxidizers was
calculated for each type of membrane. To conduct the analysis, it was assumed
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that the rate of change in relative concentration of the permeate stream (due to
membrane oxidation) is proportional to the concentration of oxidizing agents in
solution, [OX]"™ P which is constant in time,

Cr(VI))FERM
d( [CT((VI)))(%DERM )

dt

t: = ko [OX]FEED (2.4)

The above equation yields, upon integration:

(Cr(VD]Er
[Cr(VI)]gErM

=14 ko [OX]FEEDY (2.5)

where [Cr(VI)]o"**™™ is the concentration of Cr(VI) in the permeate stream at
time zero, and k., is the kinetics constant of material degradation calculated for
each membrane-oxidant combination from the results presented in Figure 2.8. As
expected from the results shown in Figure 2.8, concentration of the contaminant in
the permeate would increase faster for NF270 than for Hydra70 following membrane
degradation; see Figure 2.9. For example, Figure 2.9a suggests an increase in Cr(VI)
concentration in the permeate of 10% (i.e., 1.1 of the initial value) after only 2
years of operation, with a Cr(VI) feed concentration of 20 pug/L. Roughly the same
degradation of Hydra70 would be reached upon a 3-year contact with both NaOCl
and Cr(VI) at concentrations of 100 ug/L.
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Figure 2.9: Effect of membrane active film degradation upon erposure to oxidizing agents. Red
isolines represent specific values of permeate Cr(VI) concentration normalized by the value of
permeate concentration at initial time obtained with the pristine membrane. This analysis was
conducted for (a) NF270 in contact with solutions of Cr(VI) and for (b) Hydra70 in contact with
feed waters containing both Cr(VI) and NaOCI.

35



2 — Nanofiltration for the production of drinking water from chromium contaminated source

2.3.3 Treatment of contaminated real water samples

Specific filtration experiments were performed with tap water spiked with Cr(VI)
and real well water as feed solutions. Figure 2.10 presents the results from these
tests. NF270 and Hydra70 showed high removal rates of chromium (> 85%) by
filtering contaminated tap water; due to the results obtained with loose nanofil-
tration membranes, experiments with tight NF were not performed, since NF90
may thus be oversized for this feed solution. With higher rejection rate and an
average permeate flux four times larger, the performance of the NF270 overcome
those observed for the Hydra70. This is in agreement with the results discussed
in previous sections. Since the tap water contains a medium ionic strength and
hardness (see Table 2.3), the loose NF membranes are suitable for adequate Cr(VI)
removal, while guaranteeing high permeate fluxes.

The results also suggest that the NF270 membrane may guarantee suitable qual-
ity of the product water with each of the three well waters, considering their Cr(VI)
levels (Table 2.3). However, compared to the tests performed with tap water, im-
portant reductions of permeate flux was observed even in the case of real aqueous
streams characterized by low total hardness (Figure 2.10). Since the well water
samples were used as drawn from the well and without any pre-treatment, a strong
influence on membrane performance may be given by the presence of trace of or-
ganic contaminants. In accordance with the results obtained with synthetic waters,
the loss in Cr(VI) rejection was strongly influenced by the increase of ionic strength
and total hardness of the feed solution. The loose NF membrane showed high re-
jection of chromium in the case of treatment of water samples coming from site B
and site C, achieving a chromium concentration in the permeate stream close to 1
pg/L. The performance of the loose NF membrane was lower (with lower Cr(VI)
selectivity) by treating the water samples coming from the Site A, which contain
highest hardness, ionic strength, and Cr(VI) concentration compared to the other
samples. A 6 ug/L of Cr(VI) concentration in the permeate was obtained by treat-
ing the water from Site A, which might be considered a threshold value for a large
installation plant, taking into account a concentration safety factor for the heavy
metal and possible loss in performance of the membrane in time. Therefore, it is
important to further investigate the performance of the loose NF membrane with in
situ pilot plant through long-term filtration experiments. Oppositely, tight nanofil-
tration membrane (NF90) showed an appropriately low concentration of hexavalent
chromium in the permeate stream (0.3 ug/L) with a relatively high permeate flux
when waters from site A were filtered. Considering the mentioned performance,
the NF90 might be the most suitable membrane option to produce potable water
from this specific site. Considering the results, the pilot plant investigation was
performed also with NF90 membrane modules.
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Figure 2.10: Results of the experiments performed with tap and well water samples. (a) Per-
meate flux (solid bars) at an applied pressure of 100 psi (6.9 bar) and (b) chromium(VI) observed
rejection (empty bars). Values of final total chromium concentration in the permeate samples are
also reported inside the respective bars, for the experiments performed with well waters as feed
solutions. Results for the NF270, NF90, and Hydra70 are presented in blue, orange, and red,
respectively.

2.3.4 From lab experiments to pilot plant study: choice of
appropriate membranes

Table 2.5 summarizes the overall membrane behaviour discussed so far consid-
ering the results obtained with synthetic feed water. In particular, the table can be
used as a first tool for the choice of the appropriate nanofiltration membrane for in
situ application, depending on the chemistry of the source water.

The semi-analytical system-scale analysis (equations 2.1, 2.2 and 2.3) was ap-
plied to evaluate the achievable NF membrane performance for the abatement of
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Table 2.5: Summary of the behaviour and Cr(VI) removal observed with the different membranes.

Observed range of

Cr(VI) Influence of feed Influence of oxidants Cr(VI) rejection
Membrane separation . .. in contact with the . . )
. solution composition in different waters
mechanism membrane
at neutral pH
Decreased Cr(VI)
rejection in o
NF270 Size-based solutions with 56(()12?5115555 O;Ii?ﬁnce
High and electrostatic medium-high hIe)xavélent( chromium 75-97%
Permeability effects ionic strength or .
low-meditm and/or hypochlorite
hardness
NF90 Mostly Little influence of .
Medium size-based ionic strength (I;;E(til:nige(jt of >98%
Permeability effects or hardness
Slow degradation only
Hydra0 Mostly 2?;::;? Cinctrlgz ! Ke}if;valent chromium
Low - electrostatic presence of and 80-98%
Permeability effects

calcium

hypochlorite are both

present

Cr(VI) from potable water in situ. The system-scale analysis was carried out con-
sidering the target Cr(VI) concentration in the product water and the variability
of the following parameters:

o The Cr(VI) concentration in the feed water

« The feasible recovery rate of the system (i.e. the production of water with
respect to the total water flow rate of the feed)

e The membrane rejection

Calculations were made by considering the increase in Cr(VI) concentration
along the modules, due to accumulation in the retentate as a function of recovery
rate. Figure 2.11 presents the results obtained for four specific recovery rate and
for a wide range of feed and permeate concentrations of hexavalent chromium. The
results reported in the graphs may be used to estimate the concentration of Cr(VI)
in the product water given a certain combination of membrane properties and
recovery rate, or to select a membrane (rejection) given a specific goal of product
water quality. The system analysis was made considering the observed and not the
real rejection of the contaminant. In other words, if users want to take advantage
of this analysis, preliminary experiments (such as those reported in the previous
section 2.3.3) need to be conducted to evaluate the membrane rejection with each
site-specific feed water under conditions similar to those of the real system.
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Figure 2.11: Analysis for the selection of the membrane with appropriate observed rejection of
Cr(VI) as a function of system recovery rate and Cr(VI) concentrations in the feed and in the
product streams. Recovery rates of (a) 50%, (b) 70%, (c) 80%, and (d) 90%. Red lines represent
different observed Cr(VI) rejection of the membrane. Range of concentrations: feed stream 10-100
wng/L, product water 2-6 ug/L of Cr(VI). This graph may be used to estimate the concentration
of Cr(VI) in the product water given a certain combination of membrane properties and recovery
rate, or to select a membrane (rejection) given a specific goal of product water quality.

2.3.5 Pilot plant study: results and discussions

Given the results presented in the sections above, the most promising nanofiltra-
tion membranes to deploy for chromium abatement in well water from Site A would
be the loose and tight polyamide membranes, i.e., the NF270 and NF90. The sul-
fonated polyethersulfone Hydra 70 indeed would not be suitable for the specific lo-
cation studied, considering the productivity needed and the behavior/performance
of the membrane. Therefore, only the two polyamide membranes were deployed for
the pilot plant study, thus evaluating their performance in situ.
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First, a detailed analysis of the membrane selectivity was carried out, filtering
real well water samples from Site A in lab. The results are reported in Figure 2.12
for both the NF270 and NF90, showing the rejection of different inorganic com-
pounds from the well water. As expected, NF90 presented higher selectivity than
NF270, with a rejection above 80% for most of the elements or ions. Consistent
with literature reports, boron was the only element removed at low rate [130, 131].
Indeed, nanofiltration membranes cannot achieve significant rejection of boron from
water at neutral pH, due to the predominance of its uncharged specie (i.e. boric
acid), which is not rejected neither by size exclusion, nor by the electrostatic ef-
fects. Multivalent anions, together with cobalt, iron, manganese, and selenium were
almost completely rejected by both membranes. Zinc removal is instead strongly
dependent on the nature of the associated ions, as already reported in previous
studies [132]. However, lower selectivity was observed for all the cationic elements
in solution by the NF270. This is clearly due to its main separation mechanism,
strongly based on Donnan exclusion [82]. These results suggest the feasibility to
reduce the concentration of chromium in potable water with both membranes. In-
deed, the divalent chromate anion CrO4* , which is the predominant chromium
specie in drinking water, may be removed from water through the combination of
electrostatic repulsions (thanks to the presence of negative surface on the mem-
branes) and size-exclusion mechanism [82]. Specifically, NF270 and NF90 samples
had a chromium removal of 78% and 98%, respectively. Monovalent ions, such
as fluoride, chloride, and nitrate are mainly removed by size exclusion. This is
in accordance with our results, showing significantly higher rejection by the NF90
compared to the NF270. The presence of other compounds in solution can thus
influence negatively the electrostatic repulsions of monovalent anions by nanofiltra-
tion [133]. Table 2.6 is presenting the characteristics of the permeates produced by
both membranes. All the concentrations of ions were well below the limits imposed
by the Italian legislation. In term of water productivity instead, the looser NF270
showed only slightly higher values (40.3 Lm *h ') compared to the tighter NF90
(37.5 Lm ?h ') at equivalent applied pressure.

Performance of the nanofiltration pilot plant

The pilot plant schematically described in Figure 2.1 was employed to perform
two field experiments, aiming at evaluating the nanofiltration as a feasible technol-
ogy for drinking water production from waters contaminated with chromium. The
results of both tests are presented in Figure 2.13. Tests were conducted with an
applied pressure of 5.25 bar (76 psi) for NF270, and 5.75 bar (84 psi) for NF90. The
permeate flux started at roughly 480 L/h, in agreement with the values measured
in preliminary lab experiments, expected as 480 L/h and 475 L/h for NF270 and
NF90, respectively.
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Figure 2.12: Rejection of the most common cations, anions and metals from the well water
described in Table 2.4 for both a) the NF270 and b) NF90.

During the 42 days of experiment, both membranes showed significant flux de-
cline, likely due to organic fouling and to the precipitation of metals and carbonate
species onto the membrane surface. This result is in accordance with previous stud-
ies, performed to evaluate fouling and scaling on the membrane surface with similar
feed water [134, 135]. The larger operating pressure and the higher selectivity of
the membrane causes a slightly more pronounced decline of water flux in the case
of NF90 modules compared to the NF270. It must be considered that only a very
mild physical cleaning (running the feed water at higher flow rate 1 hour per week)
of the membranes was performed and no chemical cleanings were carried out dur-
ing the tests. No significant recovery of permeate flux was observed by restoring
the operating parameters (the applied pressure) after the physical cleaning. The
flux trends presented here can hence be considered as the worst possible scenario
(i.e., the most conservative case, for such a system), since the flux decline in real
application would be significantly lower with proper management system.
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Table 2.6: Concentration of the different elements in the product water produced by the NF270
and the NF90 membranes and comparison with the Italian legislation limits and the characteristics
of the well water (Site A).

Composition Legislation Limit Well Water (Site A) NF270 Permeate NF90 Permeate
il 65 <pH <95 75 8.3 7
Conductivity (uS/cm) 2500 646 256 12.8
Hardness (°F) 15 < °F < 50 36.8 22 15
Cl" (mg/L) < 250 9.9 13 0.54
F~ (mg/L) <15 0.11 0.045 0.018
PO,* (mg/L) / 0.03 0 0
NO;~ (mg/L) <50 7.9 8.3 0.87
SO (mg/L) < 250 34 0.65 0.056
Ca*" (mg/L) / 110 31 0.61
Mg®t (mg/L) / 23 12 0.16
K* (mg/L) / 1 0.61 0.22
Na' (mg/L) < 200 11 7.5 1.5
As (ug/L) <10 1 0.27 0
B (ug/L) < 1000 32 30 22
Co (pg/L) / 59 0 0
Cr (pg/L) < 10 [as Cr(VI)] 23 5.4 0.28
Fe (pug/L) < 200 32 0 0
Mn (ug/L) < 50 13 0 0
Cu (ug/L) < 1000 0.12 0.22 0.23
Se (ug/L) <10 2.2 0 0
Zn (pg/L) / 15 7.7 3.2

Chromium rejection and chromium concentration values in the permeates are
shown in Figure 2.13b and 2.13c, respectively. The tight nanofiltration membrane
NF90 was able to maintain a constant Cr concentration in the treated water below
0.5 pug/L, with a consequent Cr rejection of roughly 98% during the entire test.
The loose nanofiltration NF270, on the other hand, was characterized by a gradual
decrease of chromium rejection from 95% to 70% during the 42 days of operation.
This result can be ascribed to the influence of fouling, scaling, and fouling-enhanced
concentration polarization on membrane performance, which can neutralize and/or
shield the negative surface charges of the membrane, thus lowering the effect of
Donnan potential for chromium removal. Chromate anion (CrO,*") is indeed the
major chromium species in natural waters. On the contrary, the size-based rejection
mechanism of the tight NF90 is less affected by the influence of fouling, scaling,
and fouling-enhanced concentration polarization, showing a constant high removal
rate of the contaminant.

The overall chromium selectivity observed in the pilot study was in accordance
with the results obtained in lab experiments, where an average chromium rejection
of 98.8% and 76.5% was estimated for the NF270 and the NF90 membrane, re-
spectively. Given the results obtained so far, it can be stated that preliminary lab
experiments represented a strong initial support to the pilot plant study, providing
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representative results of in situ application. In particular, the permeate flux ob-
tained in the lab may be regarded as the initial permeate flux for field application,
or the flux that would be observed in real application for clean membranes. As
for chromium removal, the rejection values measured in the lab were representa-
tive of the values observed during the pilot tests once steady-state conditions were
reached.
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Figure 2.13: Performance of the nanofiltration pilot plant. a) Permeate flow rate, b) Total
chromium observed rejection, and c¢) Chromium concentration measured in the treated water.
Results are presented for NF270 (blue circles) and NF90 (orange squares) for a test period of
42 days. Those represented are point-values measured day by day, therefore reported without
any standard deviation. Physical cleaning was performed every week by increasing the cross-flow
velocity to 80 L/min for 1 h
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2.3.6 Design of the full-scale nanofiltration plant

A full-scale NF plant was designed for the specific location studied (Site A).
Given the promising results obtained during the pilot tests, the proposed configu-
ration was set up to work with the tight nanofiltration membrane, NF90. Overall,
even if the system designed is site-specific, it provides (i) an idea of the needs,
performance, and cost of plants with similar size (i.e., feed flow rate of tens of
L/s), and (ii) an overview of the feasibility of the application of nanofiltration for
chromium / heavy metals removal in general.

The design simulation was performed taking into account (i) the drinking water
demand of the specific location (30 L/s of potable water must be delivered to the
surrounding area) and (ii) a target value of 80% for the recovery of the filtration
unit. Based on the results obtained during the field experiments, the membrane
system was designed to work with NF90-400/34i modules, characterized by an
active area of 37.2 m?. The dimensional characteristics and the operating limits of
this module type are reported below in Table 2.7.

Table 2.7: Dimensional characteristics and operating limits of the NF90-400/34i modules.

Active Area (m?) 37.2

Length (m) 1.016

Diameter (cm) 201
Maximum Operating Pressure (bar) 41

Maximum Feed Flow Rate (m*®/h) 17.03
Maximum Permeate Flow Rate (m®/h)  1.43
Minimum Concentrate Flow Rate (m®/h)  2.95
Maximum element recovery (%) 19

The best configuration designed for the NF plant is depicted in Figure 2.14. The
system was modelled accounting for (i) the best operating conditions (with the aim
to reduce the overall membrane area and the amount of energy to be supplied) and
(ii) the quality of the product water. The system comprises two stages operated
with nine and six vessels, respectively. Well water is pumped to Stage 1 and the
concentrate from this stage is then processed by Stage 2. A percentage of the
well water is bypassed and mixed with the permeate produced by the system, in
order to ensure the potability of the final produced water (i.e., with appropriate
mixture of ions). In particular, the membrane configuration described in Figure
2.14 would allow a range of bypass values between 0% and 30%. Concentrate is
instead designed to be disposed of in the sewage system.
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Figure 2.14: Design of the nanofiltration pilot plant. Two stages are included. Stage 1 designed
with 9 pressure vessels and 6 modules per vessel. Stage 2 designed with 6 pressure vessels and 7
modules per vessel.

Results of the simulations performed based on the full-scale design represented
in Figure 2.14 are reported in Figure 2.15a. The chromium concentration and the
aggressive index (A.l) of the produced water are plotted as a function of per-
centage of feed bypass. In practice, with larger bypasses, a lower proportion of
demineralized water is mixed in the final produced water. This entails an increase
of both chromium concentration and aggressive index, as expected. In particular,
taking into account a safety/maximum chromium concentration of 5 ug/L in the
product water and a minimum A.L. of 10, the suitable configurations for the NF
system would be characterized by a bypass in the range of 10-15%. Below this
range, the product water would be too aggressive, while above, it would contain a
concentration of Cr too close to the limit of 10 ug/L.

A system analysis was also performed by applying equations 2.1-2.3. This anal-
ysis was here conducted specifically for chromium but it can be applied to analyse
nanofiltration systems working for the abatement of any contaminants of interest.
In particular, this analysis provides an estimation of the concentration of a specific
substance in the streams entering and exiting the membrane plant as a function
of recovery and system rejection rate. The overall results are presented in Figure
2.15b-d. Figure 2.15b shows the trend of chromium concentration in the final con-
centrate stream by varying the chosen recovery system and the Cr concentration in
the feed water, at a specific observed system rejection of 98%, i.e., the Cr removal
rate of NF90. Feed Cr concentration and recovery are represented on a linear scale
on the left vertical and bottom horizontal axes, respectively. Dotted lines are drawn
in the graph to exemplify the case of the NF plant designed for the specific location
considered in this study. This graph can be used to estimate the largest possible
recovery resulting in Cr concentration in the retentate that meets the limits for the
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disposal of this stream in the sewage system. In our case, with a Cr concentration
in well water of 23 pugCr/L and a NF plant recovery rate of 80%, the concentrate
would contain about 100 ug Cr/L of Cr. This value is below the legislative limit for
the disposal of this stream in the sewage system as ruled by the Italian law, i.e.,
200 pg/L.

Figure 2.15c¢ is reporting a more detailed analysis, always accounting for a spe-
cific value of observed Cr rejection of 98%. This graph shows the highest recovery
rates achievable, above which the chromium concentration would exceed 5 ug/L
in the treated water and 200 pg/L in the concentrate stream. We can hence infer
that the most relevant design parameter when tight NF membranes are deployed
is the concentration of Cr in the retentate, as this boundary (blue line connecting
squares) sits below that related to the permeate concentration (red line connecting
circles), i.e., designing a plant with higher recovery would guarantee the safety of
the treated water but impossibility to discharge the concentrate at low costs in the
sewage system. The case of the employment of loose nanofiltration membranes is
completely different. In this case, the system configuration and the recovery rate is
limited by the Cr concentration reached in the product water (red line connecting
circles). This can be observed in Figure 2.16 where similar analyses were performed
with lower observed system rejections of 75%; 85%; 90%, or 95%. When decreasing
the rejection capabilities (i.e., looser NF membranes), the permeate value becomes
the more stringent parameters, with the two boundaries first overlapping and then
crossing each other. Finally, the last modelling analysis is reported in figure 2.15d
where the trend of Cr concentration in both the treated water (right axes) and the
retentate stream (left axis) is plotted as a function of recovery rate for four specific
chromium concentrations in the feed solution. While the models described in figure
2.15d were obtained for specific concentration ranges relevant for this present study,
the overall analysis can be extended to wider concentration ranges. Figure 2.17 is
an example. Overall, chromium concentration can vary significantly in the perme-
ate (solid lines) and concentrate streams (dashed lines) by increasing the recovery
rate of the system and with both loose and tight nanofiltration membranes.
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Figure 2.15: Results of the system modelling and performance of the NF full-scale plant. a)
Chromium concentration and aggressive index of the product water, as a function of the percent-
age of feed bypass, for the full-scale NF configuration of Figure 2.14 using NF90 modules, with
the portion of feed bypass to apply to the final system configuration in order to respect the limits
for Cr concentration in product water and for A.I. b) Chromium concentration in the concen-
trate stream as a function of recovery rate and Cr concentration in the feed stream, at a system
rejection of 98%. Solid lines represent the different level of chromium concentration in ug/L in
the concentrate stream. ¢) Chromium concentrations in the product water and in the concentrate
stream as a function of the recovery rate for four values of Cr concentration in the feed water for a
system rejection of 98%. Trend of chromium concentration in the product and concentrate stream
represented by solid and dashed lines, respectively. d) Mazimum recovery rate as a function of
Cr concentration in the feed stream to obtain a Cr concentration in the treated water of 5 ug/L
(red circles) and a Cr concentration in the concentrate stream of 200 ug/L (blue squares), for a
system rejection of 98%.
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Figure 2.16: Maximum recovery rate as a function of Cr concentration in the feed stream. Red
line connecting circles represents the boundary for chromium concentration in the treated water
(5 ng/L) while blue line connecting squares represents the boundary for chromium concentration
in the concentrate stream (200 pug/L). Analysis was performed by changing the feasible membrane
characteristics, i.e., for a system with observed rejection of a) 75%, b) 85%, c) 90% and d) 95%.
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Figure 2.17: Chromium concentrations in the product water and in the concentrate stream as a
function of the recovery rate for various values of Cr concentration in the feed water for a system
with observed rejection of a) 75%, b) 85%, ¢) 90% and d) 95%. Trend of chromium concentration
in the product and concentrate stream represented by solid and dashed lines, respectively.

2.3.7 Economic assessment

The economic assessment was performed on the full scale nanofiltration plant
reported in Figure 2.14. Capital costs were estimated based on the economic assess-
ment performed by Samhaber et al, in which the trend for installation and equip-
ment costs for nanofiltration plants in tubular, plate & frame, and spiral modules
is reported as a function of the product flow rate of water [[136]. In particular,
authors estimated an exponential decrease of the Specific Equipment Cost (SEC)
by increasing the number of modules required, reaching a plateau with an average
cost of around 360 €/m? for plant designed to work with an overall membrane
area larger than 500 m?. A membrane replacement cost of €0.017 for each m® of
product water was estimated based on a membrane lifetime of 5 years and a cost
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of about €800 for each membrane module. Schafer et al. have estimated a similar
cost for NF membranes applied to remove organic matter from water [137]. A 0.15
€/kWh was accounted for the energy system requirement, based on the selected
geographical region. At the same time, a 0.31 €/m® was considered as cost for
concentrate disposal into the sewage system. A cost of €0.01 for each m® of water
produced was considered for membrane cleaning, taking into account the chemi-
cals suggested by the membrane manufacturers for conventional cleaning-in-process
operation [45, 116].

The computed capital and operating costs are presented in Table 2.8, together
with a summary of the operating parameters for the NF plant designed. Overall,
the plant was designed to work with 96 NF90-400/34i membrane modules (i.e.,
a total membrane area of 3568 m?) in order to supply 2593 m®/day of drinking
water. The overall calculations were performed based on a feed bypass of 12.5%
and an ideal recovery rate of 80%. In accordance with the results presented in
figure 2.15a, this configuration allows the abatement of chromium in potable water
below 4.3 pg/L, keeping an overall aggressive index of the product water above
10. The concentrated stream would result in 112 pg/L of chromium concentration,
entirely disposable toward the wastewater treatment facility. The installation cost
for the nanofiltration plant was estimated around 1.3 million euro and a total
daily cost of €586 was calculated accounting for (i) a lifetime of 10 years for the
membrane filtration plant and (ii) the amount of water to be produced per day.
It can be observed that the cost of energy and those related to the concentrate
disposal strongly affect the economic assessment of the NF plant accounting for
17% and 24% of the total daily cost, respectively. In accordance with previous
studies, the cost of membrane replacement and chemicals are negligible compared
to other items [45, 116]. Therefore, there would not be any essential cost abatement
by the improvement of specific cleaning procedures or cleaning solutions. On the
other hand, coupling the NF system with renewable energy sources would results
in overall economic benefits.
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Table 2.8: Economic assessment of the nanofiltration plant designed.

Operating Parameters

Drinking water supply (m®/day) 2593
Total well water (m*/day) 3142
Bypass water (m*/day) 393
Feed water to NF (m®/day) 2749
Permeate water produced (m®/day) 2200
Concentrate water produced (m*/day) 549
Cr concentration in the product water (ng/L) 4.26
Cr concentration in the concentrate stream (pg/L) 112
Aggressive index of produce water 10.4
Total membrane area (m?) 3568
Feed Pressure (bar) 6.56
Specific energy (kWh/m?® of pumped water) 0.29
Total installation cost of the plant (€) 1,296,000
Cost per m3 of potable water provided (€)

Capital costs (depreciation, lifetime 10 years) 0.14
Energy 0.046
Concentrate disposal 0.066
Chemicals 0.009
Membrane replacement 0.01
TOTAL 0.271

2.3.8 Environmental Impact Assessment of the full-scale
NF plant

An analysis was performed to understand the process phases or the plant issues
that would have the largest impacts on the environment. Figure 2.18 presents
the results of the LCA analysis performed on the full-scale NF plant reported
in figure 2.14, with the endpoints indicators summarized in Figure 2.18a. The
power supply needed to pump well water in the NF system at the desired hydraulic
pressure and necessary to heat up the cleaning solution is significantly higher than
the other environmental burdens related to both concentrate treatment and to
the installation and operation of the membrane plant, i.e., building construction,
membrane modules, and cleaning agents. This result is in accordance with previous
studies, which underlined the need to improve the operating phases of membrane
systems to achieve lower environmental impacts [120, 138].

The results at the midpoint level is reported in figure 2.19. Again, power sup-
ply represents the most impactful item on all the midpoint parameters, except for
freshwater and marine eutrophication. Figure 2.18b-d present the absolute impact
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2 — Nanofiltration for the production of drinking water from chromium contaminated source

values related to both these parameters, as well as to climate change. Due to the
large amount of freshwater necessary for building construction, membrane mod-
ules fabrication, and cleaning agents, freshwater eutrophication is a critical effect.
This result is in accordance with others from previous studies analysing the overall
impacts of ultrafiltration plants [63]. When dealing with marine eutrophication,
the most important factors increasing it are the concentrate stream treatment and
power supply, the latter burden also having the largest impact on COq emissions.
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Figure 2.18: Environmental impacts of the full-scale NF plant. a) Results obtained through
endpoint analysis, presented as normalized values of the overall impact computed for membrane
plant, power demand, and concentrate treatment. b-d) Results obtained for three representative
midpoint indicators.
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Figure 2.19: Environmental impacts of the full scale NF plant evaluated at the midpoint indi-
cators. Results are presented as relative impacts related to the various materials and processes
involved in the process. Functional unit is the daily drinking water demand for the specific location
studied (30 L/s).

2.4 Conslusion

This study is exemplary of the research pathway to follow in order to analyse a
specific process/application of a membrane-based separation technology from the
“micro” to the “macro” scale (lab-to-full scale approach). In this study, through
the combination of laboratory experiments, pilot-scale field tests, and system de-
sign, the applicability of nanofiltration to produce safe potable water was demon-
strated for groundwaters containing heavy metals, and specifically chromium(VI).
The study focused on the removal of chromium from water with the aim to achieve
the new stringent limit of 0.01 mg/L of Cr(VI) in potable water. From labora-
tory experiments, we can conclude that Cr(VI) rejection is strongly influenced by
chromium speciation, the chemistry of the feed solution, and the separation mecha-
nism of the different membranes. Cr(VI) rejection increased when the feed pH was
varied from acidic to neutral. These trends were caused by speciation of chromium
and its interaction with the charged membrane surface. The presence of salts in
the feed solution also affected the performance of two of the membranes analysed:
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NF270 and Hydra70. The most negative effect was observed in the presence of cal-
cium ions in solution, which can neutralize the active film charges of the membranes.
NF90 can instead maintain very high contaminant rejections even in the presence of
hard water, thanks to its intrinsic higher selectivity due to size exclusion. Looking
at the results obtained during filtrations performed on oxidized membrane sam-
ples, the degradation of the polyamide selective layer was observed in some cases.
In contrast, Hydra70 suffered little loss of selectivity. Overall, the results suggest
that all the membranes investigated here may reach the new stringent limits for
hexavalent chromium in drinking water when treating sources contaminated by this
metal. However, the chemistry of the feed water governs the selection of the most
appropriate membranes.

The results obtained at the pilot scale suggested that the choice of the suit-
able NF membrane is essential to overcome inefficiencies related to fouling and to
the impairment of system performance during operation. For the specific location
investigated in this study, the utilization of NF membranes with medium-high se-
lectivity was indispensable to meet the requirements in terms of drinking water
quality and specifically of chromium concentration. Moreover, the results obtained
with the pilot unit were very consistent with those observed at the lab scale, en-
tailing the importance of performing preliminary lab investigation prior to pilot
studies and full-scale system design, to gain a reliable insight into the membrane
performance and behaviour in situ. A potential design for a full-scale NF plant for
chromium removal was also presented, based on the data available for the location
studied, i.e., flow rate and chromium concentration in the feed stream. Two stages
and a feed bypass of roughly 15% would allow the production of safe potable wa-
ter with (i) an aggressive index higher than 10 and (ii) a chromium concentration
lower than 5 pg/L. This design may be generalized for plants of similar size and
it can be used as a preliminary estimation of the plant requirements for a variety
of NF applications. This generalization may be carried out also thanks to a pro-
posed system scale analysis, able to provide preliminary guidelines for the design of
generic nanofiltration systems. Specifically, at high recovery rates, the main design
parameter of NF plants treating waters contaminated by toxic metals may be the
composition of the final retentate stream, which needs proper management also
owing to the resulting high concentration levels of the target toxic metal.

Techno-economic and environmental assessments were performed for the poten-
tial full-scale plant, to understand the real feasibility of NF implementation for
drinking water applications. The results showed a total cost of < 0.3 €/m?® for the
product water. The total installation cost for the NF plant was estimated to be
€1.3 million, while concentrate disposal and energy requirement would represent
the costliest operating parameters. Power supply would also be the most impactful
item for the environment based on the LCA analysis performed for the installation
and for the operation of the NF plant.
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To conclude, a brief discussion of the possible advantages and drawbacks of
the nanofiltration application studied and developed in this chapter should be
presented. Overall, the results showed that nanofiltration may represent a valu-
able alternative to conventional treatment train for potable water production from
groundwater contaminated by heavy metals. NF systems can be easily adapted
and designed based on the characteristics of each specific location and feed water.
Different membranes are available commercially and can be employed to perform
an in-depth analysis of the system performance before pilot installation. More-
over, the final membrane configuration can be designed to work with low footprint.
Thanks to the modular configuration, and the requirement of the only pumping
system for the filtration process, the nanofiltration can be also considered one of
the best treatment technologies for potable water production in relatively remote
areas. However, fouling may be the bottleneck of the application and it should
be analysed deeply to design a Cleaning In Place (CIP) system able to maximize
the membrane performance and lifetime. In some cases, depending on the feed wa-
ter characteristics, a pre-filtration or pre-treatment process may be advantageous.
Besides, the membrane system should be designed to simplify the wastewater ef-
fluent disposal. In the specific application reported in this study, the system was
designed to produce a wastewater efHuent suitable for discharge into the sewage
system, without pre-treatment or further costs to be considered. However, in real
operation, the wastewater effluent characteristics should be analysed constantly to
verify that the contaminant concentrations are indeed below the limit imposed for
the discharge.
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Chapter 3

FO-NF system to reclaim
high-quality water from brackish
groundwater and wastewater *

3.1 Introduction

At present, groundwater and seawater represent two of the main sources of fresh-
water. However, aquifers are being depleted due to their widespread exploitation
[141], while seawater requires energy intensive technologies (e.g., reverse osmosis
or thermal desalination units) to remove the large concentration of salts and con-
taminants [142]. Therefore, mid-salinity waters, such as brackish groundwater or
wastewater, are becoming valuable alternatives for freshwater supply.

In recent years, the treatment of wastewater and brackish groundwater has
been studied by applying different technologies [143, 144], with membrane filtration
among the most promising options. Research has shown the feasibility to produce
high-quality water by treating wastewaters with membrane bio-reactors (MBR) or
membrane steps coupled with advanced oxidation processes [145, 45, 146]. Nanofil-
tration (NF) and low-pressure reverse osmosis have been instead proposed as fea-
sible technologies for the purification of brackish groundwater sources, thanks to
their high removal rate of TDS [147]. However, fouling would affect severely the
lifetime of the membranes involved in pressure-driven filtration processes, with a
consequent increase of the overall cost of the system [148]. For this reason, cur-
rent research is focused on the evaluation of innovative membrane technologies or
treatment scheme based on different driving forces.

*part of the content reported in this chapter, with permissions, has been already published in
[139] and [140]
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Thanks to its low fouling propensity, forward osmosis (FO) was reported as one
of the most promising solutions in the case of treatment of complex water sources,
such as drilling mug, liquid foodstuffs ,or fracturing flowback water [55, 149, 150,
151, 54]. So far, most of the research was focused on membrane development,
module design, and identification of the most suitable draw solutions [152, 153, 154].
Different membrane materials were proposed to enhance membrane performance
and to reduce the detrimental effect of internal concentration polarization [155, 156].
Comprehensive studies were reported to assess the behavior of different draw solutes
[157, 158]. Phuntsho et al. have studied fertilizers as DS for the treatment of
brackish groundwater [157], while Achilli et al. have reported a comprehensive
overview of the most commercially available inorganic draw solutes [158]. All these
studies have increased the understanding of the FO process and promoted its rapid
development, but mainly focusing on the optimization of specific sections of the FO
technology, e.g., the membrane or the draw solute. Few studies were carried out to
evaluate the FO performance in combination with feasible post-treatment processes,
such as other established membrane filtration systems (RO, NF) [159, 160]. Some
researchers investigated FO coupled with RO or NF to treat wastewater effluents
and promising results were also reported for a forward osmosis — nanofiltration
system applied for the treatment of brackish water [161, 162, 159]. However, these
studies lack data related to the feasibility of draw solution recovery and on the
quality of the final product water.

The literature also provides theoretical calculations strengthening the economic
and environmental potential of full-scale FO-based systems [163, 80, 81, 164, 165],
but very few experimental reports exist on these issues. Some modelling-based
research was carried out to study the possible module designs and to compare
feasible configurations, e.g., co-current vs counter-current, but focusing only on
mass transfer mechanisms and without looking at the overall system process [75,
166, 167, 168, 156]. Ali et al. have also developed a software tool to optimize the
performance of full-scale FO system based on the utilization of innovative spiral
wound elements [169]. This represents a useful tool but it comprises only the
FO step, without accounting for the recovery process and without considerations
related to performance reduction due to fouling.

Overall, these studies have increased the understanding of the FO process and
promoted its rapid development, but they do not yet address some of the most
important parameters affecting the process performance, i.e., (i) the feasibility of
achieving high-recovery rate, (ii) the optimal operating conditions when FO is cou-
pled to the draw solute recovery step, and (iii) the quality of both the recovered
draw solution and the final water product. Moreover, most of the systems were
investigated only at the lab scale and literature lacks research aiming at the im-
plementation of full-scale systems. Besides, when forward osmosis is applied to
produce high-quality water, it must be coupled with a downstream step of draw
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solution recovery and water purification. The effective design of the entire treat-
ment scheme requires that the parameters and operational condition of both steps
are optimized together, as optimization of one step alone may be not ideal, or
even detrimental, for the performance of the other. Therefore, there is need of
implementing research from the “micro” (lab scale) to the “macro” scale (full plant
design) with the aim to deeply investigate the possible advantages and drawbacks
related to an innovative membrane technology such as forward osmosis.

In this study, a forward osmosis — nanofiltration system is evaluated as a feasi-
ble technology to produce high-quality water from real brackish groundwater and
from real wastewater. In the first part of the work, different draw solutions are
assessed in lab tests in order to identify the most promising ones for these specific
FO applications. Preliminary filtration experiments are performed to choose the
best operating conditions in FO. Afterwards, high-recovery tests are carried out
with the two real contaminated waters followed by post-regeneration process of the
diluted draw solutions through NF and consequent extraction of the high-quality
water. The quality of the various aqueous streams involved in the filtration ex-
periments are analyzed and the overall performance of the coupling technology is
discussed. As second step of this work, a full-scale system design comprising both
the FO and the NF step is presented for the most promising applications, heavily
based on the results obtained in the first phase of the study. The previous ex-
perimental analysis is integrated with module-scale modelling and with a deeper
study of fouling behavior in FO. An optimization of the most important operational
parameters (i.e., the net driving force represented by the osmotic pressure of the
draw solution, the flow rate of the draw solution itself, and the recovery target)
for the potential coupling system is presented. Complete systems with numbers
of total membrane area, flow rates, and energy supply are reported. Finally, the
forward osmosis is analyzed in co-current and counter-current mode to discuss the
best possible operating configuration.
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3.2 Materials and Methods

Laboratory experiments were performed to assess the feasibility of the coupling
technology (FO-NF) for the production of high-quality water from brackish ground-
water and wastewater. Following the characterization of the FO membrane, specific
filtration experiments were performed to evaluate the various draw solutions and
the feasibility of their post-recovery process through nanofiltration. Once the most
promising DS were identified, high-recovery FO-NF tests were performed with real
water samples as feed solution, with the aim to assess the overall performance of the
system (in terms of productivity, recovery, and selectivity of the FO and NF step
together with quality assessment of the final product water and of the regenerated
draw solutions). Moreover, to evaluate the fouling propensity in forward osmosis,
specific FO fouling experiments were carried out with real brackish groundwater
and wastewater samples as feed solution and different ionic composition in the draw
solution. To isolate the effect of fouling, the experimental results were coupled with
the modelling analysis of the water flux across the FO membrane. Based on the
results obtained during the lab experiments, a system-scale modelling was devel-
oped to evaluate the best FO-NF configurations. FO-NF process parameters were
first analyzed through system-scale modelling, followed by the design of the full-
scale plants. The section below describes the laboratory set up, the experimental
procedures, and the system modelling. The materials and methods reported below
in details were already described in previously published papers [139] and [140].

3.2.1 Laboratory facilities and experiments
Lab filtration setups

Nanofiltration experiments were performed with the same cross-flow lab plant
described in the previous chapter (section 2.2.1). The FO setup was purchased
from Sterlitech Corporation (Kent, WA, USA). It comprises two reservoirs for feed
and draw solutions, two variable gear pumps (Cole-Parmer, Vernon Hills, IL), a flat
custom-made membrane cell, and a programmable logic controller (PLC) for data
acquisition. In particular, the custom-made membrane cell consists of a rectangular
channel with the following dimensions: 146 mm (5.75 inches) length, 94.5 mm
(3.72 inches) width, and 1.5 mm (0.059 inches) height. A membrane with an
active area of 140 ecm? (21.7 in?) can be allocated in it. The cross-flow rate can
be adjusted manually and it was set to 1.8 L/min (0.34 m/s cross-flow velocity)
for each experiment. Temperature and conductivity were recorded through the
PLC. A computer-interfaced balance was used to measure the water flux across
the membrane, recording the change of volume in the feed reservoir in time. Feed
and draw solutions were always recirculated back to the respective tanks, thus
performing all the experiments in batch. All the tests were conducted with the

60



3.2 — Materials and Methods

membrane in FO configuration, i.e., active layer facing the feed solution, in co-
current mode, and at a temperature of 23 °C.

Membranes and draw solutes

Two commercial nanofiltration membranes were acquired from Dow Chemical
(Dow Chemical Company, Midland, MI) for NF experiments, i.e., the tighter NF90
and the looser NF270. Forward osmosis membrane was acquired from a commercial
company, fabricated in TFC mode with a polyamide selective layer on top. Each
membrane was received as flat sheet samples and stored dry. The FO membrane
was characterized following the protocol reported by Tiraferri et al. [72]. Values of
the active layer water permeance, A, of the NaCl permeability coefficient, BN*C!,
and of the support layer structural parameter are reported in the table below (Table
3.1).

Table 3.1: Characteristics of the Porifera’s forward osmosis membrane. Characterization was
performed experimentally following the protocol reported by Tiraferri et al. [72]

A (L m 2 hflbarfl) BNact (L m72h71) S pum
2.75 £+ 0.50 0.94 = 0.25 427 + 19

With a draw solution of 485 mM NaCl and a feed solution of deionized water,
a water flux of roughly 15 Lm ?h ! was obtained together with an approximately
value of 0.09 molm *h ™" (5 gm >h™!) for the reverse salt flux. Three different in-
organic salts and one organic compound were evaluated as possible draw solutes for
this specific research study: magnesium chloride, magnesium sulfate, sodium sul-
fate, and glucose were all purchased from Carlo Erba (Milan, Italy). These solutes
were chosen because of the possibility to regenerate the related draw solutions using
nanofiltration, which is an established technology with already robust operational
standards.

Feed water samples

Real water samples were collected from two separate treatment plants located in
Italy. The first one, referred to as “Site A”, is treating brackish groundwater while
the second plant, “Site B”, is treating a mixture of industrial and civil wastewater.
As reported in Figure 3.1, samples of the efluent coming from the secondary sed-
imentation were collected from both sites. Figure 3.1 is also reporting the current
treatment trains operated in both locations and the novel alternative technology
proposed. The scope of the project is to assess the possibility to substitute the
treatment steps following the secondary sedimentation with a coupled FO-NF sys-
tem, with the aim to obtain water for high-end uses. It can be stated that in the
case of site B, however, the FO-NF system would require an overall higher energy
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input compared to the current configuration, but in contrast it would promote the
beneficial reuse of this wastewater. The main characteristics of the effluents sam-
ples (used as feed water in our FO system) are reported in Table 3.2 together with
the respective osmotic pressures calculated with OLI System software.
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Figure 3.1: Current and envisioned treatment trains for (top) site A and (bottom) site B. Scheme
represents the main water line. In site A (square data points in the manuscript), the FO+NF
system replaces ultrafiltration and reverse osmosis. In site B (circle data points), the FO+NF
system replaces sand- and resin-based filtration steps.
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Table 3.2: Characterization of water samples coming from Site A and Site B.

Parameter Site A Site B
Organic carbon (mg/L) TOC: 44 DOC": 22
pH 7.8 8
Cl (mg/L) 2000 100
F~ (mg/L) 2.5 0.1
PO,*" (mg/L) 2.5 1.5
NO;  (mg/L) 49 2.2
SO,*" (mg/L) 290 250
N-NH, (mg/L) 0.01 0.004
Ca®" (mg/L) 160 31
Mg®t (mg/L) 90 13
K* (mg/L) 45 15
Na® (mg/L) 1200 120
Al (mg/L) n.d. 70
As (mg/L) n.d. 4.2
Cr (mg/L) n.d. 1.3
Fe (mg/L) n.d. 16
Ni (mg/L) n.d. 3.7
Conductivity (uS/cm 6400 1100
TDS (mg/L) 3900 540
Osmotic Pressure (bar) 3 0.5

n.d. not detected or below detection limit
& Measured following microfiltration (0.45 pm pores)

Tests for DS evaluation and preliminary FO experiments

Forward osmosis experiments were performed with each draw solution, varying
the osmotic pressure of the draw stream and using deionized water on the feed
side. The draw osmotic pressure was varied in five consecutive steps with bulk
osmotic pressures (71 pg) of 4, 8, 12, 16, and 20 bar, respectively. Permeate and
reverse salt fluxes were measured during the whole experiment. The experiments
were run with same volumes of DS and FS (1.5 L) and in co-current mode (feed
and draw solutions entering and exiting from same sides in the membrane cell).
To verify the feasibility of recovering the different draw solutions through nanofil-
tration, NF experiments were performed afterwards by filtering different synthetic
draw solutions, separately (i.e., feed solutions of salts dissolved in deionized water
with analogous characteristics of each draw solution analyzed in FO). Taking into
account the intrinsic bulk osmotic pressure of the feed solution (7p pg), a hydraulic
pressure equal to mg pg +4 bar was applied to the cross-flow system while main-
taining a cross-flow rate of 4.5 L/min (cross-flow velocity of 0.85 m/s) and a water
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temperature of 22°C. The permeate fluxes and salt rejections were measured dur-
ing the whole experiment. Permeate and concentrate streams were continuously
recirculated back to the feed reservoir while permeate samples were collected for
ions selectivity measurement during the filtration stage. At the end of these tests,
the best draw solutions were chosen upon evaluation of the measured fluxes ob-
tained in FO and in NF, the reverse salt fluxes, and the rejections observed in FO
and NF experiments. Based on the results, MgCl, and NaySO,4 were chosen as the
most promising draw solutions among those studied. A second set of forward osmo-
sis experiments was then conducted with either of these two salts used separately
as draw stream to filter feed solutions composed by real water samples from site
A or B. These tests were analogous to those described previously and comprised
measurements of the permeate fluxes for five steps with varying driving force.

Forward osmosis fouling experiments

Feed solutions of real water samples coming from Site A or Site B were used
to perform FO fouling experiments, always run in co-current mode with a volume
of 1.5 L for both the draw and feed side. Tests were carried out with NasSO, or
MgCl, as draw solute, with a salt concentration suitable to achieve an initial flux
of approximately 13-14 (Lm ?h™'). In these 8-h long fouling tests, additions of
appropriate volumes of a stock draw solution (in the draw tank) and of deionized
water (in the feed tank) were carried out every 30 min to keep the nominal driving
force constant. Some fouling experiments with the wastewater sample from site B
also comprised physical cleaning steps to promote a larger shear stress at the mem-
brane/solution interface, without backwashing: every 2 h, the cross-flow velocity
was increased and a cleaning solution of 4.5 mM of NaySO4 or 1 mM of MgCl,
was used both on the draw and on the feed side. A larger flow rate would result
in a more significant pressure drops within the channels of the membrane module
with a consequent increase in the energy requirements for pumping; in this study,
the cross-flow velocity was only increased by 30% (to 0.45 m/s) during cleaning,
representative of a mild process that would minimize the energy needs. After 20
min, the cleaning streams were replaced with previous draw and feed solutions and
the fouling experiments carried on.

Additional fouling experiments with wastewater from Site B as feed solution
were further performed. In this case, different draw solutions were used in order to
evaluate the influence of different ions on membrane fouling: magnesium chloride,
magnesium sulfate, sodium chloride, sodium sulfate, and calcium chloride (always
purchased from Carlo Erba, Milan, Italy). Each experiment was performed with a
fixed osmotic pressure of 18.4 bar, achieved by appropriate concentrations of each
draw solution and calculated by OLI System Software, corresponding to 0.262 M for
MgCl,, 0.796 M for MgSQOy, 0.406 M for NaCl, 0.308 M for NaySOy4, and 0.279 M for
CaCl,. Differently from those described previously, these fouling experiments were
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performed by keeping constant the nominal driving for the first 8 h of experiment
and without making any additions/adjustments for the rest of the test. No physical
or chemical cleaning was performed, and experiments were carried out in duplicates
or triplicates for each draw solution.

3.2.2 High-recovery forward osmosis and nanofiltration tests

Magnesium chloride and sodium sulfate were used individually as draw solution
for high-recovery forward osmosis tests, with (i) an initial osmotic pressure of 15 bar
(0.304/0.218 M of NaySO,/MgCly) in the case of treating the brackish groundwater
from site A, and (ii) 12 bar (0.238/0.178 M of NaySO,/MgCly) when filtering the
wastewater effluent from site B. An initial volume of 3.5 L of draw solution and real
water samples was used to fill up the draw and feed reservoir, respectively. The tests
were prolonged until roughly 65% of solution, i.e., 2.3 L, permeated from the feed to
the draw side, while permeate flux across the membrane was measured every 10 min.
At the end of each FO test, the diluted draw solution was processed in NF. Taking
into account (i) the separation mechanisms of the nanofiltration membranes, based
on a combination of size exclusion and electrostatic effects, and (ii) the valence of the
ions in solution, a looser NF270 and a denser NF90 membranes may be employed
to re-concentrate Na,SO, and MgCly, respectively, and to produce high-quality
permeate water. NF experiments were performed by keeping a constant applied
pressure of 20 bar and 16 bar to regenerate the DS coming from the treatment of
the brackish groundwater (site A) and the wastewater effluent (site B), respectively.
The applied pressure in NF needs to be at least equal or higher than the osmotic
pressure of the feed solution at the end of the test, i.e., 15 and 12 bar, respectively.
The NF tests were prolonged until a relative recovery rate of 100% was achieved,
i.e., 2.3 L of solution permeated from the feed side to the permeate side. Samples
of the FO draw solution, FO concentrate stream, as well as NF permeate and feed

were collected at the end of each experiment and analyzed by an external accredited
lab (Eurolab, Turin, Italy).
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3.2.3 Modeling of the forward osmosis - nanofiltration fluxes

Simulation of FO permeate flux, Jw, and reverse salt flux, Js, were performed
by application of the following equations [72]:

_ WDexp(—%) — ﬂpexp(—‘%“’)

T = A B lep(%) — ean(- )] e
B CDexp(—%) — CFexp(—J?)

S = B B leap() = eonl—%%)]) 32

where A, D, B and S are the active layer water permeance, the diffusion coeffi-
cient of the draw solute in water, the salt permeability coefficient, and the support
layer structural parameter, respectively. These are parameters intrinsic to the mem-
brane characteristics (A and S) or to the draw solute (B and D. Table 3.3 shows
these values for each of the draw solutes involved in this study [72, 158]). In the
equations, CD / mp and CF / 7p represent the draw and feed concentrations /
osmotic pressures, respectively, while the exponential terms account for both the
internal (—(J,,S)/D) and external (J,/k) concentration polarizations. Finally, k
represents the mass transfer coefficient at the active layer-solution interface, func-
tion of the hydrodynamics in the membrane flow cell and maintained equal to 68
Lm ?h ™! for all the simulations [72, 170]. If the loss of draw solute due to reverse
salt flux is negligible, the two equations 3.1 and 3.2 can be simulated separately.

Table 3.3: B and D of the draw solutes [72, 158].

Draw Solute B (LMH) D (m?/s)

NaySOy 0.06 7.6x10 1
MgCl, 0.07 1.1x10 *
NaCl 0.94 1.5x10 °

MgSO, 0.39 4.3x10 10
CaCl, 0.16 1.1x10 °

Simulations of the water flux across the membrane were performed (i) to isolate
the effect of fouling on FO filtration (Case 1) and (ii) to perform a system-scale anal-
ysis of the forward osmosis-nanofiltration hybrid system (Case 2). The wastewater
feed was simulated without considering any foulants concentration and by simpli-
fying the mixture of ionic species with an equivalent NaCl concentration providing
the same overall osmotic pressure, i.e., 0.5 bar.
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Case 1: Simulation of the water flux across the FO membrane during
fouling experiments

In Case 1, equation 3.1 was applied to model the flux reduction due only to
the loss of driving force during fouling experiments. Information related to the
effect of fouling were hence inferred by comparing the modeled flux reduction with
the observed trend of water flux. For each of the draw solution studied (MgCly,
NaySOy, MgSOy, NaCl, and CaCly), a model was performed calculating the trend
of the water flux from the actual values of DS/FS osmotic pressures at any given
time, known based on their dilution/concentration during the tests.

Case 2: System-scale analysis and design of the forward-osmosis nanofil-
tration system

In this case, a system-scale analysis and design of the forward osmosis stage
was developed through the application of equations 3.1 and 3.2. Given the results
obtained during lab experiments (reported in the following sections), the analysis
was performed only for the treatment of the wastewater from Site B, thus accounting
for an inlet flow rate of 76 m®/h in the FO system. The water flux across the
membrane in a hypothetical FO plant working in cross-flow mode (either with
spiral-wound or tubular modules), would vary along the length of the membrane
module. In particular, the overall water flux, recovery, and required membrane area
in the FO system would be strongly influenced by three main parameters:

1. the influent draw solution to feed solution flow rate ratio, DS:FS
2. the initial (influent) DS osmotic pressure (7p)

3. the module configuration, i.e., co- vs. counter-current

Firstly, a series of simulations were hence performed in co-current mode ana-
lyzing different combinations of influent DS osmotic pressure and DS:FS. For each
simulation, the water flux was modeled through the discretization of the control
volume (i.e., the theoretical length of the membrane module), followed by cal-
culation of the associated recovery and of the required membrane area. Based
on the obtained results, a system-scale analysis conducted to study the FO per-
formance in counter-current mode was developed, by keeping the same boundary
conditions, that is, the same DS:FS ratio and influent draw solution osmotic pres-
sure. While equations 3.1 and 3.2 were used to design the forward osmosis stage
of the full-scale system, Wave software (DuPont) was instead employed to simulate
the nanofiltration stage. Based on the results obtained through lab experiments
and high-recovery FO-NF tests [139], the membrane system was designed to be
operated with either sodium sulfate or magnesium chloride as draw solute.
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3.3 Results and Discussion

The following section presents the results obtained during the study with the
related discussions:

1. The coupling technology was firstly evaluated at the lab scale, in order to
investigate the feasibility of the entire process FO-NF. After the identification
of the most promising draw solution and of the best operating conditions.

2. High-recovery tests were performed to evaluate (i) the FO performances by
filtering real water samples and (ii) the feasibility to extract high-quality
water while reconcentrating the diluted DS in nanofiltration. The overall
results are reported below together with the assessment of the quality of the
product water and of the reconcentrated DS.

3. To finalize the forward osmosis performance evaluation, an in-depth study of
fouling propensity was carried out where different DS were tested to assess
whether different reverse salt fluxes may affect fouling behavior. Lab scale
analysis was essential for the preliminary assessment of the coupling tech-
nology and the results obtained were fundamental to set up the boundary
conditions for the full-scale design.

4. A system scale modelling was developed based on the experimental results
obtained, with the aim to evaluate the influence of different process param-
eters on FO-NF performances. In particular, the forward osmosis step was
deeply studied to analyze the feasible configurations.

5. Finally, the full-scale design of the coupling technology has been developed
and reported in the section below with discussion.

What is reported below has been already presented in previously published
papers [139] and [140].

3.3.1 Choice of the draw solutes and of the operating con-
ditions

The first set of experiments aimed to select the most appropriate draw solutes.
Four candidate compounds were evaluated, namely, magnesium sulfate, magnesium
chloride, glucose, and sodium sulfate. The choice was based on previous research
[158, 171], which has reported promising results when applying these compounds
as draw solutes in forward osmosis. Moreover, they are all widely available and
inexpensive compounds, with the possibility to be effectively recovered in nanofil-
tration (NF). The results of the first set of tests are reported in Figure 3.2. Based on
the calculation performed through OLI System, magnesium chloride, MgCl,, and
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sodium sulfate, NasSO,, have the largest osmolality among the four compounds
(Fig 3.2a). These two inorganic compounds showed the highest fluxes (Fig 3.2b)
and the lowest specific reverse salt fluxes (Fig 3.2¢) in forward osmosis (FO) when
DI water is used as feed solution. The results obtained in nanofiltration ensure
the feasibility to effectively recover the two inorganic salts in the NF post-recovery
process, with salts rejected at high rate with suitably high fluxes in NF. In partic-
ular, in order to maximize the productivity in nanofiltration, the denser NF90 and
the looser NF270 can be employed to separate the MgCl, and NaySOy, respectively
(Fig 3.2d, e).

Once the two most promising draw solutes were identified, preliminary low-
recovery FO experiments were performed with real water samples as feed solutions.
The purpose of these tests was to choose the concentration of both magnesium
chloride and sodium sulfate to be later applied in high-recovery tests. Experiments
were performed with the two waters from site A and B as feed solutions while fluxes
across the membrane were monitored as a function of bulk osmotic pressure of the
draw solution. The results are presented in Figure 3.3. The trends of water fluxes
are consistent with theoretical expectations [72, 154]. The two draw solutes showed
similar FO fluxes. Higher productivity was observed when the less saline water was
used as the feed solution, especially in the lower range of nominal osmotic driving
force. The combined effects of concentration polarization and reverse salt flux
[172] strongly influenced the FO performances at high values of draw bulk osmotic
pressure, showing similar flux trends with both the two feed solutions. In particular,
dilutive internal concentration polarization is more pronunced at higher flux rate,
thus affecting the membrane performance. Finally, it is important to consider that
the choice of the concentration of the draw solution for high-recovery tests should
be based on a compromise between the expected FO productivity and the external
hydraulic pressure to be employed in NF' to restore the initial concentration value.
Therefore, based on the profiles shown in Figure 3.3, draw osmotic pressures of 15
bar and 12 bar were selected for subsequent high-recovery experiments with water
samples from site A and B, respectively.
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Figure 3.3: Fluzes measured in forward osmosis as a function of osmotic pressure of the bulk
draw solution. The feed solution is (a: left) real brackish groundwater from site A and (b: right)
real wastewater secondary effluent from site B. Blue and orange points depict data obtained with
MgCly and NapSO, as draw solutes, respectively. Average and standard deviation of two separate
tests are shown. Lines are only intended as guide for the eyes.

3.3.2 Evaluation of the coupled FO-NF system
Productivity of the coupled FO-NF system

Firstly, magnesium chloride and sodium sulfate were used as draw solutions to
filter the two contaminated waters from site A and B in forward osmosis high-
recovery tests. These experiments were run until a recovery of roughly 65% was
achieved. Subsequently, nanofiltration tests were performed with the diluted draw
solutions as feed streams, with the aim to produce 100% of the dilution volume (i.e.,
the permeated volume during the respective previous FO test) on the permeate side.
As a result, the draw solution was virtually completely regenerated and high-quality
water was produced, the latter amounting to 65% of the volume of the initial feed
of the FO test.

The results of the high-recovery FO experiments are reported in Figure 3.4a and
Figure 3.4b showing the water fluxes across the membrane as a function of recovery,
at the initial draw osmotic pressures indicated in each graph. Fouling and reduction
of the driving force caused the gradually decrease of the permeate flux in time (FO
tests were indeed carried out in batch mode). In order to have a validation of
the experimental results, duplicates were performed, showing high reproducibility
of the overall process (figure Al reported in the Appendix). A large difference
can be noticed in terms of productivity in forward osmosis when treating the two
real waters: the average fluxes across the membrane were significantly larger when
filtering the wastewater efluent from site B, compared to those measured during
the tests performed with brackish water from site A. This is in accordance with
data displayed in Figure 3.3. Also, using sodium sulfate as draw solute instead
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of magnesium chloride resulted in slightly higher fluxes, possibly due to a more
pronounced reverse salt diffusion of the latter salt [158]. Specifically, the average
fluxes were 6.4 Lm ?h ! and 5.2 Lm ?h ™! for brackish groundwater (site A) and
11.1Lm *h " and 9.7 Lm ?h ™! for the secondary wastewater effluent (site B). An
important implication can be inferred from the results obtained in high recovery FO
tests: by treating wastewaters similar to those from site B, it could be possible to
reach significantly larger recovery values (up to 80%) compared to those achievable
by filtering higher saline feed waters. In the latter case indeed, a lower recovery
goals may be necessary to maintain high fluxes in the FO unit.

The results of the high recovery NF experiments are reported in Figure 3.4c
and 3.4d. The measured fluxes in nanofiltration were significantly larger than
those observed in forward osmosis, owing to the different transport mechanisms
and driving force involved in the two processes. For each experiment, permeate flux
decreased in time as function of the recovery rate, which may be ascribed to the loss
of driving force as the feed solution become more concentrated. The looser NF270
showed higher productivity compared to the denser NF90, as expected from the
intrinsic properties of the active materials characterizing the two NF membranes.
Average fluxes were calculated simply by dividing the total cumulative permeated
volumes by the duration of each respective test, computing values of 86.2 Lm *h ™!
and 54.9 Lm ?h ! to recover the draw solution used to treat samples from site A
(applied hydraulic pressure of 20 bar), and 69.9 Lm *h ' and 50.8 Lm *h ' in
the case of site B (applied hydraulic pressure of 16 bar).

It is important to consider that while in the laboratory the filtration process
is operated in batch and the recovery increases with time, in real plant, recovery
increases with space along the membrane module. Therefore, the recovery can be
considered as the parameter to tie the two modes of operation [165]. A FO-NF
plant operating at the equivalent recovery rate of lab tests and in co-current mode
may hence show the same fluxes discussed so far and presented in Figure 3.4. It can
be also stated that the capital costs of installation of the FO plant would be larger
than for the associated NF plant, owing to the lower FO productivity compared to
the NF productivity. Based on the data showed in Figure 3.3, it would be possible
to work with a larger initial DS osmotic pressure to maximize the productivity
of the FO step while maintaining the same applied pressure in NF, thus reducing
capital costs related to FO installation. Conversely, the nanofiltration system may
be configured to operate at lower applied pressure, resulting in energy savings for
the overall system. There are other possible options to optimize the filtration
system. For instance, (i) working in counter-current mode in the forward osmosis
stage or (ii) working with larger flow rates of the draw solution compared to the
feed solution, which would result in a lower dilution rate of the DS at equivalent
recovery. In this case, the excess flow of the draw would be treated in NF at higher
fluxes compared to FO, thus producing larger volumes of high-quality water without
greatly increasing the size of the plant. Clearly, it is important to accomplish a
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simultaneous optimization of both FO and NF steps in order to achieve an optimal
design of the overall system. A deeper analysis has been performed in this sense,
by modelling the forward osmosis — nanofiltration system. Results are reported in
the following sections.
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Figure 3.4: Fluzes measured in the two treatment steps comprising the coupled system. (a, b: top
row) Fluzes in batch forward osmosis as a function of absolute recovery: data points are average
values of duplicate experiments. The draw solution bulk osmotic pressure in the beginning of the
test was 15 bar for site A and 12 bar for site B. (¢, d: bottom row) Fluzes in batch nanofiltration
as a function of relative recovery, i.e., the amount of cumulative permeated volume relative to the
amount of solution recovered in the previous FO step. MgCly and NapSO, draw solutions were
recovered in nanofiltration with NF90 and NF270 TFC membranes. The applied pressure was 20
and 16 bar (290 and 232 psi), respectively, for draw solutions obtained treating waters from site
A and B, respectively.
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Quality of the product waters, draw solution regeneration, and feasibility
of the process

There are three main issues to be addressed when analyzing the feasibility of
the coupled system in terms of quality of the various streams:

1. the management of the FO concentrate
2. the end uses of the product, i.e., the NF permeate

3. the regeneration of the draw solution, i.e., the NF retentate stream
For this reason, chemical analyses were performed to characterize the compo-

sition of all the streams entering and exiting both the FO and the NF systems in
terms of ionic species, organic carbon, and heavy metal concentrations.
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Management of the FO concentrate

The composition of the retentate streams produced at the end of the high re-
covery FO steps is summarized in the Table 3.4 and Table 3.5. The scope of the
following discussion does not encompass the treatment of the FO retentates, but

some suggestions may be drawn for their potential management strategy. It can be
stated hence that:

o the correct management of the concentrated brackish groundwaters (site A)
may involve further concentration to recover salts or other resources, and for
a more facile disposal, thus exploiting its medium-high salinity (close to 10
g/L; see Table 3.4)

o the correct management of the concentrated secondary effluent (site B) may
comprise its partially recirculation within the treatment train. Thanks to its
relatively low salinity and large amount of organics (which would be even
larger at higher advised recovery rates; see Table 3.5) it would be easily
treated within the biological section, already present in site B, without specific
problematic issues related to other nutrients, such as nitrogen or phosphorous

Table 3.4: Characteristics of the final concentrate produced in forward osmosis pilot tests treating
the groundwater samples from Site A. The results are presented for the tests performed with both
sodium sulfate and magnesium chloride as draw solutes.

Draw Solution: Draw Solution:

Nast4 Mg012
TOC (mg/L) 9.1 9.4
pH 8.1 8.1
Cl" (mg/L) 4900 5000
F~ (mg/L) 0.8 n.d.
PO,*" (mg/L) n.d. n.d.
NO;3~ (mg/L) 110 70
SO,*" (mg/L) 1100 970
N-NH, (mg/L) n.d. 0.11
Ca®* (mg/L) 360 400
Mg®t (mg/L) 290 400
K* (mg/L) 39 100
Na® (mg/L) 2900 2800
Conductivity (uS/cm 14360 15000
TDS (mg/L) 9700 9740

n.d. not detected or below detection limit
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Table 3.5: Characteristics of the final concentrate produced in forward osmosis pilot tests treating
the wastewater samples from Site B. The results are presented for the tests performed with both
sodium sulfate and magnesium chloride

Draw Solution: Draw Solution:

Nast4 Mg012
DOC (mg/L) 27 27
pH 8.2 8.4
Cl (mg/L) 62 260
F~ (mg/L) n.d. n.d.
PO,*" (mg/L) n.d. n.d.
NO; "~ (mg/L) n.d n.d.
SO,*" (mg/L) 520 490
N-NH,; (mg/L) 0.062 0.036
Ca®" (mg/L) 51 83
Mg®* (mg/L) n.d. 51
K* (mg/L) 5.3 64
Na* (mg/L) 360 280
Conductivity (uS/cm 2000 2460
TDS (mg/L) 998 1228

n.d. not detected or below detection limit

End uses of the product

Table 3.6 and Table 3.7 show the chemical composition of the product waters,
in the case of the treatment of feed waters from site A and B, respectively. Promis-
ing results were obtained with high quality levels reached for both the product
waters generated by the coupled FO-NF technology (i.e., the permeate produced
by the nanofiltration step). This demonstrates the ability of the coupled system
to desalinate brackish groundwater and to treat secondary effluents for high-end
uses. In particular, one of the four product streams could be used directly as source
of drinking water. The permeates produced by the FO-NF system running with
MgCl, as draw solution may be readily employed as source for irrigation, with-
out restrictions, thanks to the low SAR value (lower than 3), which makes the
two product waters compatible with the most sensitive crops. On the other hand,
the value of aggressive index slightly below 10 for the product waters from site
B (Table 3.7) may be addressed by operating with a small bypass to mix the NF
permeate with untreated water, still guaranteeing high quality of the final product.
No significant concentrations of heavy metals were detected, with values always
below detection limit or at least one order of magnitude lower than the limits for
potable water. Overall, these results are only partly surprising, as the initial feed
stream was treated by two highly selective membranes in series, the first FO and
the second NF membrane. Only in the case of the product waters produced with
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NaySO,4 as draw solute, the values of SAR were relatively high, resulting in limi-
tation for irrigation. Moreover, the NF permeates generated by the treatment of
brackish water showed a final concentration of sodium and sulfate of 250 mg/L and
270 mg/L, respectively (Table 3.6), being larger than the limit value for potable
water in Italy. In this case, a second pass for only part of the NF permeate can be
performed to readily resolved these issues. Preliminary tests showed that similar
product qualities may be obtained by directly applying significantly denser nanofil-
tration membranes, e.g., XLE membranes (Dow), to treat the influent feed waters.
Comparable recovery rates and permeate fluxes to those observed in this study may
be achieved by working at lower applied pressures (10-15 bar), but with more con-
siderable concerns related to fouling. The choice between the implementation of a
coupled FO-NF system and a stand-alone NF system would require pilot-scale tests
and evaluation of the various trade-offs of the two alternatives. Moreover, a system
consisting of NF only would comprise only one high-selectivity barrier, while the
coupled FO-NF is a two-barrier system that would potentially allow higher removal
rates also of small organic compounds and micropollutants.

Table 3.6: Characterization of the final product water obtained through the treatment of the
brackish groundwater coming from Site A. Two replicate experiments were performed, showing
comparable results. Here, we report data from one of the two replicates.

Draw Solution: Draw Solution: Limits for use Limits for use

as irrigation as drinkin

Na;S04 MgCl, waterg“ water ¢ ©
TOC (mg/L) 0.60 0.50 10
pH 8.5 9.2 55-9 6.5-9.5
Cl” (mg/L) 140 110 200 250
F~ (mg/L) n.d. n.d. 1 1.5
PO,*" (mg/L) n.d. n.d. 30
NO;z~ (mg/L) 15 n.d. 50 50
SO0,* (mg/L) 270 0.04 2500 250
N-NHy (mg/L) n.d. n.d. 0.5
Ca®* (mg/L) 2.5 9.6 150
Mg** (mg/L) 0.35 13 35
K* (mg/L) 0.64 5
Na™ (mg/L) 250 40 180 200
Conductivity (puS/cm 1100 380 2500 2500
TDS (mg/L) 680 180 2000
Hardness
(mg CaCO3/L) 69 78 500
Alkalinity 62 16
Aggressive Index 114 11.5 >10
SAR o.f 29 1.08 Depends on
irrigation water Crops

n.d. not detected or below detection limit
& Limits for Italy
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Table 3.7: Characterization of the final product water obtained through the treatment of the
secondary wastewater effluent coming from Site B. Two replicate experiments were performed,
showing comparable results. Here, we report data from one of the two replicates.

Limits for use Limits for use

Draw Solution: Draw Solution: e o 1
as irrigation as drinking

Naz504 MgClz water water ¢
TOC (mg/L) 1.1 0.33 10
pH 9.8 7.2 55-9 6.5-9.5
Cl" (mg/L) 7.4 55 200 250
F~ (mg/L) n.d. n.d. 1 1.5
PO,* (mg/L) n.d. n.d. 30
NO;  (mg/L) 0.24 n.d. 50 50
SO4* (mg/L) 110 0.21 2500 250
N-NH, (mg/L) 0.022 0.0024 0.5
Ca®* (mg/L) 0.7 3.5 150
Mg** (mg/L) 0.065 16 35
K" (mg/L) 0.16 2.5
Na® (mg/L) 75 3.7 180 200
Conductivity (uS/cm 350 190 2500 2500
TDS (mg/L) 190 80 2000
Hardness
(mg CaCO3/L) 43 83 500
Alkalinity 40 8
Aggressive Index 12.3 9.3 >10
SAR o.f 93 0.2 Depends on
irrigation water Ccrops

n.d. not detected or below detection limit
& Limits for Italy

Regeneration of the draw solution

The third issue concerns the quality of the regenerated draw solutions, which
should be ideally equivalent to the initial draw solution applied in the FO step, at
least in terms of osmotic pressure. Table 3.8 and Table 3.9 presents a comparison
of the composition of the initial and regenerated draw streams. At the end of the
coupling technology, the regenerated draw solutions contained between 87% and
97% of the original TDS, vastly provided by the respective draw solutes, with only
traces of different ions. The reduction of the amount of salinity translates into
a nearly proportional loss of osmotic pressure for the regenerated draw solutions,
compared to that of the initial DS. The change in composition and the decrease of
TDS is attributed to possible phenomena of scaling, reverse salt flux in FO, and to
incomplete (<100%) salt rejection by nanofiltration [82]. A larger relative loss of
total dissolved solids was observed when treating wastewater from site B; in this
case, the osmotic pressure of the regenerated draw solution (i.e., the NF retentate
stream) was roughly 10.5 bar instead of 12 bar. This result may be rationalized
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considering the largest salt gradient across the membrane during the FO treatment
step, which would generate a larger net reverse salt flux to the feed stream. This
phenomenon may be accentuated in the case of treatment of low-salinity feed (such
as the wastewater from site B), compared to the filtration of brackish waters (e.g.,
water from site A). Overall, a larger relative loss of osmotic pressure was observed
with MgCl,. The issue discussed so far may be addressed in real operation by
adopting one of the following expedients:

o adding solute continuously to the draw stream, thus keeping constant the
osmotic pressure of the draw solution entering the FO system

 reaching a relative recovery rates larger than 100% in the nanofiltration step.
This would also increase the overall system recovery. However, a certain
amount of draw solution still should have to be supplemented in order to
maintain the flow balance at the entrance of the FO unit.

Another important aspect to be addressed is the composition of the regener-
ated draw solution in terms of molar ratio of its constituting ions. The Na™/SO4*
ratios of the NF concentrates were 1.87 and 1.98 (nominal ratio is 2) following
the treatment of the brackish groundwater from site A and the wastewater from
site B, respectively. The Cl / Mg? " ratios were 2.08 and 2.04, respectively. These
data imply larger loss of cations compared to each respective anion in the system.
This result is rationalized with exchange mechanisms between draw and feed so-
lutes in FO and with bidirectional and coupled ion transport across the FO and
the NF membranes. The complex mixture of species present in feed waters may
induce a departure of the draw solutions from the initial compositions. Further
impairment of the draw solutions may be caused by the possible contamination of
micropollutants and other undesired substances. This aspect was not observed in
this study, but it may have a significant impact on the performance of the filtration
process mostly in the case of coupling the FO treatment step with an even more
selective draw regeneration technology (e.g., dense RO membranes), which rejects
at high rates all the species that pass through the FO membrane. In the case of
nanofiltration as post-regeneration process, this phenomenon should be thwarted
but still providing the advantages of a dual barrier system to contaminants (hence,
providing high-quality product waters). It is important to mention that in real
operation, the continuous alteration in the composition of the recirculated draw
solution would imply different actions than the simple additions of solutes to the
draw stream. Periodically, it may involve partial or complete replacement of the
draw solution. In this sense, research should be focused on developing ideally more
selective FO membranes, capable of providing high fluxes using lower draw solute
concentrations. This would represent a step forward to address issues related to
loss of osmotic pressure and alteration of draw solutions during operation.
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Table 3.8: Characteristics of the final concentrate produced in nanofiltration pilot tests used to
recover the draw solutions used in FO to treat the samples coming from Site A. The results are
presented for the tests performed with both sodium sulfate and magnesium chloride.

Draw Solution: Draw Solution:
NaZSO4 MgClz
TOC (mg/L) 2.5 3.5
pH 9.2 8
Cl™ (mg/L) 92 14000 (ideally 15456)
F~ (mg/L) n.d. 5.5
PO,*" (mg/L) n.d. n.d.
NO;™ (mg/L) n.d. n.d.
S0,%" (mg/L) 29000 (ideally 29215) 16
N-NH, (mg/L) n.d 0.1
Ca®t (mg/L) 29 92
Mg?t (mg/L) 6.1 4600 (ideally 5297)
K* (mg/L) 39 8.6
Na® (mg/L) 13000 (ideally 13984) 150
Conductivity (uS/cm 33600 28400
TDS (mg/L) 42166 18872
Osmotic Pressure (bar) 14.5 (ideally 15) 13.4 (ideally (15)

n.d. not detected or below detection limit

3.3.3 Evaluation of fouling in forward osmosis
Preliminary fouling results

The results of the preliminary fouling experiments are reported in figure 3.5,
showing the trends of water fluxes across the membrane in FO. Since the driving
force was kept constant during all the tests, the progressive reduction in productiv-
ity observed was due solely to fouling-related effects. Looking at the experiments
performed with brackish groundwater as feed solution, the flux decline was mod-
erate with MgCl, and very low with NaySO,4, both used as draw solution. This
difference may be rationalized with the negative effect of magnesium, which en-
hances foulant deposition at the membrane/solution interface as it diffused to the
feed side [173]. This phenomenon also explains the slight dissimilarity of the data
from high-recovery experiments with the same feed water from site A (Fig 3.4a).
However, it must be considered that the use of sulfate in draw solution may neces-
sitate additions of anti-scalants in real operation.

80



3.3 — Results and Discussion

Table 3.9: Characteristics of the final concentrate produced in nanofiltration pilot tests used to
recover the draw solutions used in FO to treat the samples coming from Site B. The results are
presented for the tests performed with both sodium sulfate and magnesium chloride.

Draw Solution: Draw Solution:
NaZSO4 MgClz
TOC (mg/L) 2.1 2.9
pH 9 8.1
Cl" (mg/L) n.d. 11000 (ideally 12620)
F~ (mg/L) n.d. n.d.
PO,*" (mg/L) n.d. n.d.
NO;™ (mg/L) n.d. n.d.
S0,%" (mg/L) 20000 (ideally 22870) n.d.
N-NH; (mg/L) 0.031 0.052
Ca®" (mg/L) 34 50
Mg?*T (mg/L) n.d. 3700 (ideally 4325)
K* (mg/L) 29 n.d.
Na®™ (mg/L) 9500 (ideally 10950) n.d.
Conductivity (uS/cm 27600 24700
TDS (mg/L) 29563 14750
Osmotic Pressure (bar) 10.6 (ideally 12) 10.4 (ideally (12)

n.d. not detected or below detection limit

Fouling was more pronounced when the secondary effluents was used as feed
solution, compared to the treatment of brackish groundwater. This is somewhat
expected due to the larger amount of organic molecules dissolved in the wastewater
samples (Table 3.2). In particular, the water fluxes measured after 8 h of filtration
test with samples from site B were 75-80% of the initial flux, regardless of the
nature of the draw solution. This is one of the major differences when filtering the
two real waters: when brackish water from site A was used as feed stream, fouling is
promoted mostly by using magnesium chloride as draw solution. However, fouling
from the feed stream from site B is less affected by the nature of the draw solute.
This observation may be rationalized with larger magnesium flux into the feed in
the case of site A, which may interact with some of the components of the brackish
water. The passage of magnesium ion through the membrane may be caused by
bidirectional ion transport mechanisms and exchanges with sodium ions contained
at higher levels in water A compared to water B.
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Figure 3.5: Fluz profile in forward osmosis fouling tests as a function of cumulative permeated
volume with imposed initial fluz of 13-14 Lm *h™ . Fluz decline observed with the feed solution
from (a) site A and (b) site B. (c¢) Fluz decline and recovery following cleaning with the wastewater
effluent from site B; cleaning times are indicated by dash lines. Blue and orange points depict
data obtained with MgCly and NapSO, as draw solutes, respectively. The value of flux at the end
of the test, divided by the initial fluz, J,/Jy, is also reported near each curve. In these tests, the
driving force was kept constant by addition of a concentrated draw solution and DI water in the
draw and feed container, respectively.

It should be considered that the results observed in Figure 3.5 overestimate the
true prevalence of flux decline due to fouling. No provision was taken to minimize
fouling during lab tests, viz., spacers were not used, the cross-flow velocity was
relatively low, and the initial flux, which is an important parameter correlated to
the extent of fouling [174], was intentionally in the higher range of typical FO
fluxes. In order to have a better understanding of the real influence of fouling
on FO performance, simple and mild physical cleaning was performed in the case
of wastewater from site B used as feed solution. Beneficial effects were observed
when physical cleaning was adopted, with partial recovery of the flux previously
loss. Moreover, water fluxes were generally higher compared to the experiments
performed without cleaning, regardless of the nature of the draw solution. Similar
results were observed in previous studies, where researchers verified the possibility
to partially recover the previously lost water flux thanks to physical cleaning using
pure water [174, 175]. If the cross-velocity is increased at larger rates during real
operation, even more important effects of cleaning are expected, at the expense of
some energy costs. Additional observations can be made from the data in Figure
3.5. Firstly, the observed decrease in flux at the onset of the tests may be also
partly attributed to system equilibrium. Moreover, all the fluxes shown in the three
graphs tended to stabilize within roughly one third of the experiment duration,
suggesting that fouling may be minimal during operation after an initial influence
on productivity.
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Fouling propensity and behavior

In order to analyze even more in detail the fouling behavior in forward osmosis in
the light of a full-scale design, further experiments were performed with wastewater
from site B used as feed solution and for longer filtration times. The purpose is to
evaluate the FO flux decline and its potential discrepancy with respect to the water
flux modeled through equation 3.1 used for the design of the FO plant in the coupled
system. Experimentally, each test was carried out in two phases, i.e., by keeping
constant the nominal driving force for the first 8 h of operation and without making
any additions/adjustments for the rest of the test. To emphasize the detrimental
effect of fouling, each experiment was performed in a very challenging condition
in terms of hydrodynamics, viz., a low Reynolds number, no spacers used, and
an initial water flux was always higher than the highest values simulated for each
respective draw solute. Experiments were performed not only with MgCl, and
NaySOy, but also with MgSO,, CaCly, and NaCl as draw solutions in order to
evaluate the influence of different ionic species on the fouling behavior. Results are
presented in Figure 3.6 where, for each draw solute, the experimental flux decline
is compared to the modeled one, the latter representing the change in water flux
in time due to solely the loss of driving force. The real contribution to flux decline
due to fouling can hence be inferred from the difference between the two profiles.

Looking at the profiles presented in each graph in Figure 3.6, it can be stated
that the model strongly agrees with the initial experimental water flux values for
all the draw solutions. The model does not include any adjustable parameter and
represents the development of equation 3.1, accounting for the measured and known
values of mass transfer coefficients and membrane transport properties. With a
fixed initial osmotic pressure, the FO flux varied significantly depending on the
draw solute employed. Each draw solute indeed presents different characteristics,
due to differences in B and D values [158, 176]. NaCl produced the largest initial
flux, mostly attributed to its high diffusion coefficient in water, which thwarts the
effects of internal concentration polarization. In general, it can be stated that the
initial water flux has some influence on the extent of fouling, as a larger value of
initial flux implies a larger flux reduction. However, this is not the only factor at
play. Comparing the results obtained with draw solutions composed by same anion
species, it can be observed that:

1. MgSO4 caused more fouling-related flux reduction compared to NasSOy, de-
spite the latter producing a higher initial flux

2. MgCly and NaCl showed similar fouling propensity even if NaCl resulted in
significantly larger values of initial FO flux
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Figure 3.6: Results of the fouling experiments performed with (a) sodium sulfate, (b) magnesium
chloride, (c) sodium chloride, (d) magnesium sulfate and (e) calcium chloride as draw solutes,
at initial draw osmotic pressure of 18.4 bar. The open points represent the average values of
flux from duplicate or triplicate experiments. The dashed lines are the flux values with addition
and subtraction of the standard deviation. The black lines depict the modelled fluxes, computed
considering the sole reduction due to the loss of driving force in the batch tests, i.e., dilution of
the draw and concentration of the feed solutions following water permeation.

Overall, the results suggest that chloride ions have a greater influence on flux
decline compared to sulfate ions. This can be rationalized considering the more
accentuated tendency of chloride to diffuse into the feed solution. This facilitates
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the formation of a denser cake [177]. Also, magnesium is much more prone to
produce flux decline than sodium. This is also in accordance with literature reports,
discussing the role of Mg*" in increasing the attachment of organic compounds to
the membrane [178, 179]. Moreover, due to their ability to interact with negatively
charged species, multivalent cations are known to enhance the membrane fouling
propensity [180]. A definite proof of this phenomenon is clearly visible for tests
comprising CaCly as draw solute, associated with very large flux declines (> 50%),
as presented in figure 3.6e [180, 181].

Another interesting observation can be made looking at the results: a near
stable flux was achieved around the end of the tests performed with three out of
the four draw solutes, suggesting the possible existence of a critical, sustainable or
threshold flux, as in accordance with previous authors [182, 183, 184, 185, 186].
The mechanism underlying this phenomenon is constantly under debate among
researchers. However, the flux stabilization suggests that there may be a limitation
factor that slows down or nearly prevents further fouling after a certain point. This
phenomenon may be rationalized considering the kinetics of foulant deposition onto
a pre-deposited foulant layer which may be related to a constraint in building up the
foulant cake layer above a certain thickness or due to foulant-foulant interactions.
This observation is quite noteworthy, implying that the water flux may be trusted
not to cross below a threshold value, which is most likely related to the complex
system consisting of the membrane, the draw solute, the hydrodynamics, and the
feed composition. Based on our results, the minimum flux with Na;SO4 may be only
about 10% lower than the modelled flux (Figure 3.6a). Overall, the effect of fouling
was not overly harsh, also considering that, as stated by the results reported before
(section 3.3.3), simple physical cleanings allowed the recovery of the near totality of
the initial flux. Certainly, the overall results reported so far suggest the interesting
behaviour of the forward osmosis process in terms of fouling resistance.

3.3.4 Design of the forward osmosis - nanofiltration hybrid
system

In section 3.3.2 the results obtained through the high-recovery experiments sug-
gested the potential employment of the hybrid forward osmosis — nanofiltration
system to reclaim the contaminated water from site A and B. However, the per-
formance obtained in forward osmosis strongly underlined the differences between
treating brackish water sources and wastewater efluents. The FO performance was
strongly enhanced when wastewater source, with low level of salinity, is filtered,
compared to the system running with brackish water as feed solution. Higher wa-
ter fluxes across the membrane were obtained, thus suggesting larger recovery rates
achievable in real units. Moreover, fouling resistance behaviour was observed by
FO, with experiments showing promising results even in the presence of a signifi-
cant concentration of dissolved organic compounds in solution. Therefore, in this
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section we propose a design of the full-scale FO-NF system for the treatment of a
low salinity feed water with medium-high content of organics (such as the wastew-
ater samples collected from site B). This analysis wants to represent a step forward
toward the implementation of the coupling technology and as a strategy to further
evaluate the feasibility of forward osmosis in general.

The system is studied and optimized using a single salt draw solution of sodium
sulfate or magnesium chloride. Two are the first critical parameters to select in
order to design the full-scale system:

1. The nominal concentration of the draw solution

2. The flow rate of the draw solution entering the FO step

Now, since in real operation the flow rate of the feed solution is usually fixed
and related to the site characteristics, the second parameters can be expressed as
the ratio between the flow rates of the draw solution and the feed solution, referred
to as DS:FS ratio. It is important to keep in mind that an increase of both design
parameters would result in higher performance of the FO unit, with higher water
fluxes and recovery values (results later). However, on the other hand, a larger
flow rate of draw solution characterized by a large final solute concentration would
translate into high capital and operational costs for the nanofiltration regeneration
stage. Clearly, there is an optimized configuration that ensues from this trade-off.

To study the FO performance in terms of average flux and recovery rate, specific
module-scale simulations were performed. Based on mass and volume balances and
on the membrane transport properties, a co-current FO configuration was assumed
to carry out each simulation. The overall results are presented in Figure 3.7. As
expected, the FO performance is enhanced when increasing both the influent draw
solution osmotic pressure (7p) and the DS:FS ratio. Nevertheless, the performance
is not significantly improved above certain thresholds. This implies that the opti-
mization procedure would maximize the design parameters up until the magnitude
of the first derivative of the curves in Figure 3.7 starts decreasing significantly.
For this specific feed water, the best FO configuration seems to be associated to
an influent 7mp of 15 bar and an influent DS:FS ratio of 1.5:1. In order to have
a better understanding of the reason under these selections, the modelling results
presented in Figure 3.8a and 3.8b can be observed and discussed. In terms of water
productivity or recovery, no significant benefits would be obtained from a DS:FS
ratio larger than 1.5. Besides, an influent 7, > 15 bar would increase the average
flux but without improving the overall recovery. In addition, Figure 3.8a and 3.8b
show that the utilization of magnesium chloride as draw solution would increase
the average fluxes achievable in FO, compared to the employment of sodium sul-
fate. This may be rationalized considering the higher diffusion coefficient of the
magnesium based solute than the sodium based one.
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Figure 3.7: Preliminary simulations performed to select the forward osmosis operational param-
eters. The FO system was modelled in co-current mode. FO system recovery rates (squares) and
average water fluzes (triangles), presented as a function of (a and d) influent DS:FS ratio and
(b and ¢) influent draw osmotic pressure. The results are presented for sodium sulfate as draw
solute. Solid lines are intended as guide for the eyes only.

Once the influent draw osmotic pressure (equal to 15 bar) and the DS:F'S ratio
(equal to 1.5:1) were selected, the local water fluxes along the hypothetical FO
module were calculated. The results are presented for both the MgCly; and NaySOy
draw solutes (Figure 3.8c). Fluxes are plotted as a function of the recovery rate
and of the cumulative permeated volume, both increasing along the modules. The
simulations were halted for flux values lower than 5 LMH, as operating below
this threshold would not be advantageous, resulting in a large increase of needed
membrane area without a significant increase in the overall recovery rate. The
recovery values are thus equal to 85% in the case of magnesium chloride and 78%
with sodium sulfate as draw solutes.
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Figure 3.8: Choice of the forward osmosis operational parameters. The FO system was modelled
in co-current mode. FO system recovery values (empty points) and related average modelled fluxes
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pressure. Based on preliminary simulations presented in the Figure 3.7, an influent DS osmotic
pressure of 15 bar and an influent DS:FS ratio of 1.5:1 were considered, indicated by dashed lines.
The curves in (c) are those modelled for the final FO system, considering the loss of driving force
across the FO modules. Blue refers to MgCly and red to NapSO,. Solid lines in a) and b) are
intended as guide for the eyes only.

It is important to consider that, while the transport-limiting concentration po-
larization phenomena are included in the system modelling, these simulations do
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not account for the effect of fouling or of membrane degradation in time. Moreover,
the system modelling was performed based on a value of the mass transport coef-
ficient representative our lab-scale system, 68 LMH, which is certainly lower than
that prevailing in real modules. Therefore, the external concentration polarizations
would be reasonably lower in real operation and water fluxes consistently higher.

The feasible configuration of the entire hybrid forward osmosis — nanofiltration
system is presented in Figure 3.9. Thanks to the higher average flux achievable in
FO with MgCls, this treatment step would require 10% less membrane area com-
pared to the FO unit operated with NaySO,4. The nanofiltration post-treatment
stages were designed to regenerate the draw solution to achieve the desired influent
osmotic pressure of 15 bar in the FO stage. The NF stage is significantly different
depending on the type of DS. The NF270 and NF90 membranes were deployed
to recover NaySO4 and MgCl,, respectively. The overall configuration of the two
nanofiltration plants is similar, working at almost equivalent applied pressure (i.e.,
21.5 bar and 21.2 bar for the NF270 and the NF90, respectively) and comprising
both one stage and one pass. However, thanks to the higher permeance of the
NF270, the NF system designed to recover the NaySO, requires less membrane
are compared to the NF unit operated with the NF90 to recover the MgCl,. This
is visible looking at the set-up of the two nanofiltration units. Despite both are
designed to work with seven modules in series for each vessel, the NF plant used
to recover the sodium sulfate draw solution requires eleven parallel pressure ves-
sels, while twelve vessels are needed for running the NF90 unit used to recover
magnesium chloride DS.

Overall, the simulated quality of the permeates would be very high (not shown),
with ions concentration always below the stricter limits imposed for unrestricted
irrigation. This is in accordance with our experimental results obtained during the
high-recovery tests. In addition, equation 3.2 was used to simulate the loss of the
reverse salt fluxes in FO. Results suggested that less than 0.1% of the mass of draw
solute may be lost for every hour of operation. Moreover, taking into account a
conservative value of 98% for the overall observed solute rejection in nanofiltration,
it can be stated that roughly 0.9% of the mass of draw solute passes into the
permeate every hour in this stage. These figures yield a total needed replenishment
of approximately 0.42/0.21 kg of NaySO,/MgCl, for each m* of recycled draw
solution or, equivalently, 48/24 kg of replenishment for every hour of operation, in
comparison with a total amount of solutes of 4.9 and 2.4 tonn entering the FO unit
every hour.
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Figure 3.9: Configurations of the forward osmosis-nanofiltration hybrid system designed to treat
the real wastewater with (a) sodium sulfate and (b) magnesium chloride as draw solute. The
nanofiltration stage was designed to be operated with the NF270 and NF90 membranes, respec-
tively.

Co-current vs. counter-current configuration

To further understand the influence of operational parameters and propose bet-
ter configurations for the full-scale design, FO module-scale simulations were also
performed in counter-current configuration. Therefore, the co- and counter-current
modes were compared for some chosen configurations. Firstly, the water flux in
FO was simulated as a function of the membrane area required in both co-current
and counter-current mode. Both the relevant systems were modelled to treat the
wastewater investigated in this study, considering the same FO boundary condi-
tions, i.e., the same DS:FS ratio equal to 1.5:1 and the same initial 7 equal to 15
bar, and imposing a recovery of 92%. Results are presented in Figure 3.10a. With
a counter-current configuration, higher average fluxes can be achieved in FO with
a consequent reduction of the membrane area. This result is in accordance with
Deshmukh et al. [75].

Further simulations were performed by varying the influent DS:F'S ratio to an-
alyze the differences between a co-current and a counter-current configuration in
FO. Results are presented in Figure 3.10c and 3.10d. It can be observed that
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the counter-current configuration presents a generally more uniform flux along the
membrane module. However, at one end of the system, and in particular where the
feed solution is highly concentrated, the flux is much lower than along the rest of
the modules. This phenomenon becomes more pronounced as the DS:FS ratio in-
creases. Co-current configuration instead, shows a more linearly flux decline along
the modules. We can hence conclude that a lower degree of freedom appears to
exist for the DS:FS parameter in the counter-current mode.

These considerations have important implications for a hypothetical treatment
plant. Firstly, counter-current configuration does seem generally advantageous in
terms of FO performance. Also, the fouling behaviour may be affected by the FO
mode of operation. Previous studies suggested less severe fouling in the case of
counter-current configuration compared to the co-current mode [187]. This result
is sensible given that uniform fluxes more similar to the average value characterize
the counter-current configuration. As fouling is somewhat proportional to flux via
the permeation drag toward the membrane interface, high flux values at the influent
end of the co-current configuration may result in exacerbated fouling at this end of
the modules.
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Figure 3.10: FO stage performance in co- vs. counter-current mode. (a) Water flux along the
FO modules in the systems from Figure 3.9, for the (solid lines) co-current and (dashed lines)
counter-current configurations. (c-d) Water fluzes along the modules at varying DS:FS ratios with
influent wp equal to 15 bar. The two configurations are schematically depicted in (b).

3.4 Conclusion

This study represents a second example of the research pathway to follow in
order to analyze a specific process/application of a membrane-based separation
technology from the “micro” to the “macro” scale (lab-to-full scale approach). In
this study, an innovative forward osmosis — nanofiltration system was evaluated as
a feasible technology to treat brackish groundwater and a wastewater effluent with
the aim to produce high-quality water for beneficial reuse purposes. The study
was first performed at the lab scale, with experiments carried out to evaluate the
performance of the forward osmosis as feed water treatment step and the nanofil-
tration as post-recovery process. The system design of the coupling technology was
modelled and discussed afterwards together with an in-depth study of the fouling
propensity in FO. The overall results suggested the following:
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. The combined technology allows the treatment of the two contaminated liquid
streams by producing waters with quality comparable to potable sources and
suitable for unrestricted irrigation

. The forward osmosis — nanofiltration system is more suitable to treat complex
water matrices, such as wastewater efluents with high organic content and low
salinity levels, compared to brackish groundwater. Indeed, with the former
feed solution, average higher water fluxes in FO can be achieved working with
a lower osmotic pressure of the draw solution with consequent reduction of
membrane area required.

. Reverse salt flux in FO and incomplete solute rejection in NF of the draw
solutions must be accounted for as operational management issues. Experi-
mental results showed non-negligible losses of draw solutes during operation
with the stoichiometry of the two ionic species composing the initial draw
solution slightly off following regeneration.

. The sensitivity analysis performed on the forward osmosis step showed the
importance of two parameters: (i) the nominal concentration of the draw
solution and (ii) its relative flow rate in the process performance. By varying
these two parameters, an optimum FO configuration can be designed for each
specific application. In the case of the treatment of the wastewater considered
in this project, the best FO configuration was associated with an influent DS
osmotic pressure of 15 bar and a DS:F'S ratio of 1.5:1.

. Full scale design of the FO-NF system for wastewater treatment showed that
an overall 80%/85% recovery can be achieved by the utilization of NagSO, /MgCl,
as draw solutes, with nanofiltration recovery step designed to work with sim-
ilar energy supply with NF270 and NF90 membrane modules.

. Module scale analysis of the forward osmosis treatment step showed that, to
reduce the overall membrane area, a counter-current configuration should be
adopted.

. Preliminary fouling and cleaning experiments suggested that the flux decline
due to fouling may be low and mostly reversible during operation. How-
ever, a more in-depth study showed that fouling would be enhanced by using
chloride- and magnesium-based draw solutes. Overall, when simulating the
performance of a forward osmosis full scale system, in order to account for
fouling influence in operating conditions, a safety factor roughly equal to 0.9
may be accounted to estimate average fluxes and recovery ratios at full-scale
starting from lab-scale results.
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To conclude, the forward-osmosis — nanofiltration system would represent a
valuable alternative and innovative technology for the production of high-quality
water from complex aqueous streams with high organic matter concentration and
low salinity contents, with salinity representing a limitation for the filtration pro-
cess performance. Thanks to the multi-barrier system, the concentration of the
contaminants in the water product would respect the stringent limits applied for
water re-use. However, it is fundamental to perform an in-depth study of the mem-
brane process performance depending on the draw solution and system require-
ments. Higher recovery rates of a smaller system footprint may be achieved with
a counter-current configuration. Compared to conventional filtration processes,
fouling would also not represent a major issue, if periodical physical cleanings are
performed. However, the management of the re-concentrated draw solution and of
the concentrated wastewater efluent may have a strong impact in real plant appli-
cation and maintenance. Due to the intrinsic characteristics of the membranes, the
draw solution should be replaced periodically and disposed of. Specific treatment
processes should be accounted for the treatment of the exhausted draw solution,
possibly with desalination coupled with crystallization technologies, thus poten-
tially recovering the minerals. The correct management of the wastewater efluent
may comprise biological and physico-chemical treatments if the salinity is suffi-
ciently low. Otherwise, as specified in previous sections, further desalination steps
should be applied for ion removal.
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Chapter 4

Final concluding remarks and
perspectives

As freshwater demand is increasing worldwide, better management of water
and wastewater becomes a critical task for global sustainable development. Among
the various water/wastewater treatment processes, membrane-based separation sys-
tems represent valuable alternatives to reclaim high-quality water from contami-
nated streams. Thanks to their high selectivity toward a wide range of contam-
inants, established technologies such as reverse osmosis and nanofiltration, and
innovative processes like forward osmosis and membrane distillation, are continu-
ously studied and analysed with the aim to implement improved engineering wa-
ter treatment solutions. Within this goal, this thesis presented two innovative
processes/applications for membrane separation systems to be employed to ex-
tract high-quality water from contaminated/unconventional streams. In the first
case, nanofiltration is evaluated as feasible solution to produce drinking water from
chromium-contaminated sources. The second case study analysed the implementa-
tion of an innovative system where forward osmosis is coupled with nanofiltration
to reclaim high-quality water from real brackish groundwater sample and from real
wastewater sample.

The results presented in this manuscript refer to specific membrane applica-
tions. However, the methodological approach of this dissertation involved the ini-
tial evaluation of the processes in lab experimentation; this phase was followed by
a streamlined modelling investigation to evaluate the best operating conditions for
the upscaling of the processes; a pilot study then followed for one of the two case
studies, which were both completed with a proposal for a full-scale design, accom-
panied with some economic and environmental analyses. One of the key findings of
this work was that such lab-to-full scale approach is very valuable and that, when
appropriately designed, lab-scale experiments provide reliable key results to inform
the subsequent upscaling work.
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4 — Final concluding remarks and perspectives

Furthermore, this approach allowed to draw some interesting conclusions for
both the specific systems investigated in this work and for membrane applications
in general:

1. Nanofiltration represents a valuable alternative to achieve low contaminant
concentrations in potable water, compatible with the increasingly stringent
legislative limits (such as the new limit for the hexavalent chromium). Con-
sidering the firsy case study, adequate Cr rejection was achieved by employing
either loose or tight NF membranes by filtering real water samples of diverse
chemical composition. However, the performance of loose NF membranes can
be strongly compromised by the presence of ions in solution, mostly divalent
cations. Moreover, high concentration of oxidizing agent in solution, such
as hexavalent chromium itself, would affect the lifetime of the membranes.
Preliminary experimental analyses seem crucial to evaluate the choice of the
most promising NF membrane to be applied for each specific application be-
fore implementing pilot /large installations.

2. Nanofiltration may represent a robust technology to produce potable water
from contaminated drinking water sources (such as groundwater), to be ap-
plied as a stand-alone system, easily adjustable depending on the inlet flow
rate and with minimal addition of chemical compounds in solution. The re-
sults at the pilot scale suggested that periodical chemical cleanings should be
performed to avoid irreversible losses in membrane performance. While this
topic is not discussed in this thesis, renewable energy sources may be inte-
grated into the energy supply system, thus lowering the overall environmental
impact of the NF process.

3. Forward osmosis may represent a valuable technology for the treatment of
complex water matrices, such as wastewater with low salinity sources and
high organic content. In this latter case, system-scale modelling suggested
that an FO system running with either MgCly or NaySO,4 would be able to
achieve large recovery rate (e.g., 85% in the case of the specific wastewater
studied in this work). However, preliminary experiments are fundamental to
identify the possible membrane performance and to predict the quality of the
final product water. Moreover, diverse configurations should be analysed to
identify the best operating conditions. The results obtained in this study
suggest that a key role in the development of the FO-NF coupled technology
is represented by three parameters: the (i) influent draw solution osmotic
pressure, (ii) the draw solution to feed solution flow rate ratio, and (iii) the
recovery target. Moreover, detailed analysis indicated that the size of the FO
unit might be reduced by the employment of a counter-current configuration.

4. Nanofiltration may represent a robust solution as post-treatment system of
the diluted draw solution obtained in FO. Choosing the right draw solutes,
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4 — Final concluding remarks and perspectives

NF may guarantee the extraction of high-quality water and the consequent
complete re-concentration of the draw solution, to be further re-used in the FO
filtration. The results presented in this manuscript suggest that the modular
configuration and the size of the NF stage would strongly depend on the type
of membranes employed to separate the draw solutes and water. Moreover,
periodical change in composition of the draw solutes should be accounted for
estimation of maintenance/operational costs.

For both the membrane processes/applications studied, full-scale membrane sys-
tems could be potentially realized. Nanofiltration plants can be implemented for the
production of drinking water from chromium-contaminated sources. Different mem-
branes can be employed depending on the characteristics of the aqueous solution
and NF stand-alone plant may be preferred to other treatment trains based, e.g.,
ion-exchange resins. Thanks to its modularity and easy maintenance, a nanofiltra-
tion plant could be potentially installed also in remote areas. The results obtained
from the second case study suggested instead that a full-scale FO-NF system may
be employed to improve the performance of a conventional wastewater treatment
train. Following the biological section, the FO-NF system would be capable of
producing high-quality effluent readily available for further re-use (e.g., suitable
for irrigation, livestock production, or for industrial applications). To enhance the
process performance, an in-depth study of the possible FO-NF configuration must
be performed. A long membrane lifetime may be guaranteed by periodical physical
cleaning, with minimized chemical cleanings.

To conclude, the approach presented in this thesis can be generalized, repre-
senting a valuable method to evaluate diverse membrane-based treatment solu-
tions. This approach would allow researchers to obtain a complete overview of the
membrane process performance, without focusing solely on the “micro” or on the
“macro” scale. Advantages and drawbacks of specific membrane applications can be
thus evaluated, and important conclusions can be reached for the implementation
of potential and innovative full-scale systems.
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