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RESUMO

A preocupacdo com a qualidade da dgua em todo o mundo, conduziu a melhoria dos processos de
tratamento de 4guas de consumo humano e aguas residuais. Nesta tese foram estudados processos de
membranas para dgua de consumo humano e de um efluente industrial em trés casos de estudo
diferentes. O objetivo destes estudos foi o de avaliar, otimizar e validar os processos propostos para os
respetivos casos de estudo. Os estudos realizados integraram uma fase laboratorial seguida de uma fase

a escala piloto.

O primeiro caso de estudo contempla a agua residual de uma industria de borracha a qual apresentava
um alto valor de caréncia quimica de oxigénio (CQO). Neste estudo, foi avaliado o impacto da
adaptacdo do processo existente para tratamento desses efluentes, através da substitui¢do de um
evaporador por um processo integrado compreendendo uma unidade de Nanofiltragdo. Foram
considerados dois modos de operagdo distintos, em descontinuo e em continuo, de acordo com o caudal

de efluente a tratar diariamente.

O segundo caso de estudo aborda o tratamento de dguas superficiais para a produgdo de agua potavel
com elevada qualidade quimica e microbiologica. O trabalho de investigacdo centrou-se na validagdo
de um sistema de multi-barreira incorporando unidades de nanofiltragdo e de fotolise UV,

implementado em trés localizagdes diferentes da linha de produgdo da agua.

O terceiro caso de estudo focou-se no processo de tratamento de dguas subterraneas contaminadas com
arsénio com o proposito de desenvolver uma solucdo aplicavel em areas rurais localizadas longe de
infraestruturas centralizadas de abastecimento de 4gua potavel. Neste estudo foi proposto um processo
com utilizagdo de membranas de permuta ionica, integrando a dialise de Donnan com a precipitagao
do poluente alvo - arsénio. Este trabalho explora a viabilidade de aplicar um processo de membrana de
permuta idnica para a remog¢ao de arsénio de correntes de d4gua contendo sulfato, o qual ¢ transportado
preferencialmente através da membrana de permuta idnica. Posteriormente, foi feita uma otimizacao
da remogdo de arsénio pelo processo previamente proposto usando a metodologia de superficie de
resposta (RSM).

Nesta tese foi realizada uma anélise sistematica dos trés casos de estudo apresentados, a fim de
desenvolver o conhecimento necessario para a resolucao de poluicdo de d4gua em casos semelhantes

aos estudados.
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ABSTRACT

The concern with water quality problems worldwide has led to the improvement of water/wastewater
treatment processes. In this PhD project, industrial water and drinking water treatments using
membrane processes were investigated in three different case studies. The main aim of these works
was the assessment, optimisation and validation of the process’s technologies for the respective case

studies. These studies included in a laboratory stage followed by a pilot-scale stage.

The first case study contemplates residual water from a rubber industry presenting high chemical
oxygen demand (COD). The impact of retrofitting of the existent wastewater treatment process with
the replacement of the previously used evaporator with an integrate system (nanofiltration+
evaporator), was evaluated. Two modes of operation were considered, batch and continuous, depending

on the daily flowrate of water to be treated in this industry.

The second case study addresses surface water treatment, for production of drinking water with a high
chemical and microbiological quality, required by the current legislation. The research was focused on
the validation of a multibarrier system incorporating nanofiltration and UV photolysis performed at

three different locations of the surface drinking water production line.

The third case study focuses on a novel treatment process dealing with groundwater contaminated by
arsenic (in its inorganic arsenate form) with the purpose to be applied in rural areas located far from
centralised drinking water supply infrastructures. It has been a challenge worldwide to treat arsenic
contaminated drinking water in order to meet the current strict regulation standard for As. In this
research, an ion exchange membrane process, integrating Donnan dialysis with precipitation of this
target pollutant was proposed. This work explored the feasibility of arsenic removal from water streams
containing sulphate, which strongly competes with arsenate and is preferentially transported through
strong-base anion-exchange membranes. Subsequently, the optimisation of arsenic removal from
drinking water by the process proposed was performed by using a response surface methodology
(RSM).

A systematic analysis of the three case studies was carried out and is presented in this thesis in order
to provide a deeper insight into the treatment processes studied (theoretical and practical aspects),
which makes the proposed solutions also applicable to other water/wastewater treatment cases, facing

similar challenges.

Keywords: Water Treatment, Nanofiltration, lon-Exchange Membrane, Donnan dialysis, Drinking

water, Wastewater
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Introduction

1.1 Overview

Water resources are being explored and improved by the growing communities and expanding
industries at the same time they add more nutrients and more pollutants to water sources. On
the other hand, water supplies are limited in quantity and quality. These facts together with
increased public demand for high quality water, at reasonable prices, represent a serious
challenge to the water industry, which has a compromise with water regulations and the
optimisation of the treatment processes for saving time and money. Therefore, it is extremely
important to explore advanced and efficient technologies, understanding the removal of the

main pollutants, either organic or inorganic.

This thesis describes how an industrial wastewater, a municipal drinking water and a rural
drinking water can meet the required water legislation criteria due to the implementation of

specific membrane systems for each case.

There are a number of processes available for water treatment. Process selection depends on
the initial water characteristics and required water quality (which solutes or particles are to be
removed). Additionally, environmental criteria, such as reduction of chemical addition or
alternative operation modes, which minimize energy requirements, lead to the process

selection. Finally, the treatment cost determines process selection.

Membrane processes play an important role in the water and wastewater treatment either by
recovering materials used in industry before they enter in waste streams, by treating wastewater
before discharge to surface water bodies or by treating water for potable use. The potential

range of application for membrane processes in water and wastewater treatment is wide.
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Membrane separation processes cover a broad particle size range, from suspended solids to
small organics and mineral salts. The pressure-driven membrane processes are classified as
reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF), and microfiltration (MF),

depending on the molecular weight cut-off (MWCO) of the respective membranes.

In this PhD project, a pressure-driven membrane process (Nanofiltration) and an ion-exchange

membrane process (Donnan dialysis) were used for the respective case studies.

particle size * ™ 0.001 0.01 0.1 1 10 100
,nm 1 10 100 1000
| | | |
MWCO, D 100 5000 500000

l [ [ [

Particle Characteristics | Atomic/lonic  Molecular  Macro-molecular Cellular + micro-particulate
[ [ [

Separation Process

[
T
Electrodialysis \Il

Figure 1-1. Ranges and particle sizes of membrane processes and characteristics of the retained

compounds, respectively (adapted from Peter-Varbanets et al.,2009).

Nanofiltration (NF) has been recognized as one of the best technologies in advance wastewater
reclamation and in drinking water treatment plants. Its application in water treatment is
constantly growing and its popularity stems from its ability to separate divalent salts, high
organics and small organic molecules (micro pollutants) to produce high quality water at a more
moderate energy consumption when compared with reverse osmosis (RO). In the last decade,
NF has been employed combining it with UV photolysis for drinking water treatment for further
removal of trace pollutants to satisfy water quality standards (e.g. Molinari et al., 2002, Le-
Clech et al., 2006, Patsios et al, 2013).

Donnan dialysis (DD) is a potentially attractive membrane separation process for removing
undesirable ionic species from drinking water. The ion exchange membrane used in this process
is a selective barrier that carries fixed charge groups, which separates two aqueous phases and
allows to exchange counter- ions between them. The process is based on an electrochemical
potential difference between the compartments separated by an ion-exchange membrane. This

process is of particular interest for drinking water treatment due to its ability to selectively
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remove target pollutants, while minimizing the risks of secondary pollutions of the treated
water. Moreover, it presents the advantages of having low energy requirements and be easy to
handle, which make it especially attractive in case of applying it in rural areas. Some potential
applications have so far been studied at laboratory scale (Sonoc et al., 2018; Agarwal et al.,
2016; Vanoppen et al., 2015; Ricardo et al., 2012; Matos et al., 2006).
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1.2 Motivation and Research objectives

In view of the water treatment development, membrane processes have been recognized as the
most advanced options and are increasingly implemented in water and wastewater treatment
plants (Piadeh et al., 2018; Thomas at al., 2018; Garcia-Vaquero et al., 2014; Hilal et al., 2015).
The growing interest in the use of membrane technology started in the mid 80’s, with the
production of membranes with enhanced chemical, thermal and mechanical properties or better
permeability and selectivity, while the membrane costs decreased. Moreover, membrane
technology presents several major advantages: they do not need or require a minimal addition
of chemical additives (minimal environmental footprint), are easy to scale up and easy to retrofit

to existing facilities, standing alone or combined with other treatment processes.

In the last 30 years, membranes processes have been developed from a laboratory tool to an
industrial processes levels with technical and commercial relevance. Laboratory to pilot scale
studies are of utmost importance for the successful and reliable implementation of the novel

processing schemes.

In these studies, performed in the frame of this PhD project, there was a primary concern on
performing laboratory scale studies followed by pilot scale testing, where the concept was first
proved, and the system then validated. The three case studies investigated in this PhD work are

describe below:
Case study 1 — Rubber industry wastewater treatment

Wastewater treatment in the rubber parts producing industry (tubes for automotive industries,
tyres, flasks used as cosmetics containers, etc.) is rather challenging. The production process
which implies extrusion and/or injection and post-washing operations generates a huge amount
of wastewaters contaminated with demoulding agents (such as Getren R 4510, which is a
polyether and non-ionic surfactant, or Struktol VP 6015, which is a water soluble polymer).
Therefore, the generated wastewater presents a high chemical oxygen demand (COD >1000

mg/L) and low biodegradability of its main organic constituents.

The problem described is shared by many rubber companies across Europe and the World.
Cikautxo is a major rubber parts manufacturer in the Basque Country in Spain, facing this
problem. This industry used boilers, as a thermal process, followed by evaporators to treat the
wastewater. However, this technology was not meeting the environmental requirements and

requires an extremely high energy expenditure.
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The factory, where the respective case study was investigated, consumes daily 160 cubic meters
of water and produces approximately 70 m*/d of wastewater from the rubber manufacturing
process, including molding, autoclaving and demolding. Moreover, an energy cost of

approximately €4.2/m? of treated wastewater is nearly prohibitive.
Main objectives

The main objective in this study was to optimise and validate an integrated approach consisting
on a nanofiltration and an evaporation process for treatment of the rubber industry wastewater.
It was investigated the ability of the membrane process to retain COD and reduce the color and
conductivity of the wastewater in order to obtain re-usable water, minimising water disposal
volumes and reducing energy consumption and costs. The laboratory studies, followed by a
pilot scale study, allowed to develop an integrated process and to evaluate the impact of
retrofitting the current wastewater treatment process. Furthermore, two operation modes were

evaluated, batch and continuous, depending on the flow rate to be treated daily.
Case Study 2- Drinking water production

The production of drinking water requires (or will required soon) the removal of micro
pollutants and control of quality parameters including microbiological characteristics, chemical
compounds contents, as well as other indicating parameters (e.g. total organic carbon, turbidity,
colour, ...). Moreover, several emerging micropollutants in water sources (e.g. pesticides) that
are used in several industries, such as agriculture or wood treatment industry, are currently
being studied for their potential adverse effects (toxic action), anticipating implementation of

more strict water quality regulations.

Conventional water treatment often includes screening, coagulation/flocculation,
sedimentation, sand filtration, and final disinfection (chlorination or chloramination). These
treating systems may not be sufficient to retain some micro pollutants of concern. Additionally,
the use of high quantities of chlorine may induce the formation of disinfection by-products,

which are harmful to human health.
Main Objectives

Nanofiltration and UV photolysis are extremely promising technologies to effectively remove
a wide range of micro pollutants from water. Therefore, a pilot scale system combining
nanofiltration and UV photolysis was proposed for a surface water treatment plant at the major

Portuguese water provider EPAL, which supplies water to around 3 million people in 35
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districts corresponding to a total supplied area of 7090 km2. The water treatment plant where
this study was accomplished is located in Vale da Pedra and treats surface water collected from

the Tagus River in Valada Tejo.

This study investigated a multi-barrier system approach with the objective to produce high-
quality drinking water in terms of chemical composition and microbial inactivation. The
integrated proposed system (NF + UV photolysis) was operated at three different locations of
the surface drinking water production line (after screening, after sedimentation and after sand
filtration) in order to better evaluate the impact of the new treatment system when retrofitting

a water production plant.
Case study 3 — Arsenic contaminated water

Arsenic occurrence in natural water sources poses a serious health risk to millions of people
worldwide. Arsenic is one of the most toxic naturally occurring elements present in different
locations of the world and its efficient removal from drinking water supplies is still challenging
(UNIFEC, 2013; UNIFEC, 2008). The adverse impact of groundwater contaminated with
arsenic on human life is widely reported. South East Asian countries are the most affected with
arsenic in groundwater, in particular Bangladesh. Therefore, the World Health Organization
(WHO), the European Commission (EC) and the United Stated Environmental Protection
Agency (USEPA) reduce the maximum contaminant level (MCL) from 50 pug/L to 10 pg/L in
January 2006.

Various methods for As removal from water have been reported so far. However, each of them
presents inherent limitations (Ungureanu et al., 2015). Therefore, there is a need for the
development and validation of an easy to operate process solution, which could be less energy
demanding and easy to adopt in rural regions located far from centralised drinking water

treatment infrastructures.
Main objectives

This case study evaluates the feasibility of employing an ion exchange membrane process
integrating Donnan dialysis with precipitation of the target ionic pollutant As for a decentralised

water treatment system.

The first main objective addresses the viability of applying an ion-exchange membrane process
for arsenic removal from sulphate containing water streams, due to the strong competition

between arsenate and sulphate transport through standard grade strong-base anion-exchange
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membranes. Afterwards, it was aimed to improve the process proposed, in order to maintain
the pH of the treated water within the recommended drinking water range of 6-9, and to develop
a tool able to optimise/select the most appropriate operating condition, according with the water

characteristics and the desirable arsenic removal
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1.3 Technical/Research questions and flow chart

1.3.1 Research questions

The research questions that motivated the investigation of the selected three case studies are the

following:

1. Case study — Rubber industry wastewater treatment

Can an integrated approach system achieve the desirable COD removal in order to
meet the environmental requirements?

Can a nanofiltration process improve the actual wastewater treatment plant
operation with minimal energy input?

Is it possible to identify the major contributors to fouling by membrane autopsy?
Can the nanofiltration permeated effluent be reused as a boiler feed water to the

boiler (see process scheme ahead)?

2. Case Study- Drinking water production

Is the multi-barrier system approach, including nanofiltration and UV photolysis,
able to produce high quality drinking water in terms of chemical composition and
microbial inactivation?

In which location of the drinking water production line should integrated system be
included, in order to improve the treatment performance?

How to perform an efficient membrane cleaning for this particular application?

What should be the frequency of the clean-in-place (CIP) procedure?

3. Case study — Arsenic contaminated water

Could the WHO standards for drinking water be achieved using the ion-exchange
membrane process proposed?
Can the treated water quality in terms of arsenic concentration be predicted if the

influent water quality (As concentration) and operating conditions are known?
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1.3.2 Flow Chart of the research

The methodology of the three case studies are illustrated in the flow chart, Figure 1-2.
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1.4 Thesis outline

Chapter 1 presents an introduction on the thesis scope and describes the objectives, flow chart,

research questions and thesis outline of this PhD research project.
Chapter 2 includes a brief state of the knowledge.

Chapter 3 and 4 present the approach and solution for the rubber plant wastewater treatment
(Case study 1).

Chapter 5, 6 and 7 address the treatment of drinking water using membrane systems. In chapter
5 a pilot scale study of a multi-barrier approach with nanofiltration for drinking water
production is presented (Case study 2). Chapters, 6 and 7 focus on arsenate removal using a

newly proposed integrated ion-exchange membrane process (Case study 3).

Chapter 7 describe a mathematical model for the prediction of arsenic concentration in the
treated water using the proposed ion exchange membrane reactor and a mathematical decision
tool which simplifies the decision of process operating conditions for the specific characteristics

of the income water.

Each chapter (3-7) includes a summary of the work developed, a specific introduction, a
description of the materials and methods used, a discussion of the results obtained, and the main

conclusions drawn.

Chapter 8 summarizes the main conclusions obtained and suggestions for future reuse.
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Chapter

2

State of the art

This chapter provides a current state of the knowledge about wastewater, drinking water and
arsenic contaminated water treatment: regulation, quality issues and membrane treatments are
reviewed for the three case studies considered. A discussion on the effectiveness of the
proposed membrane water technologies is also provided for each case study. The concepts and
basic principles related with the membrane processes used in this work: - Nanofiltration and

Donnan dialysis- are also presented.

2.1 Wastewater Treatment

2.1.1 Wastewater

Water pollution is severely increasing due to release of untreated wastewater into water bodies
and land as a consequence of the intensive development of agriculture and the industry. The
practice of discharge of large volumes of wastewater from processing factories to soil and
watercourses poses high danger to the environment and man (Metcalf & Eddy, 1991; Owamah
et al, 2014; Zhao, M. et al, 2016; Thomas, M., et al., 2018).

Industrial activities generate wastewaters that vary significantly in pollution characteristics, and
each sector of industry produces its own combination of pollutants. Industrial wastewaters may
contain heavy metals, various organic and inorganic compounds, nutrients, colouring matters,
pesticides, endocrine disruptive compounds, and some other toxic materials (Samaci et al.,
2018). The production processes commonly generate large amounts of wastes with high
chemical oxygen demand (COD) and low biodegradability (Metcalf&Eddy, 1991; Lyonnaise

des Eaux, 1996). Moreover, untreated wastewater usually contains numerous pathogenic or
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disease-causing microorganisms and also nutrients that can stimulate the growth of aquatic

plants.

Wastewater pollution from rubber processing industries has increased in Africa and Asia as a
result of the growing number of rubber producing factories due to the presence of virgin forests
with a large number of mature rubber trees. Rubber producing factories are one of the agro-
industries that produce large quantities of wastewater. In Nigeria most of the rubber industries
discharge their wastes into rivers/water streams because they are rarely equipped with adequate
treatment facilities due to the high cost of conventional treatment technologies (Owamabh et al,
2014).

In addition, wastewater treatment for reuse in the process is also an important strategy for
conserving water resources, especially in areas suffering from water scarcity. Water stress have
been reported in 40% of the world population (estimation of 80 countries) and about 30 of these
countries are suffering water scarcity in most part or the year (Owamah et al, 2014; Piadeh et
al., 2018).

As a result, industrial effluents should be efficiently treated to protect the environment, aquatic
life, humans from intoxication and a prevent water shortage. (Samaci et al., 2018). Therefore,
it is utmost important an economical wastewater treatment, and appropriate disposal, that
allows compliance with legal discharge limits in municipal water bodies and wastewater

treatment plants (Wadekar et al., 2017; Rahimpor et al, 2014; Zhao et al., 2016).
2.1.2 Pressure driven membrane process

Successful applications of membrane for the treatment of industrial wastewater can be found in
literature (Zheng et al., 2015, Zirehpour et al., 2016). Integrated systems of two, or more, unit
operations involving membranes, have been widely used in water treatment to produce the
desired water quality (Piadeh et al., 2018; Racar et al., 2017; Ollis, 2003; Liu et al,2016; Sert
et al, 2016; Yen et al.,, 2017). In fact, membrane technologies, and more specifically
Nanofiltration, provide an important solution in environmental fields such as pollution

reduction and water reuse, and recycling of valuable components from waste streams.
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2.1.2.1 Nandfiltration

Nanofiltration (NF) is a pressure driven membrane process which is somewhere between
reverse osmosis and ultrafiltration. Some authors refer to NF as charged ultrafiltration (UF),
softening, or as low-pressure reverse osmosis (RO). The MWCO of NF membranes is within
the 100 to 1000 Da range with solute size < I nm (“pore” size < 2 nm in diameter). The range
of operating pressures is between RO and UF (Mulder et al., 2003; Afonso et al., 2005; Schafer
etal., 2001).

The membrane separation mechanisms are classified into two categories — molecular sieving
and solution-diffusion. In physical molecular sieving (steric hindrance) the feed components
are separated by pressure-driven flow through small pores, with fixed position and size, and the
separation occurs due the differences between their sizes. In nanofiltration this rejection
mechanism is dominant for colloids and large molecules. In contrast, in the solution-diffusion
mechanism, the chemistry of solute and membrane become increasingly important to permeants
that are dissolved in the membrane material and then diffuse through the membrane (Van der
Bruggen and Geens, 2008).

Nanofiltration has been pointed out has a good choice for wastewater treatment because of the
high reductions of COD, conductivity and color that can be obtained (Samaci et al., 2018; Racar
et al, 2017; Wadekar et al, 2017). During membrane treatment of industrial wastewater, two
flows are generated: (i) a filtered stream (permeate), which can also be used as a process in
industrial processes and (ii) a concentrate stream containing high amounts of COD that must

be disposed of.

Nevertheless, untreated wastewaters cannot be used directly for membrane processes because
they may have a major influence on the performance of nanofiltration and reverse osmosis
processes. Therefore, it is usually necessary to carry out a pre-treatment (i.e. pre-filter) in order

to avoid membrane fouling and deterioration.

2.1.2.2 Membrane challenges

There are still some major challenges of the pressure driven membranes that are imperative to
overcome which are: the flux decline during the filtration time, selectivity loss and low
membrane lifetime (when regular chemical cleaning is performed). These limitations are
mainly due to membrane fouling (worsening as a function of time) and polarization of
concentration (remaining constant once established) which cause extra resistances and thus

slow down solvent transport across the membrane. The reduction can be as severe as 99% of
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the initial flux value. Therefore, polarization of concentration and fouling are main concerns
for membrane processes, which have been widely studied but still remain without a generalized
solution. Several reviews can be found in the literature focused on polarization of concentration,
fouling and in-situ monitoring techniques (Shetty et al., 2003, Chawla et al., 2017, Chon et al.,
2016).

Fouling

Fouling refers to the accumulation of retained molecules or particles in the pores of the
membrane or at the membrane surface. The retained species can build up a gel or cake layer or
can block pores. Fouling potential of the retained species is a complex function of exposure
time, temperature, pH, ionic strength and concentration of the various chemical species in
solution interacting with the membrane material or among themselves. Fouling leads to a
reduced productivity and deterioration of the product water quality, increasing energy demand
and maintenance costs, membrane degradation, and reduced membrane lifetime (Mulder,

2003).

Polarization of Concentration

Polarization of concentration occurs when there is a high concentration of the dissolved material
rejected by the membrane. Contrasting with the situation of fouling, the material does not
deposit on the membrane surface or inside the membrane pores but accumulates in the
proximity to the membrane surface (Winston et al., 1992). The consequences of polarization of

concentration are difficult to predict. However, they may comprise:
- solute retention may be reduced:

Since a higher solute concentration is built up near the membrane surface, an increasing amount
of solute may be transported through the membrane either in the form of a diffusive flow. This

is generally the case with low molecular weight solutes such as salts.
- solute retention may become higher

This behavior may be induced when larger molecules or particles are being retained forming a
kind of a “dynamic membrane”, creating an additional resistance for solute transport. This leads

to a higher retention of lower molecular weight solutes.

- flux will be reduced
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If polarization of concentration effects become extensive, solutes at the membrane surface can
reach a critical concentration (i.e. solubility limit), beyond which they form a cake/gel layer
which fouls the membrane surface (fouling). Under such conditions, fouling increase the

resistance to permeate flow throughout the membrane.

To avoid polarization of concentration, improved mass transfer conditions should be
implemented in the feed compartment. Relevant parameters are: feed flow velocity (modified
through the hydraulic diameter of the feed cell or the pump characteristics), solute diffusion
(i.e., changed via the increase of the feed temperature), feed viscosity (idem) and operating
conditions with impact on the fluid dynamics (introduction of turbulence promoters, use of

pulsating flows to break the boundary layer and increased Reynolds numbers).

2.2 Drinking water Treatment

2.2.1 Drinking water

The production of high quality drinking water requires the removal of micropollutants,
including microbiological and chemical compounds, that are currently being studied for their
potential adverse effects (Chew et al., 2017; Kukucka et al., 2016; Chon et al., 2013). The risks
of microbiological contamination, long-term carcinogenic effects due to disinfection by-
products and the so called “new emerging” contaminants are of high concern due to their
environmental fate and health impact, which are not well-known (Synder et al, 2003; Taucer-
Kapteijn et al., 2016; Papageorgiou et al., 2016). A significant amount of studies have been
developed by water providers and researchers, a complex task which is further complicated by

the wide diversity of compounds (e.g. pesticides) spread in the environment.

The growth of the world population coupled with urbanization, the increasing exploitation of
natural resources, industrial development and pollution resulted in a rapidly increasing demand
for high water quality (Ahkola et al., 2017). Furthermore, it has been reported that there is a
lack of access to clean and safe drinking water for more than 1.2 billion people in the world
(Hilal et al., 2015). According to Owamabh et al., 2014 contaminated drinking water and poor
sanitation were reported to rank third in the list of the 20 leading health risk factors in
developing nations. Problems with access to safe water are expected to grow worse in the

coming decades. The UN-Water Global reports that demand for water (in terms of funding)
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tends to increase about 55% by 2050 since there is a clear evidence that water aquifers are

exhausting as a consequence of their over-exploitation (Gando-Ferreira et al., 2017).

Therefore, a great effort has been made in recent years to successfully reduce the presence of
persistent organic pollutants (POPs), microbial pathogens, heavy metals occurrence and
emerging trace organic contaminants such as pharmaceuticals (Ph’s), personal care products
(PCPs), endocrine disrupting chemicals (EDCs) (Chon et al., 2013). These persistent
contaminants are driving the scientific community to investigate new solutions to decrease or

even eliminate contaminants occurrence in drinking water (Jones et al., 2005; Synder et al,
2003).

Although these compounds usually appear in the aquatic environment at very low
concentrations (parts per billion or parts per trillion), they do so consistently due to their
frequent use by consumers (Garcia-Vaquero et al., 2014). Consequently, these contaminants
are present in water/wastewater treatment plants and they are found to be resilient to most

treatment processes (Petrovic et al., 2003).

Natural organic matter or NOM, is one of the most common contaminants present in all water
resources with a wide range of molecular weights (MW) and functional groups. Effective
removal of NOM has been a challenge for water utilities. Removing NOM, especially humic
acids (HA) and fulvic acids (FA) is important because of their contribution to undesirable odor,
taste and color (Winter et al., 2017). The presence of elevated concentrations of NOM in
drinking water is not harmful to humans, nevertheless it is responsible for bacteria re-growth
and it can interact with chlorine-based disinfectants during water disinfection to produce
disinfection-by-products (DPBs) such as, carcinogenic trihalomethanes (THMs) (Kukucka et
al., 2016; Chang et al, 2009). Long-term adverse health effects of DBPs are widely reported in
the literature and have been linked to cancers and adverse reproductive outcomes. However,
the amount of these substances in drinking water is strictly regulated. Because of the complex
nature of NOM, surrogate parameters such as dissolved organic carbon (DOC), UV254, and
specific UV absorbance at 254 nm (SUVA254) are often used as quality parameters.

The widespread use of pesticides has resulted in the presence of their residues in various
ecosystems. Traces of these products are commonly detected in surface water and in some cases
in groundwater. The detection of pesticides such as atrazine, isoproturon, diuron, alachor and
chlorfencinphos in drinking water sources is of great concern due to their negative impact in

the environment, given their toxicity, persistence, and potential bioaccumulation. Even at very
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low concentrations (pg/L to ng/L), pesticide residues have been characterised in toxicological
and epidemiological studies with potential health risks, including cancer, genetic malformations,
neurodevelopment disorders and damage of the immune system (Plakas et al., 2012). According
to the Drinking Water Directive (98/83/EC) (Drinking Water Directive 98/83/EC), the quality
of water intended for human consumption has a limit of 0.1 pg/L for a single active ingredient
of pesticides, and 0.5 pg/L for the sum of all individual active ingredients detected, regardless
of hazard or risk. On the other hand, the residue limits and guideline levels set by the World
Health Organization (WHO) or the U.S. Environmental Protection Agency (USEPA) depend

on the toxicity of the active substances and are determined using a risk-based assessment.

The most conventional methods for drinking water treatment, still widely employed, comprises
coagulation-flocculation, sedimentation, sand filtration and disinfection. However, these
common methods may, under specific circumstances, be ineffective for producing potable

water.

Coagulation processes mainly remove the NOM associated with suspended particles although
the removal efficiency is variable due to the physical and chemical characteristics of the water
and the operating conditions. Coagulation processes have a high efficiency for the removal of
the hydrophobic fraction of NOM when the molecular weight of NOM is high. However, the
major contributions to the formation of disinfection-by-products, are related with the presence
of low molecular weight NOM compounds, such as resorcinol, phloroglucinol and p-
hydroxybenzoic acid, which are not easily removed by conventional water treatments, such as

coagulation (Chang et al, 2009).

There are more advanced final treatment steps, usually involving oxidation by H>O» or O3 and
granular activated carbon (GAC filtration), which are generally considered to be effective,
although significant problems still arise, mainly related to saturation of activated carbon, and
to toxic chemical by-product, which may develop in the granular activated carbon filters under

specific conditions (Chang et al., 2017; Plakas et al., 2012).
2.2.2 Pressure driven membrane process

Several studies have shown that membrane processes are effective to remove contaminants
(depending on the membrane) such as bacteria, viruses, particles, dissolved organics and salts
by physical and/or chemical retention, when the water is forced with an applied pressure
through the membrane. The use of membrane processes is growing fast in the domain of water

treatment and this growth is closely related with the progressive decreasing cost of membrane
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systems and increasingly stringent drinking water quality regulations. Additionally, membrane
processes require a small footprint compared to conventional treatments, and a potential for
reduction of chemicals usage and very low maintenance requirements. Moreover, since the mid
80’s, developments in membrane technology have resulted in a variety of advancements, which
have included enhancement of salt rejection capability, chemical stability, reduction of pressure
requirements and, more recently, the ability for the removal of disinfection by-product
precursors (Fane et al, 2011; US EPA 2005).

Chang H. et al, 2017 reported that an outbreak of cryptosporidiosis in Milwaukee (Wisconsin,
USA) in 1993 and consequent waterborne diseases promoted the rapid development of
membrane technology (as an emerging technology) in drinking water treatment plants.
Membrane processes demonstrate to effectively remove aquatic substances such as particulate
material, pathogens (e.g., Giardia cysts and Cryptosporidium oocysts), and viruses. Taking
these advances and improvements in membrane technology, it has been suggested to replace
the conventional treatment units, which are less effective for removing trace contaminants and

meet the standards of WHO (WHO Guidelines, 2011), by membrane processes.

The type of membrane process and membrane to select are strongly related with the type of
pollutants to be removed from the drinking water supply. Important aspects have to be
considered when choosing an appropriate membrane: the membrane material (polymer
composition) which determines the type of interaction that will be established with the solutes
in solution, the surface charge and the degree of ionic species rejection, the molecular weight
cut-off (MWCO), indicating the molecular weight of a hypothetical non-charged solute that is

90% rejected (expressed in Dalton), and the membrane porosity.

The significance of each parameter for the removal of micropollutants is directly related to the
particular solute properties (molecular weight, molecular size, acid dissociation constant-pKa
and hydrophobicity/hydrophilicity- logKow), which determine the strength of the

physicochemical interactions between the micropollutants and the membrane.
2.2.2.1 Nandfiltration

Nanofiltration (NF) has been recognized as the best option for the removal of micropollutants
for drinking water production (Plakas et al., 2012; Kukucka et al., 2016). The distinct features
of nanofiltration membranes are: adequate softening of water (rejection of divalent and

multivalent ions) without significant changes in the water salinity (usually relatively low
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rejection of sodium chloride), the rejection of uncharged dissolved organic compounds, and the

possibility to achieve high specific water fluxes at relatively low operating pressures.

Nanofiltration allows for the production of clean and safe-drinking water and is now the second-
largest application of membrane processes with approximately 150 plants with a total capacity
of 600,000 m*/day (Lyonnaise des Eux, 1996; Kukucka et al., 2016).

Nanofiltration membranes are capable of achieving high removals of natural organic matter
(NOM) and disinfection by-products (DBP) precursors, e.g. pesticides, and several other
primary and secondary (e.g. hardness) contaminants from water supplies with a similar
efficiency as Reverse Osmosis (RO), with a high recovery and with lower energy consumption

and lower costs.

NOM (e.g. polysaccharides and humic acids (HA)) is highly retained by NF/RO membranes
mostly due to size exclusion, charge repulsion, and hydrophobic interactions. Furthermore,
NOM is the main cause of membrane organic fouling, which reduces the system performance
as a consequence of the deposition of suspended and dissolved organic substances onto the

membrane surface and within its pores (Imbrogno et al., 2018).

A large number of herbicides, insecticides, fungicides and pesticides have a molecular weight
higher than 200 Da and sizes in a range close to 1 nm, that makes RO and NF the most
appropriate pressure-driven membrane processes for the removal of pesticides from
contaminated water sources (Plakas et al., 2012). Numerous commercially available NF/RO
membranes have been used, at laboratory and industrial scale, in the research effort for
removing/eliminating pesticides residues from aquatic matrices (Devitt et al., 1998; Boussahel
et al., 2000; Agbekodo et al., 1996, Zhang et al., 2004; Plakas et al., 2009; Berg et al., 1997).

The growing interest on hybrid processes is derived by the need for overall process optimization
and/or cost reduction. Nanofiltration has been employed combined with conventional activated
sludge processes or membrane bioreactors (MBR) for further removal of trace pollutants,
aiming to satisfy wastewater reuse standards. Additionally, this advanced treatment technique
is being used to reject endocrine disrupting chemicals, pharmaceutical and personal-care
products (PPCPs) and disinfection by-product precursors from drinking water. Accordingly,
the effluent organic substances (EfOM) from activated sludge processes and dissolved organic
matters (DOMs) in drinking water resources are the major contaminants to be removed, and
their concentrations, compositions and properties affect nanofiltration membrane flux and

biofouling behavior significantly (Shang W. et al., 2018).
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Nanofiltration water treatment: full-scale application

The Méry-sur-Oise plant for drinking water production, in the northern part of Paris (France),
is an outstanding full-scale application example of nanofiltration water treatment for the
removal of pesticides and other naturally occurring organic materials, since 1999 (Plakas et al.,
2012, Cyna et al., 2002). Moreover, it presents relatively small operating pressures (with an
energy consumption 30-40% lower than the typical RO process) and reduced cost of materials
used to construct the treatment plant, thereby reducing the investment costs. Several other high
capacity drinking water plants employing nanofiltration are operating in Florida, The

Netherlands, Spain, England, and France (Thorsen and Flogstad, 2006).

2.2.2.2 Membrane challenges
Fouling

Fouling presents the major challenge and impediment for full implementation of NF technology
in municipal drinking water production due to the decrease of water quality and the effect on
operational lifetime of membranes (Imbrogno et al., 2018). The number of scientific
publications involving membrane fouling, cleaning and backwash in the water industry has
been growing rapidly (Chon et al., 2013; Chang et al., 2017; Imbrogno et al., 2018; Winter et
al., 2017; Musbah et al., 2018; Vatankhah et al., 2018).

Major foulants found when treating water sources, comprise microorganisms, natural organic
matter and inorganic elements, which interact with the membrane surface and attach to it either
reversibly or irreversibly (in other words, material is retained at the membrane surface or inside
the membrane pores). Several studies have focused on identifying the causes and mechanisms
of colloidal, organic, and biological fouling of membranes (Chon et al., 2016; Winter et al.,
2017; Chawla et al., 2017).

NOM is generally considered to be a main contributor to membrane fouling in drinking water
treatment applications. The extent of fouling is not necessarily proportional to the total amount
of NOM retained but it is rather governed by the retention of specific NOM fractions: they can
be hydrophobic or hydrophilic and comprise 40% and 25-40% of the NOM in surface water,
respectively. The NOM that has been reported to be mainly relevant to membrane fouling are

biopolymers and humic substances, which are mainly of aquatic and terrestrial origin.
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However, there are some solutions to cope with fouling such as: appropriate pre-treatment of
the feed (adjustment of pH and T, the use of additives, adsorption, pre-filtration); careful
selection of the membrane, with low hydrophobicity and the presence of charged or functional
groups with specific interactions at the membrane surface; lowering the trans-membrane
pressure, in order to better control the balance of forces acting at the membrane surface; and

the use of turbulence promotes and backwashing.

Backwashing results in the loosening or detachment of foulants that were deposited on the
membrane surface or pores. Backwashing is typically performed every fixed interval, during
which the flow direction inside the membrane is reversed for a short period of time. This
procedure is used to remove most of the suspended solids layer that has built-up on the feed

side of the nanofiltration membrane.

If prevention is insufficient, it should be performed an appropriate chemical cleaning procedure.
The concentration used, and the necessary cleaning times are of utmost important for membrane
durability. Commonly used chemicals are: acids and bases, enzymes (proteases, amylases, ...),
detergents, complexing agents (EDTA, polyacrylates, ...), disinfectants (H2O2, NaOCl, ...) and
steam sterilization. The procedure of cleaning must take into account the membrane material,
as well as the module housings and sealing, which have to be resistant to cleaning agents

applied.
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2.3 Arsenic contaminated groundwater Treatment

2.3.1 Arsenic

Arsenic is a notorious poison and is recognized to be one of the world’s greatest environmental
hazards. The WHO classified this element in Group 1, as a human carcinogen (WHO, 2011).
Arsenic is not detected by optical observation and does not affect the taste or smell of the water,
unless its concentration is extremely high. Human exposure to this toxic element is mainly

through the consumption of drinking water contaminated with arsenic.

Regular exposure to arsenic causes a variety of health problems in humans, including diabetes,
hypertension, neurological abnormalities, arteriosclerosis, renal effects, cardiovascular
dysfunction and various forms of cancer (e.g. skin, lung and bladder) (Siddiqui et al., 2017,
Mondal et al., 2013).

Arsenic (As) is a metalloid element widely distributed throughout the Earth’s crust and ranks
20" among most abundant elements. As has atomic number 33 (Group 15 of the periodic table
along with nitrogen, phosphorus, antimony and bismuth), atomic mass 74.92 amu and density
5.72 g.cm™. The distribution of arsenic in the environment is through air, water, soil and
sediments. It can be found in inorganic or organic forms; however, arsenic compounds are not
usually in the groundwater system (unless for water with a marked impact of industrial

pollution) (Henke, 2009).

It has four oxidation states: As(V), As(IlI), As(0) and As(-III). In groundwater, As commonly
exists as an oxyanion of the inorganic form of arsenite [As(IIl)] and arsenate [As(V)] and their
relative distribution is influenced by the pH and redox condition. Both inorganic and organic
As(IIl) forms tend to be more toxic to humans than the As(V) forms. While As(V) is
predominant in oxic groundwater environment and the major forms are H3AsOs, HoAsO4!",
HAsO4> and AsO4*, As(IIl) is more dominant in anoxic environments with H3AsOs and

H»AsO* being the common species.
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Figure 2-1. Structure of inorganic species — arsenate — As(V) and arsenite —
As(IIT) (Source: Ravenscroft et al., 2009)
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Figure 2-2. Inorganic arsenic species in water. The figure shows the distribution
of As(V) and As(III) species as a function of pH at an ionic strength of 0.04 M
(Source: Meng et al., 2000).

Under reducing conditions, As (III) is thermodynamically stable and exists as H3AsO3 (or
HAsO») at pH below 9.2. In the pH range 4-8 and under an oxidizing environment, arsenic
mainly exits in the +5 (As[V]) state in the form of deprotonated oxyanions, namely, HoAsO4
and HAsO4 >, which makies arsenate the ubiquitous species in surface waters (Smedley and
Kinniburgh, 2002).

2.3.2 Regulation

Removal of arsenic from contaminated water is gaining attention due to the increasingly

stringent Maximum Contamination Level (MCL) of arsenic in water, introduced by
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(WHO,2011; USEPA,2005), the European Union, and many other countries. An extensive
research has been carried out with the specific aim to develop cost-effective arsenic removal

techniques (Jadhav et al., 2015).

The objectives of water treatment are determined primarily by national drinking water
standards. In recent years, the European Union, the USA and other countries have lowered their
arsenic standards from 50 to 10 ppb As, whereas most As affected countries continue to use the
value of 50 ppb. The literature should be read with caution because many reports from South
Asia report effluent As concentrations of a few tens of ppb as a success, whereas in North

America and Europe this is the starting point for arsenic removal.

Some methods described in the literature may effectively reduce As concentrations to <50 ppb

but, in many cases, not to <10 ppb As.
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Figure 2-3Affected countries and their respective MCL (source: Mondal et
al.,2013

Because of different socio-politico-economical contexts as well as the unavailability of
different treatment technologies, the MCL differs in different countries. The most affected
countries of the world and theirs respective MCL are shown in Figure 2-3 The affected countries
have different characteristics of their contaminated aquifers and therefore, the mechanism of

As mobilisation in groundwater is often different. Numerous countries have already adopted
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guidelines, of 0.01mg/L maximum arsenic limit in drinking water, recommended by the WHO
and USEPA (Matschullat, 2000).

2.3.3 Treatment technologies for As removal

The conventional technologies for removing arsenic from groundwater, include: oxidation,
coagulation, adsorption, ion exchange and membrane technologies (Wang et al., 2007). The

process characteristics and their main advantages and disadvantages are described below:
Oxidation/filtration

Oxidation kinetics rate of As (III) species by dissolved oxygen is very slow in water, which can
take weeks to complete. Chemical oxidants are used to increase the oxidation rate of soluble
arsenite As (III) to arsenate As(V). Oxidation alone as a technology does not remove arsenic
from the solution, thus it has always been added before the main treatment, such as adsorption,
coagulation or ion exchange. For instance, oxidation is an important step for anoxic
groundwater, since arsenite is the prevalent form of arsenic at neutral pH. There are many
chemical oxidants such as, chlorine, ozone, potassium permanganate, manganese oxide and
hydrogen peroxide, as well as bacteria that have been used to directly oxidize arsenite in water.
Chlorine is considered a good oxidant although it produces unwanted disinfection by-products
in the presence of organic matter and is responsible for bad taste and odor. Potassium

permanganate produces no harmful compounds but may impart colour.
Coagulation- Flocculation

In the coagulation process, the chemicals used, positively charged coagulants, adsorb and co-
precipitate arsenic ions in a particular pH solution, thereby making particles to aggregate and
enlarge. Arsenic removal efficiency of different coagulants varies as a function of pH.
Commonly used chemicals with this technique are ferric chloride (FeCls) or aluminum sulphate

(Al2(SO4)3) (or ammonium sulphate).

Lime treatment is similar to coagulation, but instead of trivalent metal salts, the coagulant used
is hydrated lime (Ca(OH)>) or solid form of Mg(OH),. However, the method of lime treatment
cannot serve as a major arsenic removal technique due to its low removal efficiency. Other

disadvantage of this process is the daily production of highly toxic sludge.
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Flocculation involves the addition of anionic flocculants that causes bridging or charge
neutralization between the formed larger particles, leading to the formation of flocs, which

undergoes precipitation later (Matsui et al., 2017).

Several researchers reported that, between the two inorganic species, arsenate is more
efficiently removed compared to arsenite and, therefore, a pre-oxidation would be beneficial.
Moreover, it has also been reported that FeCls is a better coagulant than Al2(SO4)3 at pH higher
than 7.6. Below pH 7.6, Al2(SO4); and FeCls are equally effective in removing arsenic from

water. The pH adjustment and proper dosing are very critical to obtain a high process efficiency.

In both processes, the formation of these solids allows the subsequent removal of arsenic
through sedimentation and filtration processes. The major disadvantage of these techniques is
the production of high amounts of an arsenic-concentrated sludge, which requires a careful
management of this sludge to prevent a secondary environmental pollution. Additionally, the
treatment of the sludge produced is costly. These limitations make this process less feasible,

especially in field conditions (Pallier et al, 2010; Sun et al., 2013).
Adsorption

Adsorption is a process that uses solids as medium for the removal of substances from gaseous
or liquid solutions. The substances are separated from one phase and accumulated at the surface
of another. This process is driven mainly by Van der Waals forces and electrostatic forces
between the adsorbate molecules and the adsorbent surface atoms. Therefore it is important to
first characterize the adsorbent surface properties (e.g. surface area, polarity) before being used

for adsorption.

Accordingly, to the review published by Giles et al., 2011, the main adsorbents of choice for
As removal are Al,O3, AI(OH)s, carbon, FeO, Fe.O3, modified iron oxides and SiO,. The iron-
based adsorption is a widely used technique for the treatment of arsenic contaminated water
due to the high affinity between inorganic species and iron. Iron can remove arsenic from water
either by acting as sorbent, co-precipitant or contaminant-immobilizing agent or by behaving

as a reductant (LeMire et al., 2010).

As per US Environmental Protection Agency (USEPA) classification, adsorption is amongst
the best available technologies for As removal in potable water. Adsorption presents several
advantages including relatively high arsenic removal efficiencies, easy operation and handling,

cost-effectiveness, and no sludge production.
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However, adsorption of arsenic strongly depends on the systems concentration and pH. At low
pH, arsenate adsorption is favored, whereas for arsenite, maximum adsorption can be obtained

between pH 4 and 9.

One significant disadvantage of the system is the presence of other ions in water such as
phosphate and silicate, that compete for the adsorption sites. Furthermore, effectiveness of
adsorption in arsenic removal can also be hindered by the type of adsorbent itself. Most
conventional adsorbents have irregular pore structures and low specific surface areas, leading
to low adsorption capacities. Lack of selectivity, weak interactions with metallic ions, and
regeneration difficulties can also limit the ability of these sorbents in lowering arsenic

concentrations to levels below MCL (Chatterjee S. et al., 2017).
Ion-exchange

Ion-exchange (IEX) technology for arsenic removal is considered one of the best available
technologies (BAT) (EPA, 200a). It is commonly based on the use of strong-base chloride or
sulphate forms resins, and the exchange of CI- or SO4 2 anions for arsenic species and other
ions present in the water. The uncharged As(II) cannot be removed by an ion exchange method

and a pre-oxidation step is needed if an arsenite solution has to be treated.

The IEX process has two major disadvantage: 1) sorption capacity, because a strong anion
competitor such as sulphate (or others, e.g. nitrate) that are commonly present in groundwater
thus decreasing the efficiency drastically (resins are highly selective for sulphate ions and there
is the risk of arsenic release in the treated water) and; 2) large volumes of hazardous residuals
are produced due primarily to frequent regeneration of the exhausted resin. Also an ion
exchange method alone is not sufficient to remove arsenic below the maximum contaminant
level (MCL) of <10 pg/L (Zhao et al., 2010; Zhao et al., 2012; Dominguez-Ramos et al., 2014;
Guell et al., 2011; Jadhav et al., 2015).

Furthermore, it has been proposed the use of metal-loaded polymers (chelating or ion-exchange
metal-loaded resins) due to the advantage of these materials to overcome interferences from
other accompanying anions and the possibility for removing As(IIl, V). LeMire et al., 2010
studied the use of iron-impregnated ion exchange beads for As(V) removal and the influence
of several factors (particle size, pH, As(V) concentration, competition, adsorbent, temperature
and iron content) and concluded that it may be considered as a viable alternative to other iron

based adsorbents in terms of durability and efficiency.
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Membrane processes

There are two categories of pressure-driven membrane filtration: low pressure membrane such
as microfiltratiom (MF) and ultrafiltration (UF), and high-pressure membrane processes such
as reverse osmosis (RO) and nanofiltration (NF). According to Shih (2005) these membrane
processes are effective to remove arsenic from water, especially high-pressure processes, NF
and RO, in order to respect the maximum admissible concentrations. However, source water
quality and effluent concentration to be reach are important design parameters (Criscuoli and

Figoli, 2018).

As reported by Jekel and Amy, 2006, As(V) rejections observed in NF or RO ranged from 85%
to 99% and As(IIl) rejections between 61 and 87%. Coagulation followed MF for arsenic
removal was also shown to be more efficient than conventional filtration. Under optimal
conditions, a 100 pg/L of arsenic level was reduced by 97% (Molgora et al., 2013; Pal et al.,
2014). An integrated system combining NF + coagulation was proposed for arsenic removal
from groundwater. A pre-oxidation step followed by a flat sheet cross-flow nanofiltration
attained a 98% of As removal from an initial concentration of 180 pg/L. Arsenite can be rapidly
oxidized to arsenate via a pre-oxidation step with, e.g. hypochlorite, permanganate and
hydrogen peroxide. However, in this situation, a previous oxidation to convert As(III) to As(V)
is not advisable due to the possible damage of the membranes with the chemical (oxidation

agents) required to this step.

RO is probably the best practiced technology which can completely purify water and meet the
strict water legislations (Holl, 2010; Katsoyiannis and Zouboulis, 2006). Both lab and pilot-
scale experiments have shown more than 95% As(V) and 74% As(III) removal efficiencies
achieved by RO.

Membrane processes have the main advantage of function without any chemical addition.
However, there are some disadvantage such as high initial investment (apparatus, membrane
and installation) and operational costs (including energy consumption) involved. Additionally,
the presence of Fe and Mn in water prone to fouling due to precipitation of these ions as
hydroxide and this type of fouling is irreversible in nature. For removing it, pretreatment of
water, monitoring of the operating pressure, and a skilled operator are required. Moreover, in
the case of a high arsenic containing water to be treated, the standard value MCL of arsenic is
not achieved (Park et al., 2011; Dolores et al., 2017; Fang et al., 2013; Akin et al., 2011; Sen et
al., 2010; Xu et al., 2015).
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Amongst the conventional technologies presented, coagulation and ion exchange (IEX) are the
most used ones due to lower costs, ease of handling and potential reuse of anion-exchangers.
In each case, the removal efficiency is influenced by the chemical form of the arsenic present
in water, usually as arsenate (As (V)) or arsenite (As (II1)). The removal of arsenite is generally
less effective by these techniques. However, arsenite can be rapidly oxidized to arsenate via a

pre-oxidation step with, e.g. hypochlorite, permanganate and hydrogen peroxide.

The main disadvantages of chemical coagulation followed by settling and/or filtration of the
treated water are primarily related to the need for the direct addition of the coagulant to the
water, thus leading to residual levels of iron or aluminium, which is undesirable and can give
rise to consumer complaints. The EU drinking water directive recommends a limit of 200 ppb
for both Fe and Al in drinking water. Moreover, due to the fact that the coagulation process is
sensitive to pH, appropriate reagents have to be often added to adjust the pH to the optimal
value, additionally increasing the risk of secondary contamination of the treated water by these

reagents.

One way to overcome these limitations is by transporting arsenate through anion exchange
membranes via an ion exchange membrane (IEM) process - Donnan Dialysis, which is further

explained in the following section.
2.3.4 lon-exchange membrane and processes

Ion exchange membranes (IEMs) have great potential in diverse applications and play
prominent roles in addressing energy and environment related issues. Over the past decade, the
development of IEMs has attracted much research attention in terms of materials, preparation

and applications.

An ion exchange membrane is a selective barrier that carries charge groups that separates two
adjacent phases and allows for the exchange of ions between phases. These membranes are
made from ionic polymers that are either negatively or positively charged and are bound
covalently to the polymer backbone. The ion exchange membranes are classified into two types:
anion exchange membranes (AEM) which contain positively charged groups fixed to the
polymer matrix; and cation exchange membranes (CEM) which contain negatively charged
groups fixed to the polymer matrix. CEMs are selectively permeable to cations and almost
impermeable to anions because of their charge, which is the same as that of the fixed charges

in the polymer matrix. AEMs have the capability to carry anions (i.e. which are referred as
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counter-ions) while all cations (co-ions) are almost excluded, since the fixed charges are

positive in the polymer matrix (Tas, 2016; Sata, 2004).

2.3.4.1 lon exchange membrane processes and applications

IEMs are generally used in electrodialysis (Moazeni et al., 2015; Shahmansouri et al., 2015),
reverse electrodialysis (Guler et al., 2012; Guler et al., 2013) and diffusion dialysis/Donnan
dialysis (Agarwal et al.,2015; Miyoshi et al., 1997). The membrane properties are crucial for
determining the performance of these processes. Selective transport of specific ions from
multicomponent mixtures is important for e.g. the separation of specific ions in industrial
wastewater treatment (Saracco et al., 1993), removing harmful anions (e.g. F) from
groundwater (Amor et al., 2001), the production of table salt from seawater (Sata, 2004), the
electrochemical acidification of milk and water softening to produce drinking milk (Bazinet et
al., 2004). So far, Donnan dialysis is not used on a large industrial scale. Most data concerning
the performance and process cost data have been generated with laboratory or pilot plant scale
equipment in relatively short-term tests. The major applications of Donnan dialysis would be
for the production of ultra-pure water or for purification and separation of certain food and
pharmaceutical components; or for the treatment of industrial waste streams to recover toxic
and valuable materials such as heavy metals or radioactive isotopes (removal of defined heavy

metal ions from water).

2.3.4.2 Donnan Dialysis

Donnan dialysis is an ion separation process that uses ion exchange membranes. The process
named in honor of F. G. Donnan (1924) who described the equilibrium that resulted when a
semipermeable membrane separated two solution of electrolytes, NaA on one side and KA on
the other. In this process, a solution of target ionic species is held in a feed compartment
separated by an ion exchange membrane from a receiver compartment holding a counter ion
stripping solution of high concentration. Migration of counter-ions from the receiver
compartment to the feed compartment induces an equivalent counter flow of target ions from

the feed to the receiver compartment (Helfferich, 1962).

The concentration difference of e.g. Cl" ions across the membrane provides a driving force for
their diffusion through the membrane. There is no net flow of electric current through the
membrane, so any net transfer of Cl to the left must be balanced by transfer of an equivalent
amount of HxAsO4 ¥ to the right. These diffusive processes will occur until an equilibrium is
established (Figure 2-4).
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Figure 2-4. Principle of ionic separation by an ion exchange membrane (source:

Zhao et al., 2012)

The attractive features of Donnan dialysis lie in operational simplicity, low energy requirement
and no chemicals requirement. Donnan dialysis holds a potential for many beneficial water
purification processes encompassing hardness removal and elimination of unwanted ions such

as borate, nitrate and arsenate (Helfferich, 1962).
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Chapter

3

Energy Saving Membrane Treatment of High

Organic Load Industrial Effluents: From Lab to
Pilot Scale

3.1 Summary

In this study, a nanofiltration unit was implemented at an industrial site, for the treatment of
industrial wastewater generated during rubber tubing extrusion. The aim was to reduce the
energy input required, while assuring a final effluent quality that meets the requirements of
environmental legislation. In a first stage, two membrane process treatments, ultrafiltration and
nanofiltration, were evaluated at laboratory scale in order to assess the rejection of pollutants
and maximise permeate throughput. Permeate generated from nanofiltration using either a
NF90 or NF270 membranes were shown to meet the effluent discharge requirements (<2000
mg COD/1). The less restrictive membrane, NF270, was chosen for study in a pilot plant at the
industrial site, due to its higher membrane permeability. The pilot nanofiltration unit was
integrated into the treatment plant operation aiming at optimising the process in terms of the
efficiency of pollutant removal with minimal energy input. A feasibility study was performed
for this case-study and it was concluded that the energy expenditure of the new process
represents only 62% of the current energy consumption of the treatment plant. The proposed
solution in this work may be retrofitted to full scale wastewater treatment processes, and may
be applicable to industries that employ similar manufacturing processes, and face similar

difficulties.
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Published as: Lopes, M.P., Xin G., Crespo J.G., 2013. Energy saving membrane treatment of
high organic load industrial effluents: From lab to pilot scale. Journal of Environmental

Management, 131, 161-169.

3.2 Introduction

Wastewater treatment has been a challenge to the rubber parts industry (tubes for automotive
industries, tyres, flasks used as cosmetics containers, etc.) (Asia, 2007; Rosman et al.,2003;
Vijayaraghavan et al., 2008; Anotai et al., 2007). The production process which implies
extrusion and/or injection and post-washing processes generates a huge amount of wastewaters
contaminated with demoulding agents (such as Getren R 4510, which is a polyether and non-
ionic surfactant, or Struktol VP 6015, which is a water soluble polymer) and, therefore, present

a high chemical oxygen demand (COD> 10000 mg/L) and low biodegradability.

The concern to control the environmental impact led to the European Directive 2008/1/EC on
integrated pollution prevention and pollution control (IPPC), which sets out measures to
prevent or reduce emissions of defined industrial activities, including waste drainage levels of

the chemical industry in urban sewage.

The problem described above is shared by many rubber companies across Europe and the
World. Cikautxo, a major manufactures of rubber hoses in the Basque Country, in Spain, is a
good example of a company that faces this problem and handles it with a thermal treatment
process that represents a highly energy intensive solution. The production process of the
company leads to a daily consumption of 160 cubic meters of water and the production of
approximately 70 m*/d of wastewater contaminated with a polymeric release agent, Getren,
which is the main contributor for high chemical oxygen demand (COD). Currently, the
company is employing a thermal process (Figure 3-1a) with the use of a boiler and an

evaporator, which leads to an energy cost of €4.2/m? of treated wastewater.

The steam boiler was tailored to the concentration of the release agent present in the wastewater,
facilitating the treatment of this effluent whilst using this water to generate steam for the

factory.

Besides the high energy consumption, there are several other reasons why rubber manufacturers

want to stop using boilers for wastewater treatment. Chemicals in the wastewater foul the boiler
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severely, which leads to frequent and costly maintenance. A significant reduction of boilers’

lifetime has also been observed.

Membrane technology is the solution proposed in this study to concentrate the raw wastewater
(currently concentrated by the boiler), which is then fed to an evaporator for further volume
reduction. This work investigates the development of an integrated approach (Urtiaga et al.,
2009; Anglada et al., 2010) (Figure 3-1b) able to treat these high organic loads, in order to
reduce pollution to the environment, obtaining re-usable water, reducing waste disposal

volumes and reducing energy consumption and costs (Agana et al. 2011).
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Figure 3-1: Process diagram for the rubber wastewater treatment process at the

rubber manufactures, a) current treatment and b) proposed solution.

Both ultrafiltration (UF) and nanofiltration (NF) were tested for treating the rubber wastewater
at the laboratory scale (Mainttiri et al. 2002). Ultrafiltration using a selected ceramic
ultrafiltration membrane (Barredo-Damas et al. 2010) was firstly evaluated, in order to assure
a stable operation in the case that the wastewater was produced in a temperature range above

ambient. Additionally, as it was found that the temperature of the effluent is slightly above
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ambient temperature, it was decided to use polymeric membranes, because their unit cost per
filtration area is much lower than ceramic membranes. Nanofiltration membranes were
screened in order (Madaeni 2006; Teixeira et al., 2009) to select the best membrane to be used

at pilot scale, with the aim to obtain a treated effluent with a target quality.

Based on the laboratory studies performed, a pilot scale study was carried out at an industrial
site (Cikautxo, Spain) in order to validate and optimise the outlined process under real operating
conditions. Additionally, a membrane fouling analysis was conducted with the membrane
module used during the pilot studies, in order to identify the major contributors to fouling (Xu
et al., 2010; Darton et al., 2004; Kliipfel 2010; Wei et al., 2010; Lee et al., 2013).

This work evaluates the impact of retrofitting the current wastewater treatment process by
replacing evaporator with a nanofiltration unit, which can be operated in a batch or continuous
mode, depending on the flowrate to be treated daily. This impact is assessed in terms of the

reduction of energy costs, while assuring the required quality of the treated waste stream.

3.3 Materials and Methods

3.3.1 Experimental set-up

The membrane filtration experiments at laboratory scale were carried out in a laboratory test
unit shown schematically in Figure 3-2a). For UF experiments, a ceramic tubular membrane
from TechSep was used, where the characteristics are presented in Table 3-1: Characteristics
of the selected membranes.. A stainless steel cross-flow test cell was used for NF experiments,
with a 15 cm? effective area for the nanofiltration flat sheet membranes (characteristics also
presented in Table 3-1: Characteristics of the selected membranes.) placed between two
rectangular cross-section channels (feed and permeate) measuring 150mm x 10 mm x 1mm

each.

The feed circulation flow was provided by a high-pressure diaphragm pump (Hydra-cell G-13,
Wanner Engineering, USA) with an adjustable pressure to the membrane cell. The system was
designed and constructed in order to allow for control of the feed cross-flow velocity and the

transmembrane pressure difference.

The diagram of the nanofiltration (NF) pilot plant is shown in Figure 3-2b). The pilot system

was equipped with programmable logic controllers (PLCs) for data acquisition.
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b)

Figure 3-2: Experimental membrane set-up at a) laboratory scale and b) pilot

scale

The main difference between both units (lab and pilot scale) is the size and the fact that the
pilot-scale uses membrane modules with a spiral-wound configuration, which lead to fluid
dynamic conditions identical to the conditions at full scale. In addition, a pre-filter of 1 um was
placed before the membrane module and the pressure pump. The system was designed and
constructed in order to allow for control of the feed cross-flow velocity, the transmembrane
pressure difference and the volume reduction factor (VRF — number of times the original feed

volume is concentrated in a batch mode).

The experiments were performed in concentration mode where, during membrane filtration, the
rejected stream is recirculated to the feed vessel, allowing for concentrating the retentate, while

permeating the treated water stream.

In the pilot-scale experiments, the operating pressure was kept constant and the permeate flow
was measured over time (decreasing due to membrane fouling). The reject valve was always
on, in order to send the reject stream back to the feed tank. The recirculation valve was fully

open for internal recirculation of the retentate, to allow for better fluid dynamic conditions.
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3.3.2 Membranes and chemicals

One commercial UF membrane and three NF membranes were tested in the present study. The
most relevant characteristics of the membranes are described in Table 3-1. For the lab scale
studies, a tubular UF membrane was used while flat sheet membranes were used for the lab
scale NF experiments. In the pilot scale nanofiltration study, a spiral wound NF270-4040
membrane module (Dow, FILMTEC) was used. All membrane specimens were rinsed with
distilled water prior to use, in order to remove preservers, and compacted before experiments,
using distilled water at a pressure of 1.5 and 13-15 bar for the UF and NF experiments,

respectively. Compaction was carried out until constant flux was achieved (=3 hours).

The membranes were chemically cleaned in-situ after each filtration operation. Two
commercial chemical cleaning products were used, Ultrasil 11 and Ultraperm 75 (both from
EcoLab). The alkali cleaning with Ultrasil 11 targets mainly the organic foulants on the

membrane while the acid cleaning with Ultrasil 75 targets mainly the inorganic foulants.
3.3.3 Membrane performance studies

The UF hydraulic permeability assays were conducted by measuring the permeate flow
obtained under different transmembrane pressure differences (0.1 bar; 0.15 bar; 0.2 bar and
0.25 bar), taking into account the membrane area used (11.3 cm?) and the temperature of the
feed stream (22°C and 50°C). The ultrafiltration studies with wastewaters were accomplished
by performing experiments with the extension of four hours each and with a transmembrane

pressure difference of 0.25 bar.

For NF membranes the hydraulic permeability studies were conducted by measuring the
permeate flow obtained under different transmembrane pressure differences (4 bar, 6 bar, 8§ bar,
10 bar and 12 bar), taking into account the membrane area used (48.6 cm?) and the operating
temperature (22°C and 45°C). The nanofiltration experiments took between 3 and 5 hours each,

with an applied transmembrane pressure difference of 10 bar.

In the pilot-scale studies (membrane area of 7.6 m?), the hydraulic permeability measurements
were conducted identically to the laboratory scale, at an ambient temperature of 29 C. The NF
wastewater treatment studies were performed for 12 hours with an imposed average TMP of
5.1 bar.

The performance of each study was followed by measuring the permeate flux along time and

sampling the final concentrate and cumulative permeate for analysis of relevant parameters.
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After each experiment, the membranes were chemically cleaned to remove fouling and restore
permeability. The membranes were cleaned in-situ with an alkaline cleaning solution (0.5%

Ultrasil 11) and with an acid cleaning solution (7.5 g/l of Ultraperm 075).

The membrane permeability was determined at the beginning and end of each experiment and,
in selected cases, after applying the chemical cleaning protocol. This procedure allowed us to
compare the initial permeability of a fresh membrane (before processing wastewater), with its
permeability after processing a given wastewater volume and also with its permeability after

chemical cleaning.

Table 3-1: Characteristics of the selected membranes.

Max.
Manufacturer Membrane Material Membrane  Cut-off Temperature/  pH range
tested type (Da)
Pressure
Zirconium oxide
Carbosep  selective layer -y No
TechSep ZrO2 supported in porous UF 15000 No restriction restriction
carbon
Nadir NPO10 Polyethersulfone NF 1000  5-95 °C /40 bar 0-14
Polyamide selective
layer
Dow NF270 NF ~400 45 °C /41 bar 2-11
Polysulfone
supporting layer
Polyamide selective
layer
Dow NF90 NF ~200 45 °C /41 bar 2-11
Polysulfone
supporting layer

3.3.4 Fouling analysis

After operation of the pilot unit, the membrane module was opened and the fouled membrane
element removed. The membrane element was then unrolled for visual inspection and
membrane samples were collected for SEM characterization and foulants identification. The

membrane cake layer was analysed in terms of total solids, volatile solids and metal content.

Portions of the cake layer formed on the membrane surface were gently scrubbed off the
membrane (from 400 cm? of membrane area) using the tip of a laboratory spatula. The foulant
material sample was dissolved in 50 ml of Milli-Q water using a vortex mixer, prior to ICP

analysis.
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Table 3-2: Characterization of Rubber wastewater received for lab scale studies.

Parameter COD TOC Conductivity pH Turbidity
Unit mg/1 mg/1 puS/cm - NTU

Value 26700 6293 350 5.35 44

Metal content — analysis by ICP

Na S K Ca Fe P Mg Al Ba Cu
mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 pg/l pg/l
118 75.9 13.6 6.83 4.39 1.81 1.65 0.04 164 24.7

3.3.5 Analytical methods

All samples were analysed in order to quantify the most relevant parameters. Chemical oxygen
demand (COD) was determined using analytical kits from Hach Lange LCK (385,386) and total
organic carbon (TOC) was measured with a total carbon analyser TOC-VCSH (Shimadzu,
Japan). Inductively coupled plasma atomic emission spectroanalysis (ICP) equipped with a
radio-frequency (RF) generator of 40.68 MHz, a Czerny-Turner type monochromator with
1.00m (sequential), a AS500 autosampler and data acquisition software was employed to
determine the concentration of metals. The pH was determined using an ORION pH meter
(Model 720 A). Conductivity measurements were performed with a 120 microprocessor
conductivity meter, model Orion (Thermo Spectronic, USA). Turbidity values were determined
with a portable turbidity meter from Hanna Instruments. Also, in order to visually characterize
the effect of fouling and chemical cleaning of membranes, scanning electron microscope (SEM)

images were obtained by Field Emission Scanning Electronic Microscopy (Jeol JISM — 7001F).

3.4 Results and Discussion

3.4.1 Determination of the wastewater characteristics

Table 3-2 presents the main characteristics of the wastewater used in the lab scale study. The
wastewater from the rubber industry contains a high level of organic load, caused by the

presence of the released agent (Butyl-polyether).

Table 3-3 present the characterisation of the wastewaters used during lab scale and pilot scale
study. It can be observed that the wastewater composition varies significantly according with

the production activity of the factory (Table 3-2 and Table 3-3).
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During the pilot scale study was observed a significant variation of the strength of the effluent
from the rubber industrial plant. To better characterise the wastewater under study, several
samples were taken, at different periods of time. However, the COD/TOC ratio was found to
be relatively constant, indicating no apparent shifting of the main COD contributor during the

testing period.

Table 3-3: Characterisation of Rubber wastewater collected during pilot scale studies.

Parameter COD TOC COD/TOC Conductivity pH Turbidity
Unit mg/1 mg/1 - uS/cm - NTU
Average value 14829 4420 3.6 766 6.4 44
Number 42 17 - 35 34 26

of samples

Value before 15106 3902 3.8 1175 634  60.59
pilot testing

3.4.2 Ultrafiltration and Nanofiltration lab scale studies

Ultrafiltration was the first membrane technique to be studied and evaluated. Even though the
wastewater is produced in a temperature range not much above ambient (35-to 45°C), it was
decided to perform these studies with a ceramic ultrafiltration membrane in order to assure

highly stable conditions.

The initial hydraulic permeability obtained was 127.4 1/(m?2.h.bar), and after the UF processing
of wastewater it decreased to 55.1 1/(m2.h.bar) Figure 3-3, due to membrane fouling. After
chemical cleaning, the membrane permeability was completely restored to values similar to the
starting conditions, meaning that the cleaning protocol used was able to eliminate membrane

fouling.
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Figure 3-3: Determination of hydraulic permeability using the ultrafiltration

membrane.

Table 3-4 presents the permeate characterisation and the efficiency of the ultrafiltration
membrane process to reduce COD and TOC in the treated water, with feed values of 26700 mg
COD/1 and 6293 mg TOC/l. The results obtained with the UF membrane process show a
reduction in the range of 45-58%.

Table 3-4. COD and TOC permeate values and rejections obtained during the ultrafiltration
experiments performed (COD Feed — 26700 mg/1 and TOC Feed — 6293 mg/1).

TOC
COD cumulative Apparent ) Apparent
o cumulative o
rejection COD rejection TOC
permeate (mg/L) (%) permeate (%)
(mg/L)
UF = 22°C 13300 50.2 3425 45.86
UF = 50°C 11100 58.4 ND -

ND — not determined.

From these results, the most relevant conclusion that can be drawn is the fact that, although
processing of the rubber wastewater by ultrafiltration allows obtaining relatively high
permeabilities (and consequently permeating fluxes), the rejection of COD and TOC is clearly

insufficient to comply with the legislation requirement for effluent discharge.
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Under these circumstances, it was decided to use tighter membranes, with better retentive
properties. Processing by nanofiltration (Kurt et al. 2012) is expected to assure higher retention

of the carbon compounds present in the effluent under study.

The criteria used for pre-selecting nanofiltration membranes for detailed study were: the
nominal molecular weight cut-off (MWCO) of the membranes, which indicates the potential
retentive capability of a given membrane (membranes with a MWCO ranging from 1000 Da to
200 Da were tested) and the material of the selective top-layer of the membrane

(polyethersulphone and polyamide top-layers were tested).

It was decided to operate at a relatively mild transmembrane pressure (TMP =10 bar), in order

to use conditions applicable and economic at industrial scale.

Figure 3-4 shows the hydraulic permeability of the Nadir 10 membrane before and after
processing rubber wastewater at ambient temperature (=22 °C). This figure shows an
accentuated decrease of permeability after processing, due to deposition of organic and
inorganic components present in the wastewater on the membrane, which causes the membrane

fouling.
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Figure 3-4 Determination of hydraulic permeability for the Nadir 10 membrane at
22 °C.

Table 3-5 shows the Nadir 10 membrane efficiency for the removal of TOC and COD, at the
operating temperature studied. The results obtained in this experiment show a high, but

insufficient, retention of COD.
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Table 3-5. COD and TOC permeate values and rejections of the NF experiments performed (COD Feed
—26700 mg/l and TOC Feed — 6293 mg/1)

. Apparent _ Apparent
COD cumulative TOC  cumulative =~
rejection rejection
permeate (mg/L) permeate (mg/L)
COD (%) TOC (%)
Nadir10 = 22°C 5430 79.7 1346 78.6
NF90 = 22°C 530 98.0 199.3 96.8
NF270 = 22°C 1080 96.0 348.5 94.5
NF270 = 45°C 916 95.6 302.5 95.2

A tighter nanofiltration membrane, NF270, was therefore tested. This membrane was evaluated
at ambient temperature and also at its highest temperature limits (45°C). The initial permeability
obtained was 7.7 and 11 1/(m?.h.bar) for 22°C and 45°C, respectively (Figure 3-5). As expected,
the permeability observed at 45 °C is higher due to the lower viscosity of the permeating water

at higher temperature.
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Figure 3-5 Determination of the hydraulic permeability for the NF270 membrane
at a) 22°C b) 45°C.

Also, an even tighter membrane, the NFOO membrane, was evaluated and its performance is
shown in Figure 6 and Table 4. The hydraulic permeability obtained for the NF90 membrane

is lower than for the NF270 membrane, as expected.
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Figure 3-6Determination of hydraulic permeability using the NFO0 membrane at
22C.

Table 3-5, it can observe that the NF270 membrane presents an excellent rejection of COD and
TOC (Ménttéri et al., 2004; Majamaa et al., 2011), ranging from 94-97 %. The results of both
experiments, at different temperatures, were similar in terms of the rejection of the polluting
compounds. Additionally, and despite its lower permeability, the NFOO shows the highest
rejection of TOC and COD, as expected due the lower MWCO of the membrane.

From these results it can be concluded that the NF270 membrane represents the better option
for processing the wastewater from the rubber manufacturers. In fact, the ability of this
membrane to produce a permeate stream with a sufficiently low level of TOC and COD, assures
that the permeating stream can be disposed (it complies with the environmental legislation for

industrial disposal) or reused in the productive process.

The retention of metals present in the wastewater streams from the rubber factories was also
evaluated. Table 3-7 presents the results obtained when using the NF270 membrane, under

different operating temperatures.

Table 3-6.Metal content in the permeate produced by the NF270 membrane, at 22°C and 45-C.

Na S K Ca Fe P Mg Al As Si Ba Cu

mg/l mg/l mg/l mgl mg/l mgl mgl mgl mgl mgl pgl pgl

Metal content — NF 270 temperature =~ 22°C
5.53 562 592 0.19 006 011 0.05 ND 6.57 0 ND 4.83
Metal content — NF 270 temperature ~ 45°C

8.77 7.86 1046 038 005 0.14 010 ND 730 001 ND 6.04
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When comparing these results with the ones shown in Table 3-2, it can be concluded that the
NF270 membrane retains a significant fraction of the metals present in the wastewater from the
rubber manufacturers. It should be also noticed that metal retention is better at a lower
temperature. Operation at lower temperature represents the better option as it is also

energetically more favourable.
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Figure 3-7Evolution of the apparent permeability of the NF270 membrane
represented versus the volume reduction factor (VRF) a) 22 C b) 45°C.

Figure 3-7 shows the evolution of the apparent permeability of the NF270 membrane
represented versus the volume reduction factor (VRF). This parameter is particularly relevant
when operating in batch mode, because it informs directly about the number of times the

original feed volume was reduced (at a defined operating time).

A volume reduction factor of 5 to 5.5 may be considered as an excellent result, because it means
that only one fifth of the original wastewater volume has to be further concentrated in the
evaporator (leading to energy savings, as it will be discussed below), and also that the permeate
represents most (80%) of the original volume. This facilitates disposal/reuse, subject to
adequate chemical composition of the permeate. Higher volume reduction factors may be
achieved if better fluid dynamic conditions are employed. The use of spiral wound modules at
pilot scale may offer the opportunity to improve this result, due to the good fluid dynamic

conditions assured by this type of module, with a reasonable energy input.
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3.4.3 Pilot scale studies of the rubber wastewater using a concentration mode process

A pilot scale study was carried out based on the previous conclusions achieved at the laboratory
scale. From the results discussed above, it was concluded that the NF270 membrane represents
the better option for processing the rubber wastewaters. The combination of good retentive
properties with its high throughput determined its selection for implementation in a pilot unit

at an industrial site.

The concentration mode study performed in the pilot unit was carried out for =12hour at a low
TMP (average TMP =5.1 bar) (Figure 3-8). The experiment started with an initial feed volume
of 1000 L, which was processed until a final volume of concentrate of 100.51 L, representing

a volume reduction factor, VRF, of =10.
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Figure 3-8Permeation results obtained at pilot-scale using a spiral wound NF270
membrane module with a filtration area of 7.6 m2 (average temperature of 26 C.

a) Flux and TMP plotted along time b) Apparent permeability plotted along time.

Table 3-8 summarises the analytical data for the longer experiment performed at pilot scale.
The COD in the retentate stream increased along time (due to the high rejection of the polluting
compounds) and, as a consequence, the COD levels in the permeate stream also increase along
time. Still, the overall cumulative permeate obtained after 11.9 h of operation, led to a volume
reduction factor of 10 and presents a quality that complies with the European legislative

requirements for water disposal (COD level lower than 2000 mg/1).
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Table 3-7. Performance of the pilot-scale NF unit in terms of pollutant removal.

. Final Concentrate Cumulative permeate Rejection
Operating
time COD TOC Conductivity COD TOC Conductivity Turbidity COD TOC
h mg/l  mg/l uS/cm mg/l mg/l pS/cm NTU % %
11.9 30260 5709 1256 1989 695.5 928 1.38 93.4 87.17

Membrane permeability was evaluated before and after operation at the industrial site and also
after chemical cleaning, in order to evaluate the membrane permeability recovery (Figure 3-9).
From these results, it was possible to understand the extent of fouling during wastewater
processing and how efficient was the chemical cleaning protocol (Van der Bruggen 2001). It
can be observed that the membrane chemical cleaning protocol allowed for a complete recovery

of the membrane permeability.

After completion of all pilot-scale studies, the fouled membrane was removed from the module
and sacrificed for fouling inspection. The membrane element was cut and opened for visual
inspection and examined by SEM (images not shown). The cake layer formed on the membrane
surface was removed and characterised in terms of total solids, volatile solids and metal content

(see Table 3-9).
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Figure 3-9.Hydraulic permeability in the beginning and end of the pilot scale

experiment and after the chemical cleaning.
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From visual inspection, it was noted that a dense and homogeneous cake layer was formed,

covering all membrane surfaces. A ratio of VS/TS of 82% was obtained, which indicates that

organic material has a high contribution for cake layer formation on the membrane surface.

Table 3-9 also shows the metal content results, and it can be observed that silica, iron and copper

are the major inorganic elements present in the cake layer formed.

Table 3-8.Characterization of the membrane cake layer.

Fouling characterization

Total solids (g/cm?) Volatile solids (g/cm?)

2.33 1.9

Chemical elements (mg/m?)

Al Ba Ca Cu Fe K Mg Mn Na

Si

0.1 0.8 8 68.2 102 39 6 0.2 0.6

193

It can be noted that organic fouling, especially the cake layer formed by the polymeric
demoulding agent, is the main reason for membrane fouling when treating the rubber
wastewater. Therefore, alkali cleaning with Ultrasil 11, which is used especially to remove

organic fouling agents, was observed to be more effective for the recovery of membrane

permeability.
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From SEM images (not shown) of the NF270 membranes, it was observed a smooth and clean
surface in a new membrane, in contrast with a rough surface of the fouled membrane and then

again smooth and without visible deposits after a chemical cleaning membrane
3.4.4 Energy input analysis

The current process of wastewater treatment in rubber industries involves a pre-concentration
of the rubber wastewater using a boiler, followed by a final concentration step in a dedicated
evaporator. The volume of wastewater produced daily by the rubber manufacturer that
collaborated in this study is around 70 m?, which is reduced to a volume of 7 m? in the boiler
with the simultaneous production of 63 m? of treated water. The 7 m? of concentrate are further

processed in the evaporator to a final concentrate with a volume of 300 L.

The expenditure of energy in the boiler was determined to be 627.5 kWh per cubic meter of
concentrate produced (data provided by the rubber manufacturer), based on daily measurements
with the required electrical counters. Considering a cost of 0.0303 Euro/ kWh, from the contract
between the company and the energy supplier, the resulting daily energy cost for operating the
boiler (reduction of the volume of the wastewater from 70 m? to 7 m?®) is 627.5 x 7 x 0.0303 =
133.09 Euros. Additionally, the energy expenditure involved in the evaporator (concentration
of 7 m® of pre-concentrated wastewater to a final volume of 300 L of final concentrate) was
determined to be 23.0 Euros per m?® of feed, also based on measurements with the required
electrical counters. Therefore, the costs related with energy expenditure in the evaporator

correspond to a total of 7 x 23.0 = 161.0 Euros.

The overall energy expenditure to convert 70 m® of effluent into a concentrate with a volume
of 300 L is, therefore, 133.09 + 161.0 = 294.09 Euros. This result corresponds to an energy cost
of 4.2 Euros per m® of original effluent to be treated. Other operating costs (cleaning and anti-
scaling solutions) should be added to this value but, in order to compare with the energy
expenditure of the alternative solution discussed in this work this is the value that should be

used as a reference.

For the process presented in this work an electrical counter was installed in the cabinet of the
nanofiltration pilot unit and operated at the rubber factory facilities, with the objective of
measuring accurately the energy expenditure associated with the NF process. All electricity
consumption by all components of the pilot, including the feed pump, the pressure pump,
electrical valves, sensors, the touch screen, etc., were tracked by the electricity counter. There

is no data communication between the electricity counter and the PLC of the pilot, and so
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manual recording was used during the pilot studies. The energy consumption was registered
during the concentration mode study at the rubber factory. Table 3-9 summarizes all the key

parameters in this test.

Table 3-9. Summary of the NF pilot results in the study performed with 1 m3 of rubber wastewater.

Operating  Average Permeate  Energy Hourly Consumption per m3
Time TMP produced  consumption consumption permeate produced
h bar m 3 kWh kW kWh

11.9 5.1 0.899 10 0.84 11.1

The NF unit was operated at a relatively constant transmembrane pressure (TMP) and,
therefore, the permeate flux decreased over time. The energy consumption rate was 10 kWh for
11.9 working hours and with a volume reduction factor (VRF) of 10 times, which means that
with an industrial, NF installation an original volume of 70 m? of effluent will be converted to

a concentrate effluent with a volume of 7 m?>.

If a full scale NF plant is installed at a rubber manufacturer for treatment of the effluent, the
key process parameters, such as the membrane flux and volume reduction factor, can be
designed based on the results obtained from the pilot studies. It shall be noticed that the pilot
plant, which operated with only one membrane module, may require a higher specific energy
consumption than a full scale plant, where the same set of pumps and control system will serve

for multiple membrane modules.

As was mentioned above, the overall energy expenditure to convert 70 m® of effluent into a
concentrate with a volume of 300 L is, using the actual boiler + evaporator process, 133.09 +
161.0 =294.09 Euros. The first value corresponds to the energy expenditure to concentrate the
waste water in the boiler from 70 m? to 7 m?, and the second parcel corresponds to the energy

expenditure to concentrate this 7m? to a final volume of concentrate with 300 L.

The proposed NF process allows for daily conversion of 70 m? of wastewater into a concentrate
of 7 m?, which has to be further processed in the evaporator. The total energy expenditure for
processing 70 m? by nanofiltration is 70 m* x 10 kWh/m? x 0.0303 €/kWh = 21.21€. The 7 m?
obtained after NF processing have to be fed to the evaporator. Therefore, the energy costs of

the overall process of NF followed by evaporation are 21.21 + 161 = 182.21 Euros, which
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represents 62% of the cost associated with the actual boiler + evaporator process under

operation at Cikautxo (cost of 294.09 Euros).

3.5 Conclusions

From this study it was concluded that a nanofiltration treatment unit combined with a final
effluent concentration using an evaporator leads to significant energy savings. The use of a
NF270 nanofiltration membrane represents the best option for processing rubber wastewater.
This membrane allows the rejection of over 93% of the COD and the COD levels in the
permeate comply with the European legislative requirements for water disposal (COD < 2000

mg/1).

During each cycle of membrane nanofiltration, it was observed that the membrane module
becomes fouled, mainly by organic compounds present in the wastewater, although also by
inorganic compounds such as metals. It was found that the alkali cleaning with Ultrasil
11(particularly efficient for removal of organic fouling agents) was more relevant, considering

the character of the foulant compounds, rather than the acid cleaning Ultraperm 75.

An integrated process combining membrane nanofiltration and evaporation was developed in
this study and the results obtained allow for clearly concluding that this process leads to a
significant reduction of the total energy expenditure required to treat the wastewater. The
energy expenditure of the new process represents only 62% of the current energy consumption.
Considering the general tendency for increasing energy costs it may be anticipated that the
approach and the solution developed in this work will make it possible to achieve even larger

reduction in energy costs.

It should be stressed that the proposed integrated process can be easily retrofitted to industrial

sites under operation, with a high impact in terms of energy savings.
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4

A Continuous Nanofiltration + Evaporation Process
for High Strength Rubber Wastewater Treatment,
Water Reuse and Zero Liquid Discharge

4.1 Summary

In the rubber parts industry, the treatment of wastewater from the demolding process utilising
polymeric agents, traditionally poses a challenge. This is due to the high strength (COD>10,000
mg/L) and low biodegradability of the main organic content in the wastewater. Typically, a
thermal process of boilers followed by evaporators, is commonly employed to treat the
wastewater. Besides frequent boiler maintenance due to severe fouling caused by the nature of
the wastewater, high energy costs are nearly prohibitive. At Cikautxo, a Spanish rubber part

manufacturer, the energy costs are in the region of €4.2/m? treated wastewater.

Following an initial lab-scale membrane screening, a pilot study was carried out at Cikautxo in
2012. Nanofiltration with a NF270 membrane was tested and reject stream was collected and

used to feed a full size evaporator.

Without pre-treatment, the rate of the nanofiltration process was maintained at a permeate flux
of 11 L/m?.h™! for periods of over 30 h in-between flux recovery cleanings. The use of the NF
process gave a significantly improved feed water quality, consequently improving the local
capacity of the evaporator when compared with the use of the boiler blow down method. The
NF + evaporator solution was shown to effectively reduce energy costs by 55% (from €4.2/m?

to €1.9/m? treated wastewater).
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Published as: Xin G., Lopes P.M., Crespo J.G., Rusten B., 2013, A Continuous nanofiltration
+ evaporation process for high strength rubber wastewater treatment and water reuse,

Separation and Purification Technology, 119, 19-27.

4.2 Introduction

The treatment of wastewater from the demolding process in rubber part manufacturing presents
a challenge. In particular, when utilising polymeric demolding agents such as Getren™, (a
polyether and non-ionic surfactant). This is due to its high strength (COD>10,000 mg/L) and
low biodegradability (Tang et al., 2010) of the main organic content in the wastewater.
Membrane filtration was proposed as a preferred treatment technology in two technology

screening studies (Fuentes et al., 2000 ; Urkiaga and Fon, 1999).

Cikautxo is a major rubber parts manufacturer in the Basque Country in Spain. The factory
produces approximately 70 m?/d of wastewater from the rubber manufacturing process,
including moulding, autoclaving and demolding . A polymeric release agent, Getren™, is used
in the process and ends up in the wastewater. This polymeric release agent contributes to the
majority of the chemical oxygen demand (COD) in the wastewater. Currently, a thermal process
is employed to treat wastewater at Cikautxo, where boilers followed by evaporators are used
for wastewater treatment (Heins et al., 2005). Besides frequent boiler maintenance due to severe
fouling caused by the wastewater, an energy cost of approximately €4.2/m? treated wastewater

is nearly prohibitive.

In an initial lab scale study (Lopes et al., 2013) both ultrafiltration (UF) and nanofiltration (NF)
were tested for treating the rubber wastewater from Cikautxo. Although UF allowed relatively
high water fluxes, the rejection of contaminants in the wastewater in terms of COD and TOC
(total organic carbon) was clearly insufficient to comply with European legislation (the
Directive 96/61/EC) for effluent discharges. Permeate generated from nanofiltration using
either a NF90 or a NF270 module (Dow, Midland, Michigan, USA) can meet the effluent
discharge requirement (<2000 mg COD/1). For the large scale study, the NF270 membrane was
chosen due to its higher membrane permeability (Artur et al., 2007; Bellona et al., 2010; Boussu
et al., 2006). In order to accomplish maximize reuse of the wastewater, an existing evaporator

at Cikautxo was tested for further volume reduction of the membrane reject stream.

Two modes of operation with the use of NF technology are used: continuous mode and

concentration mode. Continuous mode operation continuously provides a reject stream is
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typically used in full scale membrane applications (Ramaswamy et al., 2013). However, in
processes where the flow rates are small and discontinuous, the concentration mode is often
used (Dow Water & Process Solutions). The reject is sent back to the NF feed tank in the

concentration mode operation.

A pilot study was carried out in 2012 at Cikautxo, in which the continuous mode operation was
used. The treatment results from the concentration mode study are described in another paper
(Lopes et al., 2013). This paper describes the operational and economic challenges of the NF270
process and the integration with the evaporation process. The pilot study had the following

objectives:

e Maintaining a competitive permeate flux with a minimal cleaning frequency;

e Meeting the industrial water reuse standards or discharge standards;

e Achieving the desired evaporator performance using a membrane-concentrated feed
stream;

e Minimizing energy input to the integrated system,;

e Achieving at least 99% of water recovery;

e Minimizing the amount of waste for off-site treatment.

4.3 Materials and Methods

4.3.1 The pilot system

The pilot process involved the integration of nanofiltration and evaporation technologies for
rubber wastewater treatment. A NF pilot and a full scale evaporator were used in the study.
Figure 1-2 shows the process diagram. The NF pilot and evaporator were equipped with a
programmable logic controllers (PLCs) for data acquisition and to facilitate automation and
control. From the NF pilot, the following parameters were recorded in the PLC: date, time,
pressure after feed pump, pressure after pressure pump, retentate pressure, permeate flow,
retentate flow, reject flow, pressure pump frequency and permeate temperature. From the
evaporator the following parameters were recorded in the PLC: date, time, pressure in water
drum, temperature in water drum, steam flow and steam pressure. An electricity meter was
installed in the electricity cabinet of the NF pilot. The electricity consumption by all the
components on the pilot, including a feed pump, a pressure pump, electrical valves, sensors,

touch screen etc., was logged by the electricity meter.
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Figure 4-1 Schematic process diagram of the pilot system at Cikautxo. Sensors
for flow, pressure and temperature are labelled as F, P and T, respectively.

Sampling locations are numbered. VFD: variable frequency drive.

4.3.2 The membrane

Two NF270-4040 modules (active membrane area of 7.6 m? per module) were used during the
pilot study. Both membrane modules used went through a compaction process with tap water
at 12-13 bar for at least 3 hours before treating any wastewater. A magnesium sulphate rejection
test was carried out for one of the modules and the test results showed a 98.2% rejection of
magnesium sulphate under 4.8 bar pressure and a 27% water recovery, which indicates an
adequate membrane performance and module integrity. Polypropylene (PP) cartridge filters
with 1 um pore size were placed before the NF270 module for removing large particles in the

wastewater.
4.3.3 NF operation

The NF pilot was operated in a continuous mode, where the permeate flux is an independent
variable. This was preset in the PLC by the operators. The TMP (trans-membrane pressure) was
a dependent variable, resulting from the preset permeate flux and membrane permeability.
Flushing to allow the removal of accumulated material on the membrane surface was employed
in the NF operation. During a flushing cycle the pressure pump was turned off for a preset

duration with the feed pump on. At the same time, a bypass electrical valve in the reject line
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was opened by the PLC. Flushing differs from backwashing which typically employs permeate
to backwash the membrane from the permeate side. The flushing operation allows to release
high pressure in the NF. Consequently, part of the retentate in the system is replaced by feed
water and high flow of retentate during the pressure release will create high shear forces that

clean the membrane surface periodically.
4.3.4 The evaporator

The evaporator used in the pilot study is a full size drum type evaporator with a design capacity
of 5 m® per day with the boiler blowdown. The evaporator is always operated in a batch mode.
In each batch the evaporator starts with an empty drum. A feed pump is used to feed the drum
and the pump is controlled by a level switch that is installed inside the drum. It is believed that
the evaporator achieves the best performance in terms of distillate flow rates when the water
level in the drum is slightly higher than half way of the drum height and varies within a small
range. The evaporator is periodically emptied for discharging residue (from the NF process) to
the demolding agent storage tank when a certain amount of wastewater has been processed by
the evaporator. Feeding does not commence during drying. The absence of distillate from the

evaporator indicates the end of the drying step.
4.3.5 Analytical methods

During the period of operation, feed, membrane permeate and membrane reject were analyzed
for total COD, oil and grease, viscosity, total suspended solids (TSS), total volatile solids (VSS),
metals, pH, conductivity and turbidity. Hach Lange kits were used for analyses of TOC
(LCK385 and 386) and COD (LCK 014, 414 and 514). The amount of oils and grease was
measured by a gravity method. The water samples were passed over a solid phase extraction
(SPE) column, in which oil and grease was retained by a solid absorbent. This was later eluted
with n-hexane. The n-hexane was allowed to evaporate, and the residue corresponded to
concentrations of oil and grease in the original samples (Uriker internal test procedure:
PEN/COA-024). Viscosity was measured by using a viscometer (Brookfield, DV-I Prime). TSS
and VSS measurements followed the standard methods with 1.2 pm pore size glassfiber filters.
Inductively coupled plasma atomic emission spectrophotometres (ICP-AES) equipped with a
radio-frequency (RF) generator of 40.68 MHz, a Czerny-Turner type monochromator with 1.00
m (sequential), an AS500 autosampler and data acquisition software was employed to

determine the concentration of metals.
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4.3.6 Membrane autopsy

Membrane autopsy was conducted with the first NF270 module after it was removed from the
pilot unit in April. The membrane module was opened and unrolled for visual inspection. A
sample of fouled membrane was removed and a cleaning protocol was performed with a bench
scale cross flow filtration unit (GE Infrastructure Water & Process Technologies). Membrane
surface and membrane cross-sections were imaged by Field Emission Scanning Electronic

Microscopy (Jeol JSM — 7001F).

4.4 Results and Discussion

4.4.1 Wastewater characteristics

The rubber wastewater is a type of high strength wastewater with relatively low conductivity.
Temperatures of the wastewater were between 35-45°C at the end of the pipe to the wastewater

storage tank. Table 4-1 summarises the main characteristics of the raw wastewater.

The strength of the wastewater varied significantly during the piloting period. It ranged from
<5000 mg/L. COD to >22000 mg/L COD. But the COD-to-TOC ratio was relatively constant,

indicating no shifting of the main COD contributor during the testing period.

Table 4-1. Characteristics of wastewater at Cikautxo.

Parameter COD  TOC COD/TOC TSS  VSS VSS/ 0&G pH Cond. Turb.

ratio TSS
ratio

Unit mg/L  mg/L mg/L mg/L mg/L uS/cm  NTU
Average 14829 4420 3.6 54 49 092 151 6.4 766 44
Standard 6269 1520 0.2 17 15 005 11.7 0.8 192 15
deviation
Number of 42 17 17 20 20 20 2 34 35 26
Samples
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4.4.2 Results from continuous mode membrane study

Selected test results are shown in Figure 4-2.
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Permeability (Imh/bar) TMP (bar)

10 .

-y

XK %N

2
X
X
X<
x
x x
0 = xnr XXX *% IR 3 2 = % * =" X =" X x!
13:12 13:40 14:09 14:38 15:07 15:36 16:04
Time
+ Permeability o Permeability corrected to 25 degC *xTMP ATemperature X Pressure pump frequency

16

14

-
N

-
o

(==}

13:4 16:04 18:28 20:52

23:16 01:40 04:04 06:28
Time

®Flux ®Permeability *TMP aTemperature

Figure 4-2.Flux, TMP, permeability and temperature for the study performed on
the 22" of March where flux was set at 23.6 L/m?h (Imh) (A) and the 27%-28™ of
April (B).
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4.4.2.1 Permeate flux

A wide range of permeate fluxes were tested in this study. At relatively high permeate fluxes

TMP rose quickly and the membrane permeability dropped quickly. An example is shown in

Figure 4-2A where a permeate flux of 23.6 Imh was maintained. When membrane permeability

is below 2 L/m?.h'bar!, recovery cleanings need to be executed for recovering membrane

permeability. However, more sustainable membrane performance was observed at lower

permeate fluxes imposed (Figure 4-2B). Table 4-2. Summary of the NF pilot results, including

calculated energy consumption data, for the tests with rubber wastewater as the feed water.

summarizes results from three continuous tests. At an average flux of 11.3 L/m?.h"'an operation

time of 33.3 hours was maintained before the membrane permeability dropped below 2 L/m2.h-

'bar! during the 20"-22" of April. Similar performance was also observed on the 237 and the

27" of April. This can be explained with the “critical flux” phenomenon. At high permeate

fluxes strong concentration polarization and high compaction of the deposit layer (cake layer)

lead to quick membrane fouling and subsequently fast TMP increases (Schafer et al., 2005).

Therefore, it is recommended to maintain a permeate flux below 12 L/m%h! to obtain a

sustainable membrane performance when treating the rubber wastewater at Cikautxo.

Table 4-2. Summary of the NF pilot results, including calculated energy consumption data, for the

tests with rubber wastewater as the feed water.

Consumption
. Average Average Permeate Water Energy Hourly per m?
Operating
Test Date N TMP flux produced recovery consumptio consumption permeate
ours
(bar) (L/m2-h) (m%) (%) n (kWh) (kW) produced
(kWh)
20-22
1 Apr 333 2.4 11.3 2.88 82.4 29 0.85 9.8
23-24
2 Apr 27.2 2.7 11.0 2.28 79.2 22 0.82 9.8
27-28
3 Apr 19.2 3.9 11.1 1.61 >85%* 17 0.88 10.5

* Due to the limitation of the flow meter measurement range, no data were recorded when the flow rates

of the reject stream were lower than 0.25 L/min.
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4.4.2.2 Woater recovery

A wide range of water recovery, namely 70 %-93 %, was tested during this study. Due to the
limitation of the flow meter measurement range, the reject stream flow rates were recorded as
0 L/min when the actual flow rates were lower than 0.25 L/min. This means that the highest
water recovery that can be properly recorded is 85% when the permeate flow is at 1.42 L/min
(11.2 L/m2.h!) or 90 % when permeate flow is at 2.25 L/min (17.8 L/m?.h!). At the beginning
of the study high water recoveries (>85 %) were used when high fluxes were tested. Later, only
moderate water recoveries (78-83%) were used due to lower permeate flux imposed. It is found
that a low water recovery of 70% did not help much to maintain a stable membrane performance
when the permeate flux was high (23.5 L/m2.h™!). In addition a high water recovery (>85%) did

not cause a quick membrane fouling when a low flux was imposed (27" of April, Figure 2B).
4.4.2.3 COD rejection

The first NF270 membrane had over 90% COD rejection on the rubber wastewater in the first
two weeks (the 7"-22"¢ of March), but the COD rejection went down to below 80% and the
permeate COD went up to over 2000 mg/L after the 11" of April (Figure 4-3A). The reduced
COD rejection was probably caused by intensive chemical cleanings employed in this study.
Details about the chemical cleaning protocols are discussed in Section 4.4.2.7. The strength of
chemical cleaning was reduced for the second membrane. The COD rejection for the second
membrane was over 95% during the overall testing period (Figure 4-3B). Therefore, we
conclude that high COD rejection can be achieved with the NF 270 membrane, but can be

significantly reduced by frequent use of high strength chemical cleanings.
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Figure 4-3: COD rejection and permeate COD values for the first membrane (A)
and the second membrane (B) with the rubber wastewater as feed water. White

arrows indicate when chemical cleanings were carried out.

4.4.2.4 Can NF permeate be reused as boiler feed water?

Table 4-3summarizes the quality of the NF permeate collected in this study with comparison to
the boiler feed water requirements. Except for total hardness the characteristics of the NF
permeate meet the boiler feed water requirements. Therefore, we conclude that the NF270
permeate can be used as boiler feed water if the total hardness in the permeate is further reduced.
Cikautxo is considering using a softener to reduce total hardness in NF permeate and to reuse

permeate as process water in future full scale applications.

Table 4-3. Quality of the NF permeate vs. the boiler feed water requirements.

Boiler feed
Permeate Permeate Permeate water
Elements Unit
11 March 16 March 16 March requirements
[12]
Conductivity us/cm 562 352 375 <6000
Total hardness  mg/L as CaCOs 24 40 37 <0.5
Si mg/L as SiO» 3.88 4.06 3.93 <150
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4.4.2.5 Flushing

Flushing is an important operation to maintain membrane permeability (Dow Water & Process
Solutions). The flushing effects were not significant with long time intervals. With short time
intervals it was found that flushing for 5 seconds in every minute (5 s/min) was the optimal
setting for maintaining stable membrane permeability without reducing much of the membrane
filtration time. The flushing procedure did not lower the water recovery since the flush water
was sent back to the feed tank. It is believed that the flushing has 2 major benefits for sustaining
the membrane performance: (1) cleaning of the membrane surface at high flush water velocity

and (2) relaxing membrane by temporarily lowering TMP.

Subsequently, all tests employed a 5 s/min flushing. Due to the membrane operation down times
(shutdown of the pressure pump) introduced by flushing and frequent (every 5-10 s) recording
intervals in the PLC, the PLC data for flux and TMP appear scattered, which can be seen in
Figure 2.

4.4.2.6 Temperature effects

In surface water treatment and most of wastewater treatment applications, higher temperatures
improve membrane permeability due to lower water viscosity (American Water Works
Association Research Foundation, 1996) and lower degrees of concentration polarization at the
membrane surface associated with higher temperatures (Agashichev, 2009). Similar
temperature effects were also observed in this study when feed water temperatures rose from
19°C to 23°C during the test on the 22" of March as shown in Figure 4-2A. Meantime, it was
also clearly observed that membrane permeability quickly dropped once the feed water
temperature was 24°C or higher in several tests (one of the test results is shown in Figure 4-2A,
where the permeate flux was 23.6 L/m?.h'!). When the water level in the feed tank was low, the
level switch opened the feed valve and warm wastewater started flowing into the feed tank at
15:53, which raised the feed water temperature from 19°C to 28°C in 14 minutes. In the first 5
minutes the membrane permeability actually improved due to lower water viscosity and lower
degrees of concentration polarization at higher water temperatures, but then the membrane
permeability quickly dropped when the feed water temperature kept rising from 24°C to 28°C.
This suggests that the feed water temperature, when higher than 24°C, played an important role
during the catastrophic drop of the membrane permeability. However, the temperature effect

becomes insignificant when the permeate fluxes were set at 11-12 L/m?.h™! (Figure 4-2B). It is
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not clear to the authors why high temperatures caused the catastrophic drop of the membrane

permeability at high membrane fluxes.
4.4.2.7 Chemical cleaning

Two commercial cleaning chemicals, Ultrasil 11 and Ultrasil 75 (both from EcoLab), were used
in this study. The alkali cleaning with Ultrasil 11 mainly targets the organic foulants on the
membrane and the acid cleaning with Ultrasil 75 mainly targets the inorganic foulants on the

membrane.

The two new membranes had membrane permeability of 5.89 and 6.26 Imh/bar, respectively.
With the first membrane 0.5% Ultrasil 11 was used for alkali cleaning. A cleaning duration of
60 min recovered over 90% of membrane permeability, while a cleaning duration of 30 min
only recovered approximately 50% of membrane permeability. Occasionally, higher than new
membrane permeability was observed for the membrane after a 60 min Ultrasil 11 cleaning,
which indicates that the 0.5% Ultrasil solution may be damaging the membrane. The decreasing
COD rejection as shown in Figure 4-3A also suggests a damaged membrane. Therefore, 0.2%
Ultrasil 11 was used for cleaning the second membrane, which was found to be able to recover
approximately 60% of the membrane permeability. Therefore, it is recommended to use 0.2%
Ultrasil 11 cleaning on a routine basis and use 0.5% Ultrasil 11 cleaning when an in-depth
membrane recovery cleaning is required. Meantime, the cleaning protocol, mainly in terms of
chemical composition, needs to be improved to both enhance the membrane permeability

recovery and prolong the membrane lifetime.

The acid cleaning with Ultrasil 75 did not show much permeability improvement on the tested

membrane, which indicates insignificant inorganic fouling.
4.4.3 Membrane autopsy and fouling mechanism

Membrane autopsy was conducted with the first NF270 module after it was removed from the
pilot unit. The module was cut open and samples were taken for making scanning electronic
microscopy images. Figure 4-4 shows an inside image of the open NF270 module, where a cake

layer made of organics and solids was formed on the surface of the membrane.

Figure 4-5 shows cross-section and surface SEM images of the NF270. A dense cake layer can
be seen in both images. Portions of the cake layer were scrubbed off the membrane and used
for total solids (TS) and volatile solids (VS) analyses. A ratio of VS/TS of 82% was obtained,

which indicates that organic materials make up the majority of the cake layer on the membrane.
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The major inorganic elements in the cake layer are silica, iron and copper indicated by the ICP

results shown in Table 4-4.

Aggregation and deposition of rejected hydrophilic polymers, a type of colloids, together with
rejected salts, oil droplets and fine solids at the membrane surface forms a thin cake layer. On
the top of the cake layer there is a polymer polarization layer where concentration polarization
occurs. The solute (in this case the polymers) back-diffusion may be hindered in the presence
of the cake layer, thus elevating the membrane surface solute concentrations and resulting in
higher trans-membrane osmotic pressures (Hoek et al., 2002). Therefore, we believe that double
effects of the concentration polarization plus the cake layer, so called cake-enhanced
concentration polarization by Hoek and Elimelech, 2003, accelerated fouling of the NF270

membrane during the treatment of the rubber wastewater.
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Figure 4-5. SEM image of the 1* NF270. SEM image of cross-section (A) and

membrane surface (B).

Table 4-4. ICP analytical results for inorganic contents in the layer scraped off from membrane

surface.

Element Al Ba Ca Cu Fe K Mg Mn Na Si

Mass (mg/m?) 0.1 0.8 8 682 102 39 6 02 06 193
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4.4.4 Evaporator testing results

Several tests were carried out in the full-scale evaporator at Cikautxo with the NF270 reject as
the feed water. One test with boiler blowdown was also conducted to draw the baseline for
evaluating the evaporator performance with the NF270 reject. Results from three evaporator
tests are summarized in Table 4-5 and Figure 4-6. The two tests with NF reject showed higher
condensed distillate flow rates than for the test with boiler blowdown (Figure 4-6). Distillate
conductivity was lower for NF reject than for blower blowdown and the retentate concentration
was higher. These results indicate that the evaporator performance was slightly improved with
the NF reject. But it should be noticed that the boiler feed water was pH adjusted and contained
extra salt from sodium hydroxide which is used for pH adjustment at Cikautxo. The extra salt
from sodium hydroxide, which ends up in the boilder blowdown, may have deteriorated the

evaporator performance.

Table 4-5. Summary of three evaporator test results.

Amount of Test duration ~ Amount of COD of
Test Date Feed water
feed water (L) (h) retentate (L) retentate (g/L)
1 26 Apr  NF reject 600 34 13 1550
2 27 Apr  Boiler blowdown 600 4.0 40 1126
3 04 May NF reject 1000 6.3 28 1683
4

Condensedwater flow rate (I/min)

A
1 i
4 \
0.5 \ 1
0 ; . —>—= . —k
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Operating time (hour)

——26-Apr NF reject —m—27-Apr boiler blowdown —&—04-May NF reject

Figure 4-6.Condensed distillate flow rate profiles for the three evaporator tests.
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4.4.5 Economic analysis for preliminary full-scale plant design
4.4.5.1 Energy consumption

Table 4-2 summarizes all the key parameters in three tests with controlled permeate flux. The
energy consumption rates in the three tests were similar because the NF was operated at similar

permeate fluxes and TMPs during the tests.

At Cikautxo the volume of wastewater produced daily is around 70 m?, which is reduced to a
volume of 7 m? in the boiler with the simultaneous production of 63 m? of treated water. The 7
m? of concentrate are further processed in the evaporator to a final concentrate with a volume
of 300 L. The expenditure of energy in the boiler has been determined to be 627.5 kWh per m?
of blowdown produced. Considering a cost of 0.0303 €/kWh at Cikautxo it results in a boiler
energy cost of €19/m? of blowdown produced. The energy consumption in the evaporator was
determined to be €23/m? of feed.

Compared to the high evaporator energy consumption, the membrane energy consumption is
only a very small fraction (<2%) of the total energy consumption in a NF + evaporator plant. It
would further reduce the overall energy costs of the treatment plant if the NF produces less
reject water for the evaporator. Therefore, a second stage of NF270 is suggested to be used for
treating the reject stream from the first stage of the NF270 membrane. If a permeate flux of 7.5
Imh and a water recovery of 65% for the second stage NF are assumed, the two-stage design,
with 23% more membrane area, could further reduce the overall reject flow by 65% compared

to the single stage design.
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Figure 4-7.Mass balance of the existing process (A), the single stage

NF+evaporator (B) and the 2-stage NF+evaporator design (C).

4.4.5.2 Mass balances
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Overall water recovery is defined in Equation 4-1: Overall water recovery

cooling water flow+wastewater flow-residue flow
= cooling water f ! Tlow o 100%

cooling water flow+wastewater flow

Equation 4-1

Mass balances shown in Figure 4-7 indicate over 99% water recoveries for the existing process,
a single stage NF+evaporator design, and a 2-stage NF+evaporator design, with the two-stage

NF + evaporator on the top (99.9%).
4.4.5.3 Cost comparisons

In order to compare economics between the existing process, the single-stage and the two-stage
designs, a simple model was developed in this study. The existing process and the two
alternative processes were compared in terms of capital investment, energy consumption,
membrane replacement cost, chemical cost and off-site disposal cost. Total operational
expenditure (OPEX) savings were estimated for the two alternatives compared to the existing
process, and times for return of investment were also calculated. Results from two sensitivity
analyses with varied membrane replacement rates or membrane water recoveries are shown in

Figure 4-8, Figure 4-9 and Table 4-6.
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Figure 4-8. OPEX savings at different membrane replacement rates (85% water
recovery is assumed for the 1-stage design; 80% and 65% water recoveries are
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Figure 4-9. OPEX savings at different water recoveries for the 1-stage NF design

(the membrane replacement rate is assumed once per year).

The cost model indicates that the two-stage NF design will lead to more operational savings for
the integrated solution than the single stage NF design. Periods of return on investment for the
single stage NF design and the two-stage NF design are expected to be 1641 days and 648 days,
respectively, if a membrane replacement rate of once per year is assumed (considering that the
electricity cost of 0.0303 €/kWh at Cikautxo is relatively low and will probably rise in the

future, the operational savings will be also enlarged at high electricity prices, meaning
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shortened periods of return on investment). Therefore, the cost data favor the two-stage NF

design in full scale applications.

Table 4-6. OPEX savings at different water recoveries for the 2-stage NF design (the membrane

replacement rate is assumed once per year).

First stage water recovery ~Second stage water recovery ~ OPEX saving

(o) (o) (€/day)
75 60 161
75 65 170
75 70 173
75 75 165
80 60 188
80 65 189
80 70 183
80 75 162
85 60 212
85 65 205
85 70 187
85 75 151
90 60 233
90 65 217
90 70 185
90 75 130

4.5 Conclusions

A solution combining membrane filtration and evaporation was developed in the
PROMETHEUS project aiming to treat high strength, polymer containing rubber part
manufacturing wastewater. A pilot study was carried out in early 2012 at a rubber factory in

Spain. The following conclusions have been drawn from the pilot study:

e The rubber wastewater is featured with high COD, low conductivity, moderate solids
concentration and moderate oil and grease concentration.

e The NF270 membrane can reject over 95% of COD and the NF270 permeate can be
either discharged or re-used as boiler feed water, if the total hardness in the permeate is
further reduced.

e The membrane can be operated continuously at a controlled permeate flux for over 24
hours if the permeate flux is maintained at no more than 12 L/m2.h'..

e A water recovery of 80-90% can be achieved by the NF270 as long as the permeate flux
is set below 12 L/m%.h!,
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e Frequent flushing, typically flushing for 5 seconds in every minute, can significantly
help to sustain membrane performance.

e The concentration polarization enhanced by a cake layer built up with the polymeric
demolding agents is believed to be the main mechanism for membrane fouling.

e Alkali cleaning with Ultrasil 11 is more effective than acid cleaning with Ultrasil 75. It
is recommended to use 0.2% Ultrasil 11 for daily cleaning and use 0.5% Ultrasil
cleaning for in-depth periodical cleaning.

e A slightly higher treating capacity was observed for the evaporator when treating the
NF reject compared to treating the boiler blowdown, probably due to lower salt
concentrations in the NF reject.

e A two-stage NF design can significantly reduce the overall energy costs of the integrated
solution. The two-stage NF design will lead to higher operational savings for the
integrated solution than the single stage NF design. The two-stage NF design is

recommended for future full scale applications.

4.6 References

A. Urkiaga and J. Font,1999. Estudio de tratabilidad de un efluente industrial de baja
biodegradabilidad mediante tecnologias de oxidacion avanzadas. Unpublished test report No.
X-99-7024 from Geiker (in Spanish).

Agashichev S. P.,2009. Modelling the influence of temperature on gel-enhanced concentration

polarization in reverse osmosis. Desalination, 236 , 252-258.

American Water Works Association Research Foundation, Lyonnaise des Eaux and Water
Research Commission of South Africa, Water Treatment Membrane Process, McGraw-Hill
Publisher, New York, USA, 1996.

Artug G., Roosmasari I., Richau J., Hapke J., 2007. A comprehensive characterisation of

commercial nanofiltration membranes. Separation Science Technology, 42, 2947-2986.

Belona C., Marts M., Drewes J., 2010. The effect of organic membrane fouling on the properties
and rejection characteristics of nanofiltration membranes. Separation and Purification

Technology. 74 ,44-54.

87



Chapter 4

Boussu K., Zhang Y., Cocquyt J.,Van der Meeren P., Volodin A., Van Haesendonck C.,.
Martens J.A., Van der Bruggen B., 2006. Characterization of polymeric nanofiltration

membranes for systematic analysis of membrane performance. Journal of Membrane Science.

278, 418-427.

Dow Water & Process Solutions, FILMTEC ™ Reverse Osmosis Membranes Technical

Manual, http://www.dow.com.

Heins W.F., McNeill R., Albion S., 2005.Worlds first SAGD facility using evaporators, drum
boilers, and zero discharge crystallizers to treat produced water, in: Proceedings of Canadian

International Petroleum Conference, June 7-9, Alberta, Canada.

Hoek E. M. V. and Elimelech M., 2003. Cake-enhanced concentration polarization: a new
fouling mechanism for salt-rejecting membranes. Environmental Science & Technology, 37,

5581-5588.

Hoek E. M. V., Kim A. S. and Elimelech M.,2002. Influence of crossflow membrane filter
geometry and shear rate on coloidal fouling in reverse osmosis and nanofiltration separations.

Environmental Engineering Science, 19 , 357-372.

L. D. L Fuentes, 1. Gorostiza, and T. Bargos, 2000. Operacion y supervision in situ con toma y
andlisis de muestras de un sistema piloto de tratamiento de efluentes mediante separacion por

membranas, Unpublished test report No. X-6036 from Geiker (in Spanish).

Lopes M. P., Xin G. and Crespo J. G.,2013. Energy saving membrane treatment of high organic
load industrial effluents: From lab to pilot scale. Journal of Environmental Management, 131,
161-169.

Ramaswamy S., Huang Hua J., Ramarao B.,2013. Separation and Purification Technologies in

Biorefineries, first ed., John Wiley & Sons, West Sussex, UK.

Schéfer A.L., Andritsos N., Karabelas A. J., Hoek E. M. V., Schneider R. and Nystrom M.,
2005. Fouling in Nanofiltration, in: Nanofiltration — Principle and Applications. A. I. Schéfer,
T. D. Waite, T. D. Dane, A. G. Fane (Eds). Elsevier Advanced Technology, Oxford, UK.

W.W. Tang, X.P. Zeng, Q. Wang, P.Li, 2010. Wet air oxidation of polyether solutions.

Chemical Engineering and Processing : Process Intensification. 49, 815-819.

88



Chapter

S

Production of Drinking Water Using a Multi-Barrier
Approach Integrating Nanofiltration: a Pilot Scale
Study

5.1 Summary

A multi-barrier system was studied for the production of drinking water with high chemical and
microbiological quality. The integration of nanofiltration (NF) and ultraviolet (UV) photolysis

was tested at pilot scale in a surface water treatment plant.

The NF membranes tested, Desal DK and NF270, allow for the production of permeates with
high quality standards, although the membrane with higher molecular weight cut-off (NF270)
revealed to be the best option for surface water treatment due to its higher permeability. The
NF270 membrane was also efficient to deliver high quality water, even under high pollutant

concentrations, making possible to operate with water recovery rates as high as 98%.

Extensive studies were performed in the water treatment plant where the proposed system was
tested at three locations of the drinking water production line. Seeking to achieve the best
compromise between high recovery rate, high retention of chemicals and microorganisms as
well as preventing operational problems (flux decline and fouling), it was found that the
integrated system should be placed after the conventional sand filtration, operating at a 91%

recovery rate.

Membrane fouling was also investigated and the major fouling species involved were identified

and quantified, enabling optimisation of the membrane cleaning protocol.
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Published as: Lopes, M.P., Matos, C.T., Pereira, V.J., Benoliel, M.J., Valério, M.E., Bucha,
L.B., Rodrigues A., Penetra, A.L., Ferreira, E., Cardoso, V.V., Reis, M.A.M., Crespo, J.G.,
2013, Separation and Purification Technology, 119,112-122.

5.2 Introduction

Drinking water legislation requires a tight control of the water quality for human consumption
in order to assure adequate public health conditions (Drinking water directive). Quality
parameters include microbiological parameters, chemical parameters, and other indicator
parameters (e.g. total organic carbon, turbidity, and colour). There is a growing interest of water
providers and researchers to find solutions to increase the chemical and microbiological quality
of the drinking water produced, anticipating future regulations that will include new
microorganisms and micro pollutants (e.g. pesticides), which are currently being studied for
their potential adverse health effects, even when present in the aquatic environment at
extremely low concentrations. Pesticides are intentionally used to control pests. However, their
toxic action is not specific to the target organisms and they are toxic to many non-target species,

including humans (Younes and Galal-Gorchev, 2000).

Conventional surface water treatment often includes screening, coagulation/flocculation,
sedimentation, sand filtration, and final disinfection which is often achieved by chlorination.
However, such treating systems may not be sufficient to retain the new micro pollutants of
concern. Additionally, the use of high quantities of chlorine may induce the formation of
disinfection by-products, which are harmful to human health. In this work a multibarrier
treatment system is proposed by introducing a combined process with nanofiltration and low
pressure UV radiation in a conventional surface water treatment plant. Both treatment processes
have shown promising results at independent laboratory scale studies (Pereira et al., 2012;
Sanches te al., 2010; Sanches et al., 2012; Sanches et al., 2011).

One of the first nanofiltration plants for treating surface water was constructed in Méry-sur-
Oise, France, with a capacity of 140000 m?/d (Cyna et al., 2002). This plant shows high
efficiency for the removal of organic matter still present at the end of conventional treatments.
The removal of such organic material is important to prevent the growth of bacteria in the water
distribution system and, therefore, decreases the necessity of adding chlorine during water

distribution.
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Nanofiltration systems are also able to reduce the level of micro pollutant contamination of the
drinking water supplies due to retention based on size exclusion (down to =200 Da molecular
weight) and interactions with the membrane surface. Additionally, nanofiltration is able to
eliminate water colour and turbidity, increasing the performance of the UV radiation treatments.
The introduction UV photolysis after nanofiltration introduces an additional protective barrier
that allows the inactivation of microorganisms (Linden et al., 2002), as well as photo-

degradation of resilient contaminants such as pesticides (Koyuncu et al., 2008).

The removal of pesticides from surface waters to levels below ug.L™! has been also a subject of
interest in the last years. Several works report the removal of such compounds using membrane
technology (Sanches te al., 2012; Koyuncu et al., 2008; Yangali-Quintanilla et al.,2009; Van
der Bruggen et al., 2002; McCallum et al., 2008; Schafer et al., 2003) , UV photolysis and
advanced oxidation systems (Gozzi et al., 2012; Haque and Muneer, 2003; Wong and Chu,
2003; Wong and Chu, 2003; Zhang et al., 2007; Benitez el al., 2006; Canonica et al., 2008;
Huber et al., 2003). However, literature reports the use of such technologies separately and, as
demonstrated by previous results, under controlled laboratory conditions, the combination of
both nanofiltration and advanced oxidation systems is necessary to achieve an efficient removal

of the most resilient micropollutants (Pereira et al., 2012).

Numerous researchers focused their studies on membrane fouling, which remains the main
obstacle to an efficient membrane performance (Her et al., 2007; Guo et al., 2012; Kluplel and
Fummel, 2010; Xy et al., 2006). Membrane filtration leads to accumulation of material at the
membrane surface and intraporous structure, which increases resistance of the membrane to
permeation. As a consequence, chemical cleaning has to be applied frequently (which may
deteriorate membrane performance and reduce membrane lifetime (Oliveira et al., 2011),
leading to higher operational costs. Fouling has been investigated (Peiris et al., 2010; Peldszus
et al., 2011; Mi and Elimelech et al., 2009; Mosqueda-Jiminez et al., 2008; Xu et al., 2010)
using various types of techniques and different characteristics of feed water, membrane material
and operating conditions (e.g. pre-treatments, back flushing, flushing forward, and gas
bubbling) (Quaisrani and Samhaber, 2010; Madaeni and Samieirad, 2010; Al-Amoudi and
Lovitt, 2007; Spettmann et al., 2007).

The present research work is focused on the validation of a multi-barrier system incorporating
both nanofiltration and UV photolysis at pilot scale, in a fully operational surface water
treatment plant, in order to guarantee the production of a high quality drinking water in terms

of chemical composition and microbial inactivation.
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The pilot system (combination of nanofiltration and UV photolysis) was assembled and tested
in a surface water treatment plant of the major Portuguese water provider EPAL, which
provides water to around 3 million people in 35 districts corresponding to a total area supplied
of 7 090 Km?. The water treatment plant is allocated in Vale da Pedra and treats surface water

abstracted from the Tagus River in Valada Tejo.

The validation of the multibarrier system was performed by evaluating the optimal location of
the nanofiltration system in the water treatment process, by testing the performance of the
nanofiltration operation at three different points of the surface drinking water production line.
The UV photolysis was also evaluated on site to determine the benefit of its use and the impact

in terms of water quality, with the objective of producing a high quality drinking water.

A complete and careful analysis of the NF membrane fouling agents was performed in this
study after continuous operation at the drinking water treatment plant. Different membrane
cleaning agents were also tested to determine their efficiency for removal of the detected

fouling components.

5.3 Materials and Methods

5.3.1 NF system operation and membrane selection

The nanofiltration system represented in Figure 5-1A was used for membrane selection. This
system is composed by a spiral wound membrane module, a valve at the end of the module for
pressure control and a diaphragm pump (Hydra-cell G-3, Wanner Engineering, USA), which is
able to deliver a constant flow for pressures up to 60 bar. The feed flow rate used in the
experiments was 420 1/h. The feed water used in these tests was surface water collected from
the Tagus River where EPAL abstracts water. Before being fed to the nanofiltration system,
water was firstly filtered through a 0.75 mm filter followed by a 5 pm filter. This system was
tested using two spiral-wound membranes — NF270 (Dow Filmtec) and Desal-DK ( GE
Osmonics) — with different molecular weight cut-off (MWCO), as described in Table 5-1.
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Figure 5-1. Schematic diagram of the pilot systems used: (A) for membrane
selection operating in two different modes: single pass and concentration mode
(in the later case, the retentate is fully recycled; see line a), B- in the pilot tests at

the water treatment plant.

Table 5-1. .Properties of the nanofiltration membranes tested (product information from suppliers:

Dow and Osmonics).

Molecular Weight Cut-  Salt Rejection

Membrane Manufacturer Membrane Area (m?) off (MWCO, Da) Na,SO, (%)
NF 270 - 4040 Dow 7,6 ~400 97
NF 270 - 2540 Dow 2,6 ~400 97
Desal Dk - 2540 Osmonics 1,7 ~250 98

This system was used under two different operation procedures: concentration and single pass
mode. The membrane module used has the same configuration of the membrane module used
in full scale systems and the two different operation procedures allowed to simulate the

conditions of a full scale nanofiltration operation.

In the single pass operation, the retentate and permeate were collected continuously in different
tanks (TMP= 10 bar). This operation mode can be used to simulate the performance of the first
membrane module in a membrane system composed of several membrane modules disposed in

series.

In the concentration mode, the retentate was recirculated back to the feed tank (see line a)in
Figure 5-1A), while the permeate was recovered in a different tank (TMP =10 bar).This

operation method allows to simulate different water recovery rates that could be achieved in
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different membranes modules, in a system composed by several membrane modules disposed

1n series.

Periodically, samples were taken from the feed, retentate and permeate and analysed for
determination of conductivity, UVA254 nm (detection of aromatic substances), salts, metals,

total organic carbon, alkalinity, hardness, and microbiological activity, as detailed below.

The removal degree of different contaminants was calculated according to Equation 5-1:

Removal (%) = cfc;f“’) x 100

Equation 5-1

Where Cf is the contaminant concentration in the feed water, Cp is the contaminant

concentration in the permeate stream.

The apparent rejection of each contaminant by the nanofiltration system was calculated using
Equation 5-2:

Rejection (%) = lCrc_—GC} x 100

Equation 5-2

Where Cr is the concentration of contaminant in the retentate stream of the nanofiltration

system.
5.3.2 Nanofiltration and UV disinfection tests at the drinking water treatment plant

This study was conducted at the EPAL drinking water treatment plant (in Valada and Vale da
Pedra). The water flow was diverted from the treatment system at different locations: after
screening, after sedimentation, and after sand filtration treatment (see Figure 5-2). The water
flow diverted from the treatment system was fed to a reservoir that ensured the continuous

operation of the multi-barrier system (NF + UV).

The pilot-scale unit used in these tests consisted of a nanofiltration system and a low pressure
ultraviolet (LP/UV) flow through system that emits monochromatic light at 254nm (Puro-Tap,
2010, Wedeco), represented in Figure 5-1-B. A pump was used to feed the spiral-wound
nanofiltration system (placed after a 5 um pre-filter) at a flow rate of 1179 L/h. The input,
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output, and recirculation from the membrane were controlled using valves that regulated the

flow as well as pressure.

The filtration membrane regime consisted of alternate permeation (60 min) and relaxation with
flushing (1 min). During the flushing/relaxation period the pressure pump was turned off and,
consequently, the pressure dropped sharply down to 2 bars; the electro valve in the retentate
was fully opened and the water circulated along the relaxed membrane, dragging the cake layer

to the retentate stream.

Several sampling points allowed the collection and analysis of the pre-filtered water that was
fed to the nanofiltration system, as well as the permeate and the retentate water samples, and
the samples collected after the LP/UV treatment. The nanofiltration pilot system was operated
using the spiral-wound membrane NF270 (Dow-filmtec with a membrane area of 7.6 m2), see
Table 5-1, and a transmembrane pressure (TMP) of 8 bar. The nanofiltration studies were

performed using a 91% and a 95% permeate water recovery rate (TMP=8 bar).

Several permeability assays were also conducted by measuring the permeate flow obtained
using different TMP (15, 12, 10, 8, 6, and 4 bar), taking into account the membrane area used
(7.6 m2). The assays were conducted at ambient temperature, which ranged from 17 to 230C.
The membrane permeability was determined in the beginning and at the end of each assay, as

well as after each chemical cleaning operation.

The membranes were chemically cleaned in-situ after each filtration operation under a TMP of
2 bar. Two commercial chemical cleaning products were used, Ultrasil 11 and Ultraperm 75
(both from Henkel-EcoLab). The alkali cleaning with Ultrasil 11 targets mainly the organic
foulants on the membrane while the acid cleaning with Ultraperm 75 targets mainly the

inorganic foulants.

The performance of the UV photolysis was also determined by analysing the quality of the
water before and after the UV system, in order to determine the disinfection and pesticide

degradation efficiency of the system.
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Figure 5-2 Schematic representation of the surface water treatment plant, near the Tagus river.
Identification of the three test positions where the pilot system NF+UV was introduced in the

drinking water line production: 1. After screening; 2. After sedimentation; 3. After sand filtration.

5.3.3 Fouling analysis procedure

Fouling analysis was conducted in a NF270-4040 module under operation for two months
without cleaning. The module was removed from the pilot unit, unrolled for visual inspection
and membrane samples were then cut. The deposit present at the surface of each membrane
sample was analysed in terms of proteins, polysaccharides, metals, total solids, and total volatile
solids as described below. Different membrane samples were also taken for determination of
permeability recovery after chemical cleaning. The analyses performed to determine the fouling

agents involved and the cleaning protocols tested are described in Figure 5-3.

The permeability and cleaning tests were performed with samples of the fouled membrane
under study in a stainless steel cross-flow test cell with 15 cm? of effective membrane area,
separating two rectangular cross-section channels (feed and permeate) measuring
150mmx10mmx1mm each. The feed circulation flow was provided by a high pressure

diaphragm pump (Hydra-cell, Wanner Engineering, USA) with an adjustable pressure control.
5.3.4 Analytical methods
5.3.5 Water analysis

The water used was collected from the Portuguese Tagus River in the abstraction site of
Empresa Portuguesa de Aguas Livres, S.A. (EPAL). The water matrices and all samples
produced were analysed at EPAL’s laboratory installed at the water treatment plant. The feed
water, retentate, permeate and U.V. permeate were characterized in terms of their pH (Standard
Method 4500-H+), total organic carbon (European Standard EN 1484:1997), turbidity (ISO
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7027:1990), alkalinity (Standard Method 2320B), total hardness (Standard Method 2340C),
colour (Portuguese Standard NP 627: 1972 — molecular absorption), conductivity (Standards
Methods for Examination of Water and Wastewater-SMEWW 2510 B), DOC (European
Standard EN 1484), Nitrate and Fluorine (ISO 10304-1:2007), Silica (NP 439:1966), Coliform
and E.coli (SMEWW 9223 B) and Faecal Streptococci (ISO 7899-2). Metals were also analysed
(internal method, ICP-EOS) (except arsenic, which was analysed by an internal method, AAS).
Also selected pesticides were analysed by reverse-phase high performance liquid

chromatography (HPLC).
5.3.6 Fouling analysis

The foulant material on the membrane surface was gently scrapped off from a 400 cm? of
membrane area by using the tip of a laboratory spatula. The foulant material was dissolved in
50 ml of Milli-Q water using a vortex mixer and analysed by the Lowry method for proteins,
Lowry corrected method for humic acids, the Dubois method for polysaccharides (Sanches et

al., 2013; Lowry et al., 1951) and by ICP analysis for metals.

These methods quantify the level of total protein, humic acids, and polysaccharides in solution
by means of a colorimetric technique using a spectrophotometer, where the total concentration
is exhibited by colour change of the sample solution in proportion to concentration. The metals
content was determined employing inductively coupled plasma emission spetroanalysis (ICP)
equipped with radio-frequency (RF) generator of 40.68MHz a Czenrny-Turner type
monochromatic with 1.00m (sequential), AS500 autosampler, and data acquisition software.
Also, scanning electron microscope (SEM) images were performed by Field Emission Scanning
Electronic Microscopy (Jeol JSM — 7001F).

The determination of total and volatile solids of the cake layer was performed by drying in an

oven at 105°C and then heated to dryness at 510°C, respectively.
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Figure 5-3. Autopsy experimental design for fouling characterization of fouled

membrane.

5.4 Results and Discussion

In this work a combined system using both nanofiltration and UV photolysis was evaluated, in
order to increase the chemical and microbial quality of the drinking water produced. This study

was performed under real water treatment conditions.
5.4.1 Membrane selection

The optimisation of this process requires in first place the selection of an adequate membrane.
Membrane screening tests were performed using the system described in 5.3.1 under batch
operation conditions, using water collected from the Tagus River with a relatively constant
composition during all experiments. This system allowed to test a membrane module with the
same geometry (spiral wound) of the modules used at the water treatment plant. Therefore,
membrane selection was performed under similar conditions as those present in the real water
treatment plant. The membrane used for drinking water treatment should present a high water
permeability, low flux decrease due to fouling and should satisfy the compromise between high
retention of chemical and microbiological contaminants and preservation of the water alkalinity
and hardness at the required levels. Two spiral wound membranes were tested and their

characteristics are presented in Table 5-1.
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Figure 5-4. Permeabilities of NF270 and Desal DK membranes when processing

surface water collected from the Tagus River.

Figure 5-4 depicts the results for the permeability achieved with the two tested membranes -
Desal DK and NF270 - for the surface water under study. The results show that the NF270

membrane presents a higher permeability when compared with the Desal DK membrane.
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Figure 5-5. Rejection of UVA254 nm and conductivity using the NF270 and
Desal Dk membranes, in the treatment of surface water at different applied

pressures.

The results presented in Figure 5-5 show that the membranes tested present extremely high and

similar rejection of aromatic substances, which was measured by UVA 254 nm in the samples.
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Figure 5-5 clearly demonstrates that the rejection of UVA 254nm does not depend from the
applied pressure, for the pressure range studied. However, the retentate conductivity increased
with the increase of applied pressure (up to 4 bar). These results suggest that the membranes
tested exhibit a good retention of the aromatic species present in the polluted water and that salt
retention can be optimised according with the target objective, by adjusting the transmembrane

pressure.

The membranes were tested under two different operation modes in order to determine their

retention to the various compounds present in the water stream (as described in section 5.3.1).

The results of different water quality parameters achieved in the single pass experiment are
presented in Table 5-2. These results show that these membranes lead to similar removal
degrees. It can be observed that both membranes were able to remove all pathogens from the
surface water, as well as high removal of colour, turbidity, TOC, phosphorous, calcium,
magnesium, aluminium and iron. Under the experimental conditions used, the water produced
by Desal Dk is highly soft, since the membranes strongly rejected calcium and magnesium from
water. The retention of these cations can be optimised by using a membrane with a higher

molecular weight cut-off or by applying a lower transmembrane pressure (TMP).

When operating in a concentration mode, the water in the feed tank is concentrated since only
the retentate is recirculated back. Table 5-3 presents the water quality parameters achieved in
concentration studies with Desal Dk and NF270 membranes. The permeate composition was
characterised for permeate samples collected after an operation that allowed to concentrate the
initial feed water 2x and 6.2x. These concentration factors simulate continuous operations with

recovery rates of 50 and 84%, respectively.
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Table 5-2. Water quality parameters, in the feed and the permeate streams, and removal degree

obtained for the NF270 and the Desalt DK membranes, during single pass studies.

NF270 Single Pass test Desal DK Single Pass test
Parameters Feed Permeate %/eor)noval Feed Permeate %/eor)noval
Colour (mg/1 Pt-Co) 8.7 <1 >88.5 7.21 <1 >86.1
Turbidity (NTU) 3.9 <0.2 >94.9 3.7 <0.2 >94.6
Alkalinity n.a. n.a. n.a. 56 14.5 74.1
Nitrate (mg/1) 2.37 2.72 0.0 4.3 3.58 16.7
Chloride 40.6 242 40.4 30 16.8 44.0
Phosphorus 112 <50 >55.4 314 <50 >84.1
Fluorine (pg/1) 84 <70 >16.7 200 134 33.0
Calcium (mg/1) 29.5 <5 >83.1 24.1 <5 >79.3
Magnesium (mg/1) 94 1.02 89.1 7.03 <1 85.8
Sodium (mg/1) 35.6 17.1 52.0 24.8 12.6 49.2
Potassium (mg/1) 3.18 1.4 56.0 2.74 1.24 54.7
Aluminium (png/1) 202 <40 >80.2 299 <40 >86.6
Iron (pg/l) 174 <20 >88.5 306 <20 >93.5
TOC (mg/1) 3.5 <1 >71.4 3.61 <1 >72.3
gl‘;g/fl"églml) Bacteria 35, 100 670 0 100
E. coli (ufc/100ml) 320 0 100 670 0 100
fl?fi(;alﬂ()Oml) streptococci g 0 100 230 0 100

n.a. not analysed
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Table 5-3. Water quality parameters in the feed and the permeate streams, obtained with the NF270

and the Desalt DK membranes, during concentration studies (2x and 6.2x)

NF270 Concentration tests

Desal DK concentration tests

Parameters Permeate Permeate Permeate Permeate
Feed (conc. 2x) (60(2)2;: ' Feed (20XO)nc. (conc. 6.9x)

Colour (mg/1 Pt-Co) 8.7 <1 <1 10.4 <1 <1
Turbidity (NTU) 2.9 <0.2 <0.2 10.4 <0.2 <0.2
Alkalinity 112 20 43 86 <20 32
Nitrate (mg/1) 2.37 2.93 3.08 4.44 4.41 5.36
Chloride 40.6 30.3 48 30.4 25.1 37.4
Phosphorus 112 <50 <50 265 <50 <50
Fluorine (pg/l) 84 <70 <70 125 119 118
Calcium (mg/l) 29.5 5.96 13.1 22.5 <5 10.6
Magnesium (mg/1) 9.4 1.34 2.5 7.25 <1 1.39
Sodium (mg/1) 35.6 21 35.9 25.9 19.1 35.1
Potassium (mg/1) 3.18 1.77 3.25 2.85 1.86 3.75
Aluminium (ng/1) 202 <40 <40 720 <40 <40

Iron (pg/l) 174 <20 <20 565 <20 <20
TOC (mg/l) 3.5 <1 <1 431 <1 <1
gl‘;g/fl"églml) Bacteria 30 o 0 1267 0 0

E. coli (ufc/100ml) 320 0 0 498 0 0
E?g;?looml) streptococci 18 0 0 198 0 0

The results in Table 5-3 show that, even at high concentration pathogens, colour, turbidity,

TOC, iron, aluminium and phosphorous, the rejection degree achieved by these membranes is

adequate. Also, the water softening effect was lower, due to the increased concentration of

calcium and magnesium in the concentrated feed tank.

By comparing the results achieved for both membranes it is clear that the NF270 membrane

allows for the production of water at a higher flow rate without compromising the water quality.

Therefore, this membrane was chosen for the pilot tests in the water treatment plant. Other

studies reported in the literature for surface water treatment selected the membrane NF270 or
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NF200, which has similar characteristics (Cyna et al., 2002; Dubois et al., 1956; Marconnet et
al., 2009).

In order to determine the ability of this membrane to deliver high quality water, even under
higher pollutant concentrations and at higher water recovery rates, an experiment was
performed in the concentration mode (see Figure 5-1- B), concentrating the feed water 50 times,

in order to simulate a water recovery rate of 98%.
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Table 5-4. Water quality parameters in the feed, retentate and permeate streams, obtained with the
NF270 membrane during concentration studies (50x)

NF retentate (Conc.

Parameters Feed Water 50x) Permeate Rejection (%)
Colour (mg/L Pt-Co) 8.7 506.1 <2 99.6
Turbidity (NTU) 2.8 50.2 <0.2 99.6
r(lll?)liform Bacteria (ufc/100 300 1000 0 100
E.coli (ufc/100ml) 300 1000 0 100
E?fi(;élﬂ()()ml) streptococci 39 345 0 100
gf%s/tfé)(grl;?; perfringens 155 75 0 100
Hardness (mg/l CaCO3) 112 5701.6 195.8 96.5
TOC (mg/l) 3.2 184.3 <0.4 99.8
DOC (mg/l) 3.03 162.8 <l 99.4
Total Pesticides (ng/l) N.D. 184.3 N.D. 100
Nitrate (mg/L) 2.37 3.2 2.74 14.4
Nitrite (mg/L) 0.005 0.0283 0.0289 -
Silica (mg/L) <43 9.1 6.2 32
Fluorine (ng/L) 84 1620 630 61
Boron (pg/L) <55.5 96 28.2 70.6
Calcium (mg/L) 2.95 1368 60.1 95.6
Magnesium (mg/L) 94 554.9 11.1 98
Sodium (mg/L) 35.6 430 121 72
Potassium (mg/L) 3.18 47.5 12.4 74
Aluminium (pg/L) 202 2688 <40 98.5
Iron (ng/L) 174 1644 <20 98.8
Manganese 19 297 <5 98.3
Barium (pg/L) 15.8 557 18.2 96.7
Copper (ng/L) <11.1 144 <10 93
Arsenic (pg/L) 2.63 144.7 0.68 99.5

N.D. — below the detection limit
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Table 5-4 shows that even under these conditions the NF270 membrane was able to produce a
permeate water with high quality standards. The permeate produced was totally free of
microorganisms and the levels of colour, turbidity, total pesticides, TOC, DOC, aluminium,
iron, manganese, and copper were below the detection limits of the analytical methods. TOC
and DOC were almost completely removed from water, which is important to prevent growth
of bacteria in the water distribution systems, diminishing the necessity of adding chlorine in the

distribution network.

The data from Table 5-4 show that the feed water concentration allowed detecting pesticides
and arsenic in the retentate. However, both parameters were retained below the reference limits

for drinking water.
5.4.2 Pilot-scale studies at the water treatment plant

The NF pilot system was firstly tested for filtering of untreated surface water. During these
studies at the Tagus river abstraction site, the system was not able to work for a long period of
time (< 3 hours) due to complete blocking of the pre-filter, even when using low recovery rates
(53% and 61%). As already reported by other authors (Dubois et al., 1956), efficient pre-
treatment of raw surface water is essential to prevent membrane fouling. Therefore, the
nanofiltration system should be introduced after preliminary water treatment steps, such as

coagulation, flocculation, sedimentation and sand filtration.

When experiments with different water recovery rates were performed with the pilot system
positioned after sedimentation and after sand filtration (see Figure 5-2), the system was under
operation over 4 months. These experiments allowed to evaluate the impact of the nanofiltration
and UV system in the quality of the drinking water produced. Table 5-5 and Table 5-6 depict
the results of the permeate quality of the water treated, for the recovery rates of 91% and 95%,
when the pilot scale system was placed after sedimentation and after sand filtration,

respectively.
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Table 5-5. Water quality parameters in the feed and permeate streams, during continuous operation

with a 91% and a 95% recovery rate (Nanofiltration operation performed after sedimentation)

Recovery Rate 91% - After Recovery Rate 95% - After
Sedimentation Sedimentation Legal limit

Parameter

Remova Removal (DL n.°306/200)

Feed Permeate (%) Feed Permeate (%)

Colour (mg/L Pt-Co) 5.37  <1.00 >81.37 295 <1.00  >66.10 20

Turbidity (NTU) .10 <020  >81.82 095 <020 >78.95 4
pH (E.Sorensen) 6.84  6.89 - 7.19  7.27 - >6,5 ¢ <9
Sgg;iucnmy (WSfem o 67 16233 4337 307.00 20650 3274 2500
Nitrate (mg/L NO3)  3.93  4.27 ; 515 470 8.74 50

Silica (mg/L Si02)  6.23  6.17 1.07 645 620 3.88 ;

Hardness (mg/L

CaCO3) 89.70  37.70 5797  97.50 48.80 49.95 500

Total Organic Carbon
3.64 <1.00 >72.55 3.23 <1.00  >69.04 -
(mg/L C)

Chemical Oxygene
Demand (mg/L C)

3.35 <1.00 >70.12 3.15 <1.00 >68.25 -
Metals
Calcium (mg/L Ca) 22.80 <11.10 51.32 25.35 12.35 51.28 100

Magnesium (mg/L 7

89  3.08 60.92 835 439 4743 50
Mg)

Sodium (mg/L Na) 25.07 23.30 7.05 27.25 24.55 9.91 200

Potassium (mg/L K)  2.35 1.85 21.31 2.63 2.23 15.21
Aluminium (ng/L Al) 350.33 <55.50 >84.16 316.00 <55.50 >82.44 200
Barium (pg/L Ba) 1477 <11.10 >24.83 1545 <11.10 >28.16 -
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Table 5-6. Water quality parameters in the feed and permeate streams, during continuous operation

with a 91% and a 95% recovery rate (Nanofiltration operation performed after sand filtration.

Recovery Rate 91% -

after

Recovery Rate 95% - after

sand -
sand filtration ) Legal limit
Parameter filtration (DL
306/200)
Feed Permeate g/ir)noval Feed Permeate g/ir)noval
Colour (mg/L Pt-Co) 2.46 <0.74 >69.77 2.10 <1.00 >52.38 20
Turbidity (NTU) 0.36 <0.20 >44.00 0.23 <0.20 >11.11 4
pH (E.Sorensen) 7.01 6.98 0.47 7.01 6.97 0.46 >6,5 ¢ <9
gg)nd“"““ty (RSfem @ 7671 15357 4490 31600 16650 47.31 2500
Nitrate (mg/L NO3) 4.19 4.20 - 4.63 4.65 - 50
Silica (mg/L Si02) 6.61 6.34 4.10 6.70 6.65 - -
Hardness (mg/L
CaCO3) 109.77 49.16 55.22 103.25 39.50 61.74 500
Total Organic Carbon
3.08 1.26 59.23 2.66 <1.00 >62.37 -
(mg/L C)
Chemical Oxygene
Demand (mg/L C) 3.01 1.23 59.16 2.76 <1.00 >63.70 -
Metals
Calcium (mg/L Ca) 30.63 14.40 52.99 26.48 11.18 57.79 100
Magnesium (mg/L Mg) 8.10 3.15 61.07 9.03 3.24 64.07 50
Sodium (mg/L Na) 24.16 16.94 29.86 28.38  21.60 23.88 200
Potassium (mg/L K) 2.76 1.90 31.14 2.64 1.91 27.49 -
Aluminium (ug/L Al)  60.51 63.14 - 62.85 <5550 >11.69 200
Barium (pg/L Ba) 1726 11.74 31.95 17.80 <11.10 >37.64 -

Table 5-5 shows that the use of the NF system allows removing aluminium below the legal

limits even with the higher recovery rate of 95%. Other critical parameters (such as colour,

turbidity, TOC) were also removed below the detection limits or to very low levels, highly

increasing water quality. The results achieved clearly show that the system produces higher

quality water then the conventional sand filter. However, the results obtained in terms of
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permeability evolvement show that a recovery rate of 91%, using water after the sand filtration
unit, leads to lower fouling making possible to operate for a longer period assuring higher

membrane permeability.
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Figure 5-6. Membrane performance in terms of permeates flux evolvement for

studies performed after sand filtration, using different recovery rates.

120

® |nitial Flux
O After membrane cleaning

100 m  After 60 days of operation

©
o
1

(2]
o
1

40

Permeate Flux (L/(h.m?)

\

0 2 4 6 8 10 12 14
TMP (bar)

Figure 5-7. Hydraulic permeabilities, obtained in the pilot plant, for the
membrane at the beginning and at the end of experiment and after chemical

cleaning.

The membrane flux performance after filtration with different recovery rates is presented in
Figure 5-6. This figure clearly shows that the system is able to work without cleaning for at

least 15 days with no flux decline. Therefore, a cleaning-in-place protocol may be applied every
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15 days to avoid a decrease of membrane performance. Membrane cleaning cycles performed
after 60 working days and using water and cleaning agents for about one hour each, with a
transmembranar pressure of 2 bar, showed to be effective in restoring the initial membrane

permeability (see Figure 5-7).

The literature reports similar results in terms of TOC removal and water softening (Cyna et al.,
2202). Cyna et al., 2002, reported the consumer’s satisfaction with the improvement of the
water taste quality after the introduction of a NF operation in the water treatment plant, due to

the decrease in chlorine and hardness.

Several pilot and full scale studies reported in the literature were performed at lower water
recovery rates (< 85%) [7, 38]. In this study higher recovery rates were used in order to diminish

water losses and also to evaluate fouling effects under higher foulant concentrations.

The system was allowed to operate after sand filtration for sixty days without any stops for
cleaning at a recovery rate of 91%. The nanofiltration process, using a recovery rate of 91%,
reduced several parameters significantly making possible for drinking water utilities to cope

with future, more stringent, regulations and possible drinking water outbreaks.
5.4.3 Fouling characterization

The NF270 fouled membrane was autopsied after 60 working days without cleaning, in the

pilot unit system installed at the drinking water treatment plant.

The purpose of this membrane autopsy was to identify the nature and amount of the major feed
water foulants and their contribution to membrane fouling. The identification of foulants is
extremely important to better understand the dominant fouling mechanisms (Guo et al., 2012),

decide the cleaning agents to use and decide about the most adequate cleaning procedure.
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s

Figure 5-8. Images of the module membrane sacrificed for autopsy and

characterisation of fouling.

Figure 5-9. SEM images of the NF270 membrane surface (x5000): A- new

membrane and B- fouled membrane.

A dense cake layer was observed on the surface of the membrane, as can be seen in both images
of Figure 5-8. Portions of cake layer were scrubbed off the membrane and used to identify the
nature of the compounds deposited. It is observed in Figure 5-9-A that the surface of a fresh
membrane is smooth and without irregularities, which contrasts with Figure 5-9- B where a

rough fouled surface clearly demonstrates the presence of deposits.

It is believed that the major contribution to reversible fouling in drinking water treatment plants
is natural organic matter (NOM) and colloidal/particulate matter (Klupfel and Frimmel, 2010).
The results in Table 5-7 show volatile solids (VS) and total solids (TS) values; the ratio VS/TS
obtained is 72%, which indicates that organic material has a higher contribution to the cake
layer on the membrane surface. As shown in Table 5-7 the NOM present in the analysed
membrane is mainly composed of three foulant classes, which are: proteins, polysaccharides

(colloidal/particulate matter) and humic substances (humic acid and fulvic acids).
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Table 5-7. Membrane fouling characterization.

Fouling characterization Metals (pg/cm2)

Total mass of cake 2.753 Al 7
(mg/cm2)
Total Solids (mg/cm2) 0.65 As =
Volatile Solids 0.47 Ba ~
(mg/cm2)
Proteins (mg/cm?2) 0.016 Ca 1
Polysaccharides 0.031 Cu 1
(mg/cm2)
Humic Acids 0.004 Fe =0
(mg/cm2)
K 10

/(:l\ Mg 2

=

L Mn ~0

&b

=4

> Na 61

E

S :

S Si 1

In order to determine the effectiveness of different cleaning protocols the permeability of
different pieces of fouled membrane were measured after each cleaning protocol studied. The
permeability results are shown in Figure 5-10. The alkali cleaning with Ultrasil 11, used
especially to remove organic fouling agents revealed to be more effective (see Figure 5-10)
than the acid cleaning with Ultraperm 75, which is used for removal of inorganic fouling agents.
These chemical compounds are commonly used in membrane cleaning, however they must be

used in the right quantity in order to prevent membrane damage.
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Figure 5-10. Hydraulic permeability of the membrane sample recovered for

autopsy, after each step of the cleaning protocol.

5.4.4 Pilot studies with the combined nanofiltration/UV system

The main objectives of these studies were: to evaluate the integration of the proposed system
at different stages of the treatment plant (see Figure 5-2); to optimize the nanofiltration
treatment process by satisfying the compromise between high recovery rates and high retention
of chemicals and microorganisms; and to test the integration of nanofiltration and LP/UV

disinfection to produce safe water in terms of microbial and chemical pollutants.

The combined treatment of NF and UV photolysis was analysed after sedimentation and after
sand filtration at a recovery rate of 91%. The treatment efficiency was analysed for the removal

of low concentration levels of pesticides found to occur in the water.

Figure 5-10 and Figure 5-12 show the results achieved for the removal of the pesticides detected
at different days of operation. The levels of pesticides measured in the water were below the
European regulations for drinking water that set a maximum concentration of 0.1pg/L for
individual pesticides and 0.5pg/L for total pesticides present in a sample (98/83/EC) (Drinking
water directive). Nevertheless, the results show that the combined system is highly efficient for
the removal of these pollutants and could be used to achieve high quality water even if a sudden

increase in these compounds occurs in the water source.
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Figure 5-11. Pesticides’ analysis for the study performed after sand filtration,
91% recovery rate. Pesticides’ concentrations detected after sand filtration, in the
nanofiltration permeate and after nanofiltration + UV photolysis.
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Figure 5-12. Pesticides’ analysis for the study performed after sedimentation,

91% recovery rate. Pesticides’ concentrations detected after sedimentation, in the

nanofiltration permeate and after nanofiltration + UV photolysis.
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The combined nanofiltration and LP/UV system proved to be efficient for the removal of the
two main pesticides that were found to be present in the surface water collected after
sedimentation (terbuthylazine and metolachlor) at different sampling days. Metalachlor, a
chloroacetanilide herbicide and terbuthylazine (CBET) are among the pesticides most
commonly used throughout the world both for agricultural and non-crop applications.
Nevertheless, the toxicological properties of these compounds and their main metabolites cause
concern. Metalachlor has been classified as human carcinogenic by WHO (1993) and some
metabolites such as 2-ethyl-6-methylaniline (EMA) show significant toxicological properties (
Wu et al., 2007; Wols and Hofman-Caris, 2012).

The results obtained show that high removal rates are obtained when comparing the
nanofiltration permeate and the feed samples. Even when using a low UV fluence of
approximately 400 mJ/cm2, the integration of nanofiltration and UV photolysis allowed for

improving the removal of terbuthylazine.

The importance of using UV photolysis, after NF, to remove resilient compounds such as
pesticides and hormones was also demonstrated in previous published results, performed at
laboratory controlled conditions (Pereira et al., 2012; Sanches et al., 2010; Sanches et al., 2012).
The results of the present study clearly show the high efficiency of the combined system under

real full plant conditions.

5.5 Conclusions

This research work shows that both nanofiltration and UV disinfection are important solutions
for treatment of surface water for the production of drinking water. The integration of both
systems increases the performance of water treatment making possible the production of highly
pure water, assuring the removal of pesticides below the detection limits, while allowing for

lowering the level of chlorine dosage.

The results obtained in a full scale surface water treatment plant using an integrated pilot scale
system (nanofiltration and UV) show that, due to the high turbidity and natural organic matter
content of surface water, the nanofiltration process should be placed after conventional sand
filtration in order to improve nanofiltration performance, avoiding flux decline and minimizing
fouling problems. The analysis of the fouling agents shows that organic material is the major
contributor for fouling and that alkaline cleaning of the membrane is efficient to restore the

initial membrane permeability. According with the operation results, an alkaline cleaning-in-
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place protocol should be performed every 15 days of nanofiltration operation with a recovery

rate of 91%, in order to restore membrane performance.
9
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6

Arsenate Removal From Sulphate-Containing Water

Streams by an Ion-Exchange Membrane Process

6.1 Summary

A possible limitation of applying Donnan dialysis for arsenate removal from drinking water
supplies is when sulphate is present as an accompanying anion in the water to be treated, due
to strong competition between arsenate and sulphate transport through standard grade anion-
exchange membranes. This work aims at evaluating the feasibility of employing an ion-
exchange membrane Donnan dialysis based process with a new strategy of using sulphate as
the driving counter-ion for arsenate counter-transport and removal from sulphate-containing
drinking water streams. The process performance with different arsenate receiving solutions
(containing chloride or sulphate as driving counter-ions and with or without arsenic
precipitation) was investigated and compared. Experiments were carried out to separate
arsenate from contaminated water comparing the performance of three anion-exchange
membranes: one with mono-valent anion permselective properties and two standard grade
membranes. As selection criteria, the transport rate of arsenate and its membrane retention were
investigated. The effects of pH variation and co-ion (cation) leakage on the Donnan dialysis
process efficiency were also studied. Efficient arsenic removal was achieved through
integrating Donnan dialytic transport of arsenate with its simultaneous precipitation in the
receiving compartment with FeSO4. The process proposed is environmentally friendly and with
minimal maintenance requirements, which makes it especially attractive to be applied in rural

areas located far from centralized drinking water supply infrastructures.
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Published as: Pessoa-Lopes, m., Crespo, J.G., Velizarov, S., 2016, Arsenate removal from
sulphate-containing water streams by an ion-exchange membrane process, Separation and

Purification Technology, 166, 125-134.

6.2 Introduction

Arsenic (As) incidence has been the focus of increasing attention since a number of countries
are facing the challenge of treating their drinking water supplies in order to meet the current
regulation standards for As. Due to its toxicty, mutagenicity and carcinogenicity, the World
Health Organization (WHO), the European Commission (EC) and the United States
Environmental Protection Agency (USEPA) reduced the maximum contaminant level (MCL)
from 50 pg/L to 10 pg/L in January 2006 (Malik et al., 2009; Mondal et al., 2013). This
stiffening of regulations reflects the need of developing highly efficient technologies for
selective arsenic removal from water since recent estimations indicate that over 130 million
people worldwide are potentially exposed to harmful levels of arsenic in drinking water (Fontas
et al., 2014).

Arsenic occurrence in natural water sources is a consequence of leaching from natural deposits
(rocks/minerals) in the earth crust, and, to a lesser degree, due to anthropogenic causes, such as
agriculture practices and mining industry pollution. Moreover, arsenic in its inorganic form is

more toxic than in its organic form (Akin et al., 2011).

Several treatment options have been applied so far for As removal from water streams,
including nanofiltration (Figole et al., 2010), reverse osmosis (Akin et al., 2011) , chemical
precipitation and coagulation (Hering et al., 1997; Lacasa et al., 2011), adsorption (Shipley et
al., 2011; Baskan and Pala, 2011; Swarnkar and Tomar, 2012; Zhang et al., 2007) and ion
exchange (IEX) (Urbano et al., 2012; Issa et al., 2011; Donia et al., 2011). Among them,
adsorption and anion exchange processes are the most extensively studied ones, because they
generally provide relatively lower costs, ease of handling and potential reuse/recycling of the

adsorbents/anion-exchangers.

Different adsorbents and IEX media have been applied such as biological materials, mineral
oxides, activated carbons and polymeric resins (Urbano et al., 2012; Issa et al., 2011; Donia et
al., 2011; An et al., 2011). The US Environmental Protection Agency (US EPA) has identified
IEX as the best available technology (BAT) although the arsenate removal can suffer from
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interferences due to the presence of accompanying anions that are normally present in drinking
water sources in much higher concentrations than that of the arsenic-containing species. The
following selectivity order has been reported for strong base anion (SBA) exchangers (United
States Enviromental Protection Agency, 2000): SO4 2 > HAsO4 > > Cl - > HyAsO4 > HCO3 >
OH.

On the other hand, sulphate can be present in groundwater, at levels that sometimes can exceed
1000 mg/L [http://www.health.state.mn.us/divs/]eh/wells/waterquality/sulfate.htm], while
arsenic-containing species are most commonly present within the pg/L concentration range.
Therefore it is extremely difficult to reduce the As concentration in such sulphate-containing
waters below the MCL of 10 pug/L of As using conventional strong anion-exchange resins. Their
high affinity for sulphate leads to the need of a frequent regeneration before reuse, thus

producing large volumes of brines (An et al., 2010|; Saha and Sarkar, 2012; Awual et al., 2012).

An ion-exchange membrane process, integrating Donnan dialysis with precipitation of target
ionic pollutant(s), can offer the possibility of their selective removal, while minimizing the risks
of secondary pollution of the treated water, which can occur in conventional IEX treatment
after the resin saturation (once the target pollutant breakthrough has occurred). Although the
ion-exchange membrane process has relatively slow kinetics when compared to
electrodialyisis, it presents several possible advantages, especially in the case of rural
applications in developing countries, for being energy saving and an easy to handle process
(Oehmen et al., 2011).

In a prior study, performed with model single arsenate solutions, it has been demonstrated that
the Donnan dialysis process performance depends strongly on the type of anion-exchange
membrane used especially under batch operating conditions (Velizarov, 2013). The removal of
ions by Donnan dialysis is, however, affected by several other factors, such as the nature and
concentration of accompanying ions, composition and concentration of the receiving solution

and pH, amongst others (Hichour et al., 1999).

Therefore this work explores the feasibility of applying an ion-exchange membrane process for
arsenic removal from sulphate-containing water streams. The aims of the study are: (1)
Examine the transport behavior of arsenate and sulphate and compare their sorption on a mono-
valent anion permselective and on two standard grade anion-exchange membranes; (2) Identify
optimal process conditions (membrane type and composition of the receiving solution, with and
without addition of a precipitant) for arsenate removal and; (3) Investigate the effect of co-ion

(sodium) leakage on the process performance.
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In this study, a set of Donnan dialysis experiments using NaCl as a receiving solution was first
performed. It was investigated if a mono-anion permselective membrane would favor the
transport of monovalent arsenate in the presence of divalent sulphate. Subsequently, the
performance of two membranes with no claimed mono-anion permselectivity was tested. The
affinity of the membranes towards arsenate and sulphate was also studied through dedicated

sorption experiments.

A new strategy of using Na>SOy in the receiving solution in order to minimize the interference
of the competing sulphate was then studied. Finally, an ion exchange membrane process,
Donnan dialysis for membrane transport of arsenate with its simultaneous precipitation by iron

using FeSOq in the receiving solution was evaluated.

6.3 Materials and methods

6.3.1 Reagents and solutions

All reagents (Na;HAsO4.7H20, NaxSO4, NaCl and FeSOs) used were of analytical grade. The
solutions were freshly prepared with deionized water (conductivity < 1 uS/cm). Feed solutions
were spiked with sodium arsenate and sodium sulphate to the desired concentrations, whereas
receiving solutions were prepared either with sodium chloride, sodium sulphate or ferric

sulphate depending on the aim of the experiment.
6.3.2 Membranes

Three commercial anion-exchange membranes (AEM) were tested: Neosepta ACS (Tokuyama
Soda , Japan) which is a mono-valent anion permselective membrane, characterized by a
compact surface structure, which causes the rate of transport and efficiency of large anions
transport to decrease noticeably; a low-crosslinked PC 200D membrane purchased from PCA-
Polymerchemie Altmeier GmbH (Germany), which is a membrane suitable for transport of
anions with a molecular mass of wup to about 200 Da [http://www.pca-
gmbh.com/membrane/membrane.htm]; and an alkali resistant Neosepta AXE 01 membrane
from Tokuyama Soda, Japan, suitable for transport of anions with a molecular mass of up to
about 300 Da (Tahaikt et al., 2006). All membranes are homogeneous and contain quaternary

ammonium as fixed charged groups. Their main properties are listed in Table 6-1.
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Table 6-1.Properties of the studied anion-exchange membranes

Ion exchange

Elgctrical Water capacity* )
Manufacturer ~ Reference Matrix resistance™ content* pacity Tthknf:S
2 (%) (meq g''dry (mm)
(Qem) membrane)
Cross-linked
Tokuyama Neosepta polystyrene in a
Soda ACS  poly(vinly  chloride) 2072 %3 14-2 0.12+0.01
reinforcing net
PCA Ethyl oxide /
GmbH PC 200D polyepichlorohydrin 2 45 1.3 0.09+0.01
copolimer
Cross-linked
Tokuyama Neosepta polystyrene n a s 265 1,622 0.1540.01

Soda AXE 01

poly(vinly chloride)
reinforcing net

* Manufacturer data ** Determined in this work

The membrane thickness (in their wet chloride form) was determined (average of five

measurements) using a picometer after wiping the membranes with a filter paper for moisture

removal.

6.3.3 Dry Weight

The dry weight of membrane circle samples (with an area of 11.3 cm? each) was measured after

drying in an oven to a constant weight at 60°C for 9 hours. Immediately after drying, the

membrane samples, were put in a desiccator until cooling down to the room temperature before

being weighed. This procedure was also applied for longer periods of drying (24 and 72 hours)

and the results were found to be consistent with those obtained for 9 hours of drying.

Table 6-2. Dry weight and total fixed charge of the membrane samples used

Memobrane Dry weight (g) Total fixed charge (meq)*
Neosepta ACS 0.1820 +0.0022 0.31
PC 200D 0.2843 +0.0014 0.37
Neosepta AXE 01 0.2208 + 0.0015 0.40

*Calculated based on the ion-exchange capacity(IEC) data obtained from the manufacturers.

IEC X Dry weight = Total fixed charge (meq)*
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6.3.4 FTIR measurements

Infrared analyses were performed on a Nicolet Nexus spectrophotometer coupled to a
Continuum microscope (15xobjective) with a MCT-A detector cooled by liquid nitrogen. The
spectra were collected in transmission mode (4 cm-1, 128 scans), using a Thermo diamond
anvil compression cell in the range 4000-650 cm-1. Periodically the system was purged with
nitrogen prior to data acquisition. For all infrared spectra the CO2 adsorption at circa 2400-

2300 cm-1 was removed.
6.3.5 Donnan dialysis experiments

These experiments were carried out in a dialysis cell made of plexiglass Figure 6-1, in which
two compartments (136 ml each) are in contact through a circular window, where the studied
membrane sample (with an area of 11.3 cm?) was placed. Each compartment was equipped with
a stirrer (with a stirring rate set to 700 rpm, to avoid/minimize concentration polarization
effects). All experiments were performed in batch operation mode in an air-thermostated room
at 24°C. At pre-defined time intervals, samples (2 ml each) were taken from the feed and

receiving solutions compartments for inductively coupled plasma (ICP) analyses.

ﬂ D T T
U

Anion exchange membrane

Figure 6-1. A schematic representation of the dialysis cell used.

In the feed (polluted water) compartment, As (in the forms of HAsO42- and H2As04-) and
SO42- , competing for the transport through the anion-exchange membrane are shown. In the

receiver, X y- represents the driving counter-ion used (i.e. chloride or sulphate).

The data obtained were compared in terms of arsenic removal (%) from the feed water as

follows:
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~ [As], feed(t)
n(Removal)(4s) = (1 " [4s], feed(0)

) X 100%
Equation 6-1

where [As]fed0) and [As]red(r) denote , respectively the arsenic concentrations at the time 0 and

at an elapsed time, t, in the feed water compartment.

Two sets of experiments were performed. The first one with feed solutions that contained
Na;HAs0O4.7H20 and NaxSOs, and a NaCl aqueous solution as the receiver. The experimental
conditions are presented in Table 6-3, and the results obtained in section 6.4.1. The second set
of experiments was performed with feed water solutions containing NaxHAsO4.7H20 and
NaxSOq4, and a receiver solution containing Na>SO4 (Table 6-3, Section 6.4.3). Finally, Table
6-3 (Section 6.4.4) presents the experimental conditions used with Na,HAsO4.7H>O and
NaxSOy4 in the feed water and a FeSOs4 solution used as the receiver. In all experiments, the

concentration of sulphate in the feed was set to be equal or higher than that of arsenate.

Table 6-3. Experimental conditions. - Section 3.1, 3.3 and 3.4

Experimental Receivi Feed
Conditions ceetving
Arsenate (mM) Sulphate (mM)

Neosepta ACS 0.06
—~ PC200D NaCl(mM)  0.04 0.04-0.2
= ~500
.2 Neosepta AXE 0.04
g8 01 ’
%)

Neosepta ACS 0.5 0.5
. Na,SO4
@ PC200D (mM) 0.5 0.5
8 Neosepta AXE =26
5 01 0.5 0.5
%)
<
« FeSO4 (mM
g Neosepta AXE 4 (mM) 0.05 03
5 0l 26
3
%)

The schematic representation of the experiments performed is presented in Figure 6-2.
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Figure 6-2. Schematic representation of the Donnan dialysis experiments

performed.

A binary separation factor was used to compare the efficiency of separation of the two
competing ions, (arsenate and sulphate), during the course of the experiments performed with
the anion-exchange membranes under study. Similarly to the approach followed in (Clifford,
1999; Logette et al., 1998; Berdous and Akretche, 2002), the arsenate/sulphate separation factor
(SF) was defined as:

[HxAsO) ]

(50571

[HxAsO) |
(50371

)receiver

SF = E

)initial feed
Equation 6-2

in which [HxAsO4 ¥] and [SO4 %] are the molar concentrations of arsenate and sulphate,

respectively.
6.3.6 Sorption experiments

Sorption experiments were carried out for the three membranes in order to compare their
affinities for arsenate and sulphate, when present in a mixed solution (Section 6.4.2). The tests
were performed in conical flasks filled with 50 ml of each test solution after immersing a 9 cm?2
piece of the membrane under study. The initial solutions contained equimolar amounts of
arsenate and sulphate in the range 0.1 — Immol/L, and were placed in a rotary shaker at 200
rpm at room temperature (=24 °C) for 6 days. The arsenate and sulphate concentrations in the

membranes studied were calculated through Equation 6-3.

126



Chapter 6

Cin — Cs;
( in fln) x
rndry_memb

Cm = VS

Equation 6-3

where Cin and Cqy, are respectively the initial and final concentration (in mM) of arsenate (or
sulphate) in the test solution, Vs is the volume of the test solution (L) and mdry memb is the

dry mass of the membrane piece added (g).
6.3.7 Analytical

The concentrations of arsenate, sulphate and sodium ions, from the samples withdrawn were
estimated based on the determined contents of As, S and Na elements, measured by inductively
coupled plasma- atomic emission spectrometry (ICP-AES) (Ultima model, Horiba Jobin-Yvon
France) equipped with a radio frequency (RF) generator of 40.68 MHz a Czerny-Tner type
monochromator with 1.00m (sequential) and with a Hydride Generator with concomitant metals
analyzer (CMA) (detection limit for As of 0.5 ppb) , AS500 auto sampler and data acquisition
software. The pH was measured with an ORION pH meter (Model 720 A) and the conductivity
was followed with an ORION conductivity meter (Model 120).

6.4 Results and discussion

6.4.1 Donnan dialysis performance — NaCl receiving solution

The purpose of these experiments was to evaluate and compare the performance of the
membranes selected to transport arsenate in the presence of sulphate, under Donnan dialysis
operating conditions using chloride as the driving counter-ion. Figure 6-3 presents the data
obtained in the course of the experiments performed with sodium chloride as the receiving
solution. The time evolvement of the arsenate and sulphate concentrations (Figure 6-3 A,B,C
and D) and of the separation factor (SF) (Figure 6-3E), defined by Equation 6-2, were followed.
The measured pH profiles in the feed and receiver solutions are also shown in Figure 6-3 -A
and B. Considering that As (V) exists in both its monovalent (H2AsOs °) and divalent (HAsO4
2 ) forms (which at the initial feed pH of 6.7 were present in fractions of 62% and 38%,
correspondingly), it was firstly investigated whether a mono-anion permselective membrane

(ACS) would favor the monovalent H>AsO4 transport, compared with the two other
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membranes, PC 200D and AXE 01, which do not have a claimed mono-anion permselectivity

and possess more “open” polymeric structures (Table 6-1).
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Figure 6-3. Experimental data obtained with the three anion-exchange

membranes studied using NaCl solution as a receiver: A- arsenate concentration

and pH variation in the feed B- arsenate concentration and pH variation in the
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receiver C- sulphate concentration in the feed D- sulphate concentration in the

receiver E-Arsenate/sulphate separation factor.

In spite of the presence of a thin highly cross-linked layer on both ACS membrane surfaces
(Saracco, 1997), which is supposed to render monovalent-anion-permselective properties to
this membrane, no evidence of a preferential (H2AsO*) transport was detected. On contrary,

with this membranes a significant decrease in divalent sulphate concentration of the feed was

observed (Figure 6-3C).

As it can be also observed in Figure 6-3A, the ACS membrane showed the slowest arsenate
transport although, after 72h, the degree of arsenate removal (calculated by Equation 6-1) with
this membrane reached a value of 81.5%, which was close to those obtained with the other two

membranes for a shorter time.

The slowest arsenate and sulphate transport rates , observed with the ACS membrane is due to
the fact that this membrane hampers permeation of relatively big divalent anions because of its

denser polymeric structure, as demonstrated and discussed in detail by Saracco (Saracco, 1997).

Recently, Fox et al.,2014 also reported a slow perchlorate transport kinetic across the ACS
membrane in a study devoted to its removal from contaminated groundwater, which could be
attributed to the strong affinity of the membrane to this more hydrophobic anion. Thus, an
additional reason for the data obtained with the investigated arsenate/sulphate mixtures could
be a stronger sorption/retention of sulphate compared to that of arsenate in this membrane. This

hypothesis was experimentally tested and the results obtained are presented in Section 6.4.2.

The pH values in the feed and receiver solutions were followed (Figure 6-3A and B) in order
to gain more insight into the time variation of the arsenate speciation, which is pH-dependent.
It can be observed that during the first 6 hours of operation, the pH decrease faster with AXE
01 and PC 200D than with the ACS membrane.

This is an indirect indication of the lower arsenate flux across the ACS membrane because,
according to Horng and Clifford (Horng and Clifford, 1997), the intra-membrane (when it is in
the chloride form) conversion of monovalent to divalent and of divalent to trivalent arsenate

would be expected to occur with a HCI formation as follows:
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2R,N'CI + H,As0y, < (R,N),HAsO,“ + CI + H'CI

3R,N'CI'+ HAsO, ™, <> (RyN");As0,” +2CI + H'CI

in which R4N+ represents a fixed anion-exchange site on a strong-base quaternary amine resin.

In Figure 6-3E, it is possible to observed that the AXE 01 membrane has a similar (slightly
lower) arsenate/sulphate separation factor compared to that of the PC 200D membrane.
Moreover, with the AXE 01 membrane a 95% removal of arsenic from the feed (as calculated
by Equation 6-1) was achieved. The higher thickness of this membrane, a characteristic that
usually leads to a higher resistance to mass transport, is most probably counterbalanced with
its higher anion-exchange capacity and a more “open” polymeric matrix structure (Table 6-1),

which facilitate the intra-membrane arsenate transport.

The latter is experimentally evidenced by the data (expressed in two different manners)
obtained with this membrane (Figure 6-4). For the data presented in Figure 6-3B, it was
assumed that only divalent arsenate anions exist inside the anion exchange membrane since the
intramembrane pH value is higher than in the bulk solution due to the Donnan co-ion (H")

exclusion (Guell et al., 2011).
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Figure 6-4. Membrane retention of arsenate for the experiments using chloride as

a driving counter-ion, for the three membranes under study. A)- mM of arsenate
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per g of dry membrane and B) — meq. Arsenate (assumed as divalent) per meq. of

membrane fixed charged groups.

As it can be seen, the PC 200D membrane presents the highest sulphate transport rate to the
receiver (Figure 6-3D). With this membrane also the higher (92.6%) removal of arsenate from
the feed was obtained. It is important to observe the notoriously higher arsenate retained, on
the basis of avalaible fixed charged groups in the PC 200D membrane (Figure 6-4B), although
this membrane posseses a total amount of fixed charged groups (Table 6-2), that is comparable

to that of the AXE 01 membrane sample.

This behaviour of the PC 200D membrane could be attributed to several structure and
functionality related reasons. A more open and flexible structure facilitates an easier re-
orientation of neighboring fixed charges towards divalent arsenate. Furthermore, according to

the manufacturer (http://www.pca-gmbh.com/membrane/datasht2.htm), this membrane

contains not only strong (quaternary amine), but also some weak (tertiary amine) fixed charges,

with an expectedly high affinity to arsenate.

Indeed, while dedicated FTIR measurements demonstrated practically identical infrared spectra
for the Neosepta ACS and Neosepta AXE 01 membranes, significant differences were observed
for the PC 200D membrane (see Figures. SM1, SM2 and SM3, in Supplementary material).
Besides its different chemical composition, another important difference is that for
reinforcement of the polymeric structure, polyester is used, instead of polyvynil chloride for

the Neosepta membranes family as revealed by the FTIR measurements.

Overall, as it can be observed in Figure 6-3E, all studied membranes show preferential transport
of sulphate over arsenate (SF < 1). A similar retardation of arsenic transport due to the presence
of sulphate as an accompanying anion has been reported for other anion-exchange membranes,
e.g., for an JAM homogenous membrane (Huanyld, China) (Zhao et al., 2010). The arsenate /
sulphate SF values increased along the experimental time, when the arsenate remaining in the
feed could apparently not undergo competition from the accompanying sulphate anions already

transported to the receiver compartment.
6.4.1.1 Phenomenon of salt leakage - NaCl

It is known that Fickian diffusion of an electrolyte across an ion-exchange membrane can occur
due to its concentration gradient between the receiving and the feed solution thus diminishing

the membrane counter-ion permselectivity to values that are lower than those expected based

131



Chapter 6

on an ideal Donnan co-ion(s) exclusion. In pratical terms, electrolyte “leakage” to the feed
solution is an undesirable phenomenon in drinking water treatment, since it may increase the

mineralization of the treated water above acceptable levels (Hichour et al., 2000).

In order to investigate the relevance of the phenomenon of co-ion leakage in the experiments
performed with the three investigated membranes, the initial and final values of conductivity

and sodium ion concentrations in the feed solutions were measured and compared (Figure 6-5).
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Figure 6-5. Conductivity (A) and sodium ion concentration (B) in the feed
solution (in the experiments performed with 500 mM of sodium chloride (initial

conductivity of 46.5 mS/cm) in the receiver solution.

As it can be observed in Figure 6-5A, a NaCl leakage occurred from the receiver to the feed
compartment, thus increasing the final conductivity of the feed solutions in the order PC
200D>AXE 01>ACS membrane.

The efficiency of the Donnan exclusion of the co-ions (sodium ions in the case studied) by the
anion-exchange membranes is presented in Figure 6-4B. Since the water content of ACS and
AXE 01 membranes is much lower than that of PC 200D (Table 6-1), it can be anticipated that
salt diffusion would be reduced across these membranes (Hichour et al., 1999; Garmes et al.,
2002).

Moreover, the PC 200D is composed of low-crosslinked polymeric chains consisting of
aliphatic polyethers. Therefore it is not suprising that the Na* exclusion is much less efficient
than that oferred by the PS-DVB based polymeric structures, characteristic for the membranes

of the Neosepta family [http://www.pca-gmbh.com/public/forum.htm]. If the PC 200D

132



Chapter 6

membrane is to be applied, a possible solution to the electrolyte leakage problem could be to
use multivalent co-ions(e.g., Mg?*, Fe**, etc.) instead of monovalent Na* co-ions in the

receiving compartment in order to enhance their Donnan exclusion from the membrane.
6.4.2 Membrane Sorption Experiments

Dedicated sorption experiments were performed in order to better understand the possible

reasons for the differences detected in the performance of the three membranes.

The sorption preference of the membranes towards arsenate and sulphate were compared for
model solutions containing arsenate and sulphate anions present at equal concentrations of 0.1,

0.5 and 1 mM (Figure 6-6).
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Figure 6-6. Arsenate and sulphate concentrations in the studied membranes (Cr,)

for final concentrations (Csy) in the external solutions.

The data presented in Figure 6-6 verified that all membranes have higher sorption for sulphate
compared to that for arsenate. The most distinctive behaviour can be observed for the ACS
membrane, which offers the lowest arsenate sorption within the studied concentration range.
The arsenate profile with the ACS membrane did not reach a plateau (Figure 6-6), which may
indicate that the equilibrium distribution between the membrane and the liquid phase is
dominated mainly by steric hindrance and to a lesser degree to charge repulsion effects as

already discussed in section 6.4.1.
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6.4.3 Donnan dialysis performance — Na2S0O4 receiving solution

In order to minimize the interference of sulphate as a competing anion and to increase the
arsenate removal efficiency, the use of the sulphate as a driving counter ion, instead of the
commonly used chloride was investigated. The working hypothesis was that arsenate in the
feed solution will be replaced by sulphate, which, in turn, would not compete with the arsenate
transport across the membrane (see Figure 6-2). Furthermore, since the arsenic levels in
contaminated drinking water supplies rarely exceed a few mg/L, their necessarily equal (in
equivalent terms) replacement by sulphate (with a MCL in drinking water of 250 mg/L
(Background document for development of WHO guidelines for drinking water quality; EC,

1998) is not expected to be problematic from a drinking water quality viewpoint.

Figure 6-7 presents the arsenate and sulphate concentration profiles in the feed and receiver
compartments and the corresponding pH of the two solutions (in Figure 6-7 A and B) during

the experiments with the three membranes under study.
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Figure 6-7. Arsenate (A and B) and sulphate (C and D) concentrations in feed and
receiver compartments, respectively, using sulphate as a driving counter-ion. A)-
arsenate in feed ; B)- arsenate in receiver; C) — sulphate in feed and D) — sulphate

in receiver.

From the results presented in Figure 6-7 A, it can be inferred that with the three membranes
provide a similar decrease in the arsenate concentration over time in the feed compartment
occurs, while in the receiver, the AXE 01 membrane provides the faster increase of the arsenate

concentration (Figure 6-7B).

Comparing the pH evolution trends observed with Na;SOys as the receiver solution (Figure 6-7A
and B) with the case of using NaCl as the receiver solution (Figure 6-3A and B), it is noticeable
that, with all tested membranes, the feed pH decrease was less abrupt when using SO4 " instead
of CI" driving counter-ions. This behaviour could probably be attributed to a lesser H" formation
when using SO4 > as driving counter-ions, due to an equivalent divalent arsenate — divalent

sulphate exchange without H" liberation.
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As expected, the lowest sulphate transport to the feed compartment was documented for the
ACS membrane (Figure 6-7C). The PC 200D membrane demonstrated a sulphate decrease of
3.5mM in the receiver, which corresponded well to the sulphate increase in the feed of 3.4 mM.
The data for the AXE 01 membrane showed that 2.17 mM of the sulphate anions remained
retained inside the membrane, corresponding to an increase in the sulphate concentration in the

feed of 1.57 mM.

Figure 6-8 presents the arsenate retention in the membranes, assessed through the respective

mass balances applied for the feed and receiver compartments.
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Figure 6-8. Arsenate membrane retention when using sulphate as a driving
counter-ion. A)- mM of arsenate per g of dry membrane and B)- meq. of divalent

arsenate per meq. of membrane fixed groups.

Similar initial rates of arsenate retention can be observed for the three studied membranes,
however the PC 200D membrane demonstrated the highest final arsenate retention, which is
consistent with the data obtained when using chloride as the driving counter-ion (see Figure
6-4). This behaviour could be probably related to its distinct chemical polymeric structure and
to the presence of a polyester support confirmed by FTIR ( see supplementary material) which

may render more flexible and hydrophilic properties to this membrane.

The faster initial arsenate saturation kinetics of the AXE 01 membrane may be explained by its
more open polymeric structure, providing a better mobility of arsenate and its easier release to

the receiver solution.

136



Chapter 6

6.4.4 Phenomenon of salt leakage — Na2SO4

The importance of the phenomenon of salt leakage in the experiments performed with sulphate
as the driving counter-ion was investigated (Figure 6-9) and compared to the case of using

chloride as the driving counter-ion (Figure 6-5).
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Figure 6-9. Conductivity (A) and sodium ion concentration (B) in the feed
solution (in the experiments performed with 26 mM of sodium sulphate (initial

conductivity of 5 mS/cm) and in the receiver solution.

The data presented in Figure 6-9 reveal the same general trend for salt leakage across the
membranes as presented in Figure 6-5, namely PC 200D > AXE 01 > ACS membrane.
However, as it was anticipated, the salt leakage phenomenon is less important with sulphate as
driving counter-ion, due to its larger size and divalent charge, which leads to lower NaxSO4
diffusion rates from the receiver to the feed. This effect is especially notorious for the case of
Neosepta ACS membrane, which is achieved at the cost of a significantly lower arsenate mass
transport rate from the feed to the receiver compartment. However, if a very selective removal
of arsenate is desired, or the water to be treated contains high sulphate levels that are close to

its MCL value, the use of the Neosepta ACS membrane may prove to be a good choice.
6.4.5 Arsenate removal through the lon Exchange Membrane Process

The feasibility of integrating Donnan dialysis for the transport of arsenate through an anion
exchange membrane with its simultaneous precipitation by iron, using FeSOy4 in the receiving

solution, was studied in this experiment. The Neosepta AXE 01 membrane was selected since
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it provides an efficient arsenate transport with a relatively low arsenate membrane retention and

acceptable electrolyte leakage.

The arsenate and sulphate concentration profiles obtained in the feed and the receiver
compartments for a feed water containing initially 0.05 mM (7.5 mg/L) of arsenate and 0.3 mM

(=25 mg/L) of sulphate are presented in Figure 6-10.
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Figure 6-10. Arsenate and sulphate concentration profiles in the feed (Arsenate
initial — 0.05 MM ; SO4 Finigial - 0.3 mM) and receiver solutions when using 26 mM
of FeSOy as a receiver solution. The membrane used was Neosepta AXE 01. The
straight line at 0.000133 mM of arsenate in Figure A represents the MCL level of

10 ppb of As.

The results show that within less than two days the arsenate content in the feed water dropped
to below the arsenic detection limit (0.5 pg/L of As), thus guaranteeing arsenic removal far
below its MCL of 10 pg/L. Moreover, the presence of FeSO4 in the receiver compartment
allowed to maintain the arsenate mass transport driving force across the membrane at its

maximal possible value due to the efficient arsenate precipitation in the receiver compartment.

At the same time, the amount of sulphate permeating to the water compartment remained under

its drinking water MCL of 250 mg/L during the entire duration (72 hours) of the experiment.
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6.5 Conclusions

The results obtained in the present study demonstrate that the ion-exchange membrane process
concept used can be successfully applied for arsenate removal from sulphate-containing water

streams. The major outcomes of the study can be defined as:

The use of mono-anion permselective membranes such as Neosepta ACS membrane for
separation of arsenate from sulphate with chloride as the driving counter-ion is not
recommendable since sulphate transport was favoured, despite the mono-anion permselective

properties of the membrane.

Applying a new concept of using sulphate as a driving counter-ion for arsenate counter-
transport across anion-exchange membranes with distinct properties, demonstrates that efficient
and, if necessary, highly selective arsenate removal from sulphate containing water streams can

be achieved.

The Neosepta AXE 01 membrane seems to be an appropriate candidate for the arsenate
separation / purification by providing a good compromise between performance (high arsenate
membrane transport with relatively low arsenate membrane retention) and an acceptable salt

leakage from the receiver to the treated water compartment.

The undesirable phenomenon of salt (NaCl or NaSO4) leakage from the receiver to the feed
compartment was found to be significant in the experiments with the PC 200D membrane. A
possible way to its minimization could be the use of multivalent co-ions (e.g., Mg?*, Fe?", etc.)
instead of Na" due to their expectedly more efficient Donnan exclusion from the positively

charged membrane fixed charges.

The use of FeSO4 in the receiving solution causes arsenic precipitation and maintains the
arsenate concentration difference between the receiver and the feed solutions at its maximum

possible value. The latter ensures high arsenate transport driving force across the membrane.

Further work consists in validating the concept proposed with groundwater (from the region of

Ponte de Sor, Portugal), which is naturally contaminated with arsenic.
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7

Optimization of arsenic removal from drinking

water by an integrated ion-exchange membrane

7.1 Summary

Arsenic contamination of drinking water affects more than 140 million people worldwide, and
despite the various methods proposed for arsenic removal, there is still a need for development
and validation of an easy to operate process solution, with less energy demand that can be easily
adaptable in rural regions located far from centralised drinking water treatment infrastructures.
Therefore, the present work investigates the performance of an ion exchange membrane process
for arsenic removal, consisting in integrating Donnan dialytic transport of arsenic with its
simultaneous precipitation in a separate receiver compartment. The process performance was
improved by adding a bicarbonate-carbonate buffer in the receiver solution, where iron (III)
chloride was used to precipitate the arsenic. This system allowed to maintain the treated water
pH within the acceptable drinking water range of 6-9. Response surface methodology (RSM)
was used to infer about the effect of the water characteristics and operating conditions on the
degree of arsenic removal. Through mathematical modelling it was found that besides the initial
arsenic concentration in water, the water pH and the mass ratio of iron to arsenic, the initial pH
of the receiver solution was also a required input to predict accurately the arsenic concentration
in the treated water. The model developed using interaction and quadratic terms, with a fitting
R2 value of 0.99 and a prediction error of 6.6 pg/L of As, proved to be an adequate tool to
predict the optimal conditions for arsenic removal from drinking water (during predefined
operation period of time). Moreover, the methodology presented in this work permits to develop
a simple decision tool (either through the use of equations or contour plots) to determine the

effective amount of iron to be used in the treatment of As contaminated water.
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Submitted to Water Research as: Pessoa Lopes, M., Galinha, C.F. Crespo, J.G., Velizarov, S.,
2018, Optimisation of arsenic removal from drinking water by an integrated ion-exchange

membrane process. (Under Revision).

7.2 Introduction

The removal of arsenic (As) from drinking water has been an extremely important research
topic during the last few decades (Mohanty, 2017; Mondal et al., 2013). Arsenic is one of the
most toxic naturally occurring elements present in different locations of the world and its
efficient removal from drinking water supplies is still challenging (UNIFEC, 2013; UNIFEC,
2008). Elevated concentrations of arsenic have been discovered in groundwater and surface
water resources in a number of different locations. Ravenscroft et al. (2009) reports at least 70
countries worldwide with contaminated waters, affecting more than 140 million people.
Countries, such as Bangladesh and India (West Bengal), are the most affected regions.
Numerous authors (Nidheesh and Singh, 2017; Vieira et al., 2017; WHO, 2011) reported that
in Bangladesh groundwater sources are contaminated with As in concentrations ranging

between 100-5000 pg/L.

The World Health Organization (WHO) and the US Environmental Protection Agency
recommend As concentration of 10 pg/L (0.01 mg/L) as the permissible limit in drinking water
(WHO, 2011). This limit is applied in the European Union, Japan, Taiwan, USA, Canada. Some
countries apply even more restricted limits, such as Australia (7 pg/L), Denmark and US (New
Jersey) (5 pg/L) (Nidheesh and Singh, 2017), while other countries like China, Bangladesh,
Pakistan, Thailand, Vietnam, Nepal, Ghana and most South American countries apply a

maximal arsenic permissible limit of 50 pg/L (Bhatti et al., 2018).

The chemistry and composition of arsenic-contaminated water are major factors affecting the
removal of arsenic. In aqueous solution, arsenic speciation is mostly controlled by the redox
potential (Eh) and pH. Arsenic Eh-pH diagrams are well documented and easily found in
literature (Smedley and Kinniburgh, 2002). Under oxidizing conditions, in the pH range 4-8,
typically found in natural environments, H>AsO4 and HaSOs %, are expected to be dominant in

aqueous solution (Fontas et al. 2014).

Various methods for As removal from water have been reported so far, however, each of them
presents inherent limitations (Ungureanu et al., 2015). For example, precipitation and

coagulation/flocculation (Wickramasinghe et al., 2004; Matsui et al., 2017; Choong et al., 2007,
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Han et al.,, 2002) require pre-oxidation of the primary water stream. Electrocoagulation
processes exhibit low efficiency as reported by Laksmanan et al. (2010), Nidheesh and Singh
(2017) and Lacasa et al. (2013). Adsorption by iron oxides and activated alumina (Lakshmanan
etal., 2008; Park, 2016) is highly pH sensitive and the adsorbents require frequent regeneration.
Ion exchange processes (Mohan and Pittman, 2007; Litter et al., 2010) are strongly dependent
from the presence of competing ions and there is a need of frequent regeneration of the
exhausted resin. Pressure-driven membrane processes (Chatterjee and De, 2017 ; Dolore et al.,
2017; Geucke et al., 2009) such as nanofiltration and reverse osmosis are an attractive
alternative, however, they are energy intensive and prone to fouling problems. Therefore, there
is a need for the development and validation of an easy to operate process solution, which could
be less energy demanding and easy to adopt in rural regions located far from centralized

drinking water treatment infrastructures.

Despite its relatively slow kinetics, when compared to electrodialysis, Donnan dialysis process
(Velizarov, 2013; Wisniewski and Kabsch-Korbutowicz, 2010) has less energy requirements
and is easy to operate. In a recent study (Pessoa-Lopes et al., 2016), it was demonstrated that
an ion-exchange membrane process, integrating Donnan dialytic transport of arsenate with its
simultaneous precipitation in a receiving compartment, can be successfully applied for arsenic
removal from sulphate-containing water streams. However, it was observed that when a high
concentration of iron (required to precipitate As removed from the water) is added to the
receiver compartment, the water is acidified due to protons’ leakage to the treated water

compartment.

It has been suggested in the literature (USEPA, 2005) that for an efficient arsenic removal by
iron-containing precipitants the [Fe]/[As] mass ratio in the water to be treated should be higher
than 20/1 (which assumes that 1 mg of Fe removes 50 pg of As). However, the optimal
[Fe]/[As] ratio for the ion-exchange membrane process is not necessarily the same due to the
use of different operating conditions (membrane transport and subsequent precipitation, rather
than a single precipitation step of As by Fe addition directly to the treated water). Therefore, it
is necessary to optimise the process performance in terms of precipitant (Fe) quantity, treated
water pH and elimination (minimisation) of possible iron leakage (transport from the receiver

to the treated water compartment).

Response surface methodology (RSM) is a multivariate regression tool, based on statistical
analysis, that allows to find correlations between factors (explanatory variables) and response

variables through regression models, optimised for each response studied (Kikhavani et al.,
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2013). To define the experiments required for the development of such regression models, a
design of experiments (DoE) is required. The DoE introduces the variation in the independent
factors that directly affect the variation of responses. At the same time DoE is used aiming at
reducing the number of experiments required to develop a model. Such statistical methods can
be applied to reveal the relationships between the factors (e.g. operation parameters of the
process) and responses (e.g. performance variables), within specific operating ranges, and thus,

allowing process optimisation.

The ion-exchange process in study involves different ions, their transportation kinetics through
an ion-exchange membrane, precipitation of different species in the receiver compartment and
several chemical equilibria between different species in the water and in the receiver
compartment. Therefore, with the objectives of achieving a simple tool able to infer about the
optimal conditions required to treat drinking water contaminated with As, a statistical approach,
such as RSM, can be used to correlate operating conditions and process performance. In
contrast with a mechanistic approach, where the complete characterisation of the species
present in both compartments is required, this tool can be applied using less analytical data

and/or using different types of analysis (e.g. pH, conductivity, alkalinity, hardness).

In the present study, ferric chloride was added as a precipitant to a bicarbonate — carbonate
buffer solution separated from As contaminated water by an anion-exchange membrane. Under
these conditions, the As removal process performance was investigated in order to optimise the
ratio of [Fe]/[As] required for reducing the As content in the contaminated water below the
imposed maximum contaminant level (MCL). The initial As concentration in the contaminated
water, the employed [Fe]/[As] ratio, and the pH of the feed (contaminated) water stream were
used as DoE factors, while the response assessed was the final concentration of As in the treated

water.

7.3 Materials and methods

7.3.1 Reagents and solutions

All reagents (NaxHAsO4.7H20, FeCl3.6H20, NaxCO3, NaHCO3, NaOH and HCl) used were of
analytical grade. The solutions were freshly prepared with deionized water (conductivity <1
uS/cm). Feed solutions were prepared with deionised water and sodium arsenate
(NaxHAsO4.7H20) to the desired concentrations. The receiving solutions were prepared with a
sodium bicarbonate-carbonate buffer (NaHCO3 + Na,CO3) and ferric chloride (FeClz.6H>O).
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The buffer was prepared for an ambient temperature of 20°C according to the supplier (Sigma

— Aldrich, biological buffers) instructions for a pH ~9.2.
7.3.2 Membranes
The commercial anion-exchange membrane (AEM) Neosepta AXE 01 membrane from

Tokuyama Soda, Japan, selected in a previous work (Pessoa-Lopes et al., 2016), was used.

Table 7-1.Properties of the used anion-exchange membrane.

. Ton
Elgctrlcal . Water exchange Thickn

Manufacturer Reference Matrix resistance™ o, penex - capacity® (mi;)*: .

@Qecm’) () (meq g dry

membrane)

Cross-linked
polystyrene in a
Toguama — Neosepta T poly(vinly 1.5 26.5 162 0.15£0.01
chloride)

reinforcing net

* Manufacturer data ** Determined in this work

7.3.3 Experimental

The dialysis cell used in the experiments consists in two compartments (136 ml each), which
are in contact through a circular window, where the anion-exchange membrane (with an area
of 11.3 cm?) was placed. Each compartment was equipped with a stirrer (stirring rate set to 700
rpm), in order to minimise possible concentration polarization effects. All experiments were
performed in a batch operation mode in an air-thermostated room at 24°C. Samples of 2 ml
each were taken periodically (pre-defined time intervals = 2 hours) from the contaminated water
and receiving solution compartments for measurement of pH, conductivity and subsequent

analyses.

A schematic layout of the experimental cell used is presented in Figure 7-1. In the water
compartment, As (in the form of arsenate) is the target pollutant to be transported through the
anion-exchange membrane. In the receiver compartment, X" represents the “driving” counter-
ions used (i.e., Cl-and HCO3/COs *) while Fe** is used to precipitate As, thus maintaining the
arsenate concentration difference between the receiver and the water solutions at its maximum

possible value, to ensure the highest driving force for arsenate transport across the membrane.
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Figure 7-1.Schematic representation of the Donnan dialysis experiments

performed.

7.3.4 Analytical techniques

The concentrations, of arsenate, ferric and sodium ions, in the samples withdrawn were
determined based on the analysis of As, Fe and Na elements, measured by inductively coupled
plasma-atomic emission spectrometry (ICP-AES) (Ultima model, Horiba Jobin-Yvon, France)
equipped with a radio frequency (RF) generator of 40.68 MHz, a Czerny-Tner type
monochromator with 1.00 m (sequential) and a Hydride Generator with concomitant metals
analyser (CMA) (the detection limit for As was 0.5 pg/L), AS500 auto sampler and data
acquisition software. The pH was measured with an ORION pH meter (Model 720 A) and the
conductivity was followed with an ORION conductivity meter (Model 120).

7.3.5 Response surface methodology

For the experimental design, three independent factors were considered: the Fe/As ratio (in
mass units) to be used, the initial concentration of arsenic in the water and the pH of the water
(respectively, [Fe]/[As] ratio, [As]waterti) and pHwateri)). A DoE methodology was applied using
a central composite face centred (CCF) design with three replicas of the central point. This
experimental design allowed to infer about the correlation of the 3 factors, at 3 levels with 17
experiments. The three levels were minimums, maximums and middle values of the 3 factors
selected, accordingly with Table 7-2. The [Fe]/[As] ratio, pH and As concentrations to be used

in each of the 17 experiments are shown in Supplementary data, Table S1.
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Table 7-2. Range of factors studied.

Minimum Medium Maximum
[AS] water(i) 2.75
(mg/L) 0.5 5
prater(i) 6 7 9
[Fe]/[As] ratio 100 275 400

For the response surface methodology (RSM), a multi-linear regression (MLR) model,
integrating quadratic and interaction factors, was chosen. The DoE and data analysis were
performed using MODDE 12 software. The statistical parameters (R2, Q2, Model validity and
Reproducibility) associated to model quality were calculated by the software, as described in
User Guide to MODDE (2017).

7.4 Results and discussion

7.4.1 Optimisation of the As removal process

In order to maintain the drinking water pH within an acceptable range (between 6 and 9)
(Mohanty, 2017) during the treatment process, a pH control is required. Although this could be
done through the use of precise pH reagents dosing pumps and pH control systems, it increases
the complexity of the process, which would hamper its implementation in remote areas.
Therefore, an initial experiment was performed using a bicarbonate-carbonate buffer in the
receiver compartment (Figure 7-2). In this experiment, an initial arsenic concentration of 4
mg/L (4000 pg/L) and a [Fe]/[As] mass ratio of 200 were applied. The results showed that,
after 7 hours, the arsenic content in the feed water dropped to 36 pug/L, and after 26 hours of
operation the concentration decreased further to 20 pg/L of As. This As concentration is
acceptable for many countries, in which, the MCL is set at 50 ug/L. Moreover, it is perceptible
that arsenic precipitation occurred in the receiver compartment, remaining only 87 pg/L of
soluble As in the receiver solution (Figure 7-2A). These results proved a working process
concept; however, there is a need of using a higher [Fe]/[As] ratio, to reach As concentration

levels in the treated water below the MCL of 10 pg/L.
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In Figure 7-2B it is also noticeable that the use of the buffer maintained the water pH within
acceptable values for drinking water. It is also noticeable that the water pH tends to approach
the pH of the receiver (the pH of the feed water after 26 hours of operation was 8.09). Therefore,
if a higher iron (II) chloride concentration is used, the buffer capacity might not be sufficient.
Consequently, all the subsequent experiments performed for optimisation of the [Fe]/[As] ratio

were performed with a 0.2 M bicarbonate — carbonate buffer, independently of the amount of

A L B)

LJJ:D_D/D——D O30

o I 0.10 sl A R
a I 0.08 %" [/
2 34 £ 6 -
g —A— arsenic water 5
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E. 24 Qo 4 —A— pH feed
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14 2
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Figure 7-2.Experimental data obtained: A) Arsenic concentration profiles in the
water and receiver solutions and B) pH in the water and receiver solutions, when
using the initial conditions [As]= 4 mg/L; pH= 6.48; ratio Fe/As= 200 and 0.1M

of bicarbonate - carbonate buffer).

To further optimise the removal process (in terms of the FeCls content required for As removal)
and study the effect of As concentration and water pH in the process performance, a Response
Surface Methodology (RSM) methodology was used. The study was performed for [Fe]/[As]
ratios between 100 and 400, and assuming As contamination levels between 0.5 and 5 mg/L, in

water with pH varying between 6 and 9.

The response studied was the concentration of As in the treated water (the variable to be
predicted/minimised). However, since the performance of this process may evolve along time,
the As concentration in the treated water was assessed at 4, 6, 8 and 22 hours of operation.
Considering the reasonable time that can be spent for treatment of a batch volume of water
under real conditions (possibly overnight, for practicality and process simplicity), a scenario of

8 hours of operation was selected as the time of treatment, for modelling purposes.
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The 17 experiments resulting from the DoE (supplementary data, Table S1) were applied in
practice with slightly different values, mainly due to differences between the amount of As
added to water and measured analytically (the analytical values were used), and taking into
account the amount of FeCl; added in the receiver compartment. The [Fe]/[As] ratio was
calculated from the amount of Fe added and As measured (as it would be done by an operator
of the system in the field). The conditions actually used in the 17 experiments as well as the As
concentration in the water compartment after the 8 hours of treatment, [AsS]watersn), (the

response) are displayed in Table 7-3.

Table 7-3.Design of experiments (DoE) results — Central composite Face (CCF) design matrix along
with dependent terms: pH in the receiver and the experimental values of arsenic in the treated water

after 8h of working process.

Design of Experiments Dependent Response
factor
Exp. Name [As]wateri) pHwawery  [Fe]/[As] ratio PH receiver() [As]water(sh)

(mg/L) (mg/L)
N1 0.54 6.00 92.6 8.63 0.007
N2 6.00 6.00 83.3 7.92 0.122
N3 0.60 9.00 83.3 9.01 0.262
N4 6.23 9.10 80.2 8.30 0.063
N5 0.53 6.00 377.3 8.53 0.006
N6 6.12 6.00 326.8 7.24 0.224
N7 0.58 9.05 344.8 8.37 0.007
N8 6.04 9.00 331.1 6.66 0.000
N9 0.46 7.25 271.7 8.70 0.005
N10 5.36 7.25 233.2 7.38 0.061
N11 3.08 6.00 223.2 7.86 0.094
N12 2.58 8.10 266.5 8.05 0.003
N13 3.02 7.25 91.0 8.94 0.000
N14 2.95 7.50 372.9 7.30 0.000
N15 3.13 7.25 219.9 8.07 0.000
N16 2.97 7.25 231.5 8.25 0.000
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N17 3.24 7.25 212.2 8.04 0.000

The RSM was applied to this experimental data in order to find a mathematical model able to
correlate the factors selected with the performance response after 8h of working process.
However, the first model obtained using the three selected factors ([As]water(i); pHwateriy and
[Fe]/[As] ratio) fitted poorly the experimental values, even after model optimisation by input
selection and by addition of quadratic and interactions terms (best model achieved with a R? of
0.6). Therefore, the inclusion of other variables assessed during the experiments (pH, water
conductivity and iron concentration, in both compartments) was also tested. This approach
aimed at adding more information about the process to the model and, thus, achieving better
fitting of the experimental data. It was found that, besides the three independent factors initially
considered ([As]water(i); PHwateri) and [Fe]/[As] ratio), the initial pH in the receiver, (shown in
Table 7-3 — pHreceiver(i)), sShows a strong effect on the process performance and should be also
included as a model input. In fact, despite the bicarbonate-carbonate buffer present in the
receiver compartment, which was the same in all experiments, when iron is added in high
concentrations causes a significant pH change in the receiver solution. Therefore, this variable
has to be considered a dependent variable, depending from the Fe concentration, and cannot be

considered independently of the composition of the receiver solution.

The best model obtained, after optimisation, included as inputs the three independent factors
and the initial pH in the receiver. The prediction of the response ([ As]watersh)) Was obtained by

considering quadratic and interaction terms, as shown in Equation 7-1:
[AS]watersn) = +3.41938 + 0.104225%[As]wateriy — 0.220328%pHyatery + 0.00267933%[Fe]/[As] -

0.638289xpHucceiverty + 0.00311434x[As]watery? + 0.0236131xpHuaery? — 8.90E-07x([Fe]/[As]) —

0.0340887xpHieceiver(y> —0.0187849%[ As]water(iypHwateriy — 0.0003761XpHuyacery X [Fe]/[As]
Equation 7-1

The arsenic concentration in the water after 8 hours of process operation can be predicted using
the mathematical model defined in Equation 7-1 and compared with the experimental values
obtained and presented in Table 7-3, [As]watersn). The plot of the observed versus predicted
values for [As]watersh) (Figure 7-3) shows the agreement between the predicted values and the

values measured experimentally.
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Figure 7-3. Observed (measured) versus Predicted values of As concentration in

water after 8 hours of treatment

As it can be seen in Figure 7-3, the predicted and observed values of As in the treated water
(after 8h) are extremely close, indicating an excellent model fitting and agreement between
experimental and predicted values (with a regression coefficient R? 0of 0.993). Additional model
statistics (Q2, Model validity and Reproducibility), provided by the software used, confirmed
model fitting and validity. By definition (User Guide to MODDE, 2017), Q2 estimates the
future prediction precision and should be greater than 0.1 for a significant model and greater
than 0.5 for a good model. The value of Q2 obtained for the present model was 0.926, assuring
that a good model prediction was obtained. Regarding model validity, which was 0.62 for the
present model, it should be higher than 0.25, to exclude statistically significant problems, such
as the presence of outliers, an incorrect model or a transformation problem (User Guide to
MODDE, 2017). Furthermore, when the replicates are almost identical, or in models with
Q2>0.9, the model validity can be low even though the model is good. For the present model,
despite the high value of Q2, the model validity is considerably higher than 0.25, meaning that
the model is statistically valid. Reproducibility, defined as the variation of the replicated
compared to overall variability should be greater than 0.5 (User Guide to MODDE, 2017),

which was confirmed by its value of 0.998.

Nevertheless, in Figure 7-3, some dispersion can be seen at values below 10 pg/L, which is the

range where the experimental error and detection limit most impact the accuracy of the values
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(measured and predicted). Indeed, the error of the model (calculated as root mean square error,
RMSE) is 6.6 nug/L, which is in the range of the detection limit of As by ICP (5 pg/L). However,
since the target values of As concentration in the treated water are near zero, an error similar to
the detection limit is acceptable. Furthermore, the model was developed based on experimental
data (arsenic concentration in the initial and treated water, pH measurements in water and
receiver compartments and amount of iron added to the receiver), which have associated
experimental and analytical errors. Actually, arsenic measurements had an average error of 10%
calculated for the entire range of As used in this work, resulting both from ICP instrument error
and sampling collection. Models’ accuracy is, in the best case, as good as the accuracy of the
experimental data used, meaning that the best prediction error that can be achieved will be

always equal or higher than 10%.

The effect of input parameters on the final As concentration in the treated water can be seen in
Figure 7-4, where the normalised coefficients are displayed (to allow comparison between input
weights). The coefficient bars (relative to each input variable) indicate that [As]watersh) 18
significantly affected by the pH in the receiver and the [Fe]/[As] ratio. Moreover, although it is
not possible to infer about positive or negative impact of all variables (due to the quadratic and
interaction terms involved), the negative effect of the [Fe]/[As] ratio on the concentration of As
in the treated water is noticeable (as expected). Among the interactive terms, the interaction of
PHwater X [AS]water(i) and pHwater X [Fe]/[As] are the most significant ones meaning that variations

of these parameters have a high impact on the As concentration in the treated water.
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Figure 7-4.Coefficients (scaled and centered) of the model for [As]watersh) -

7.4.2 Model Validation

Aiming at validating the model developed and ensure that its predictions are accurate, two case
studies where performed: one at high arsenic contamination (5 mg/L, 500x more than the

MCL), and the other at medium/low arsenic contamination (1 mg/L, 100x more than the MCL).

After preparing the synthetic contaminated water samples, through addition of Na2HAsO4 and
pH adjustment, they were analysed in terms of arsenic content by ICP. The arsenic
concentration and pH of the two samples are shown in Figure 7-4. To treat these samples, 1312
mg/l and 258 mg/L of Fe were used, respectively for each case study, aiming at similar [Fe]/[As]
ratio in both experiments. However, despite the similar [Fe]/[As] ratio used in both the receiver

solutions, the amount of iron is different, resulting in different receiver pH values.
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Table 7-4.Conditions of the experiments and model predictions of [As] after 8h of operation.

Case study 1 Case study 2
[As]water(i) (mg/L) 4.8 1.0
pHwater(i) 8.1 7.1
inputs [Fe]/[As] (w/w) 273 258
(Fe (mg/L)) (1312) (258)
PHreceiver(1) 7.10 8.54
model prediction [AS]water(sh) 0.046 below 0

Figure 7-4 shows, for each case study, the conditions of the validation experiments and the
model prediction of the final arsenic concentration in treated water after 8h of operation (using
Equation 7-1). According with the model, in case study 1, the As is partially removed, while in

case study 2 the Fe concentration used is optimal for complete removal of As.

The experimental results obtained for case study 1 are shown in Figure 7-5.
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Figure 7-5. Experimental data obtained during 8 hours of water treatment for case study 1:
A) arsenic concentration in water and receiver compartments; B) pH variation in water and

receiver compartments.

As it can be seen in Figure 7-5A, the As concentration in the treated water was 0.050 mg/L
after 8 hours of operation, which is in excellent agreement with the model prediction of 0.046

mg/L (within the £6.6 pg/L error), with an error below 10%.
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The experiment presented a slight iron leakage to the water compartment, <0.021 mg/L,
although it remained well below its drinking water MCL of 0.5 mg/L during the 8 hours
duration of the experiment. The water pH (Figure 7-5B) was maintained within the acceptable

drinking water pH range (between 6-9).

The results obtained through the operation time for the second validation experiment are shown

in Figure 7-6.
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Figure 7-6Experimental data obtained during 8 hours of water treatment for case
study 2: A) arsenic concentration in water and receiver compartments; B) pH

variation in water and receiver compartments.

As it can be seen in Figure 7-6A, the As concentration data after 4 hours was already below the
MCL of 50 pg/L. Furthermore, the actual experimental value was 0 pug/L of As after 8 hours.
Moreover, the iron leakage observed during the 8 hours of experiment was minimal (below
0.010 mg/L) and the water pH (Figure 7-6B) was maintained within the acceptable drinking

water pH range.

Overall, the results obtained prove the accuracy of the model and suggest that the approach
followed in this work can be successfully used to develop a practical mathematical tool able to
be used in the decision of the amount of iron required to treat an As contaminated drinking
water. For practical uses, a special care must be taken when selecting the conditions for the
development of the mathematical models (in order to be in agreement with the real conditions),
such as the characteristics of the feed water. The experiments required to develop (calibrate)
the model should be done with a water with similar physicochemical properties and ionic

composition.
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7.4.3 Mathematical decision tool

To estimate the concentration of iron, in the receiver compartment, required to treat a specific
feed water (characterised by pH and As concentration) Equation 7-1 can be used (e.g., by
assuming [As]watersny=0). However, the pH of the receiver is not known before preparing the
receiver solution (it depends on the composition of the receiver solution). Thus, a correlation
between the pH and iron present in the receiver was considered. Figure 7-7 presents the plot of
initial receiver pH versus iron concentration, obtained for the 17 experiments performed. This

plot shows a significant correlation, with a R? of 0.86.
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Figure 7-7. Correlation between iron concentration and pH in the receiver.

Therefore, for prediction purposes, the correlation between initial pH of the receiver and the

initial iron concentration was used by inclusion of the following equation:
pH receiver(z):'0~00 1 0[F€] + 8.7555
Equation 7-2

in which the /Fe] is the initial iron concentration in the receiver (calculated from [As] water(i)

x ratio [Fe]/[As]) and the pHyeceiver(i) 1S the initial pH in the receiver.

A useful equation (for decision purposes) is then achieved through the replacement of the

PHreceiveriy by this equation (Equation 7-2) in the initial model (Equation 7-1):
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[As]watersh) = +3.41938 + 0.104225%[As]watery — 0.220328%pHyarery + 0.00267933x[Fe]/[As] -
0.638289%( -0.001/Fe] + 8.7555) + 0.00311434x[As]waery? + 0.0236131xpHuuery? — 8.90E-
07x([Fe]/[As])> —0.0340887x(-0.001/Fe] + 8.7555) 2 —0.0187849 X[AS]watery*PHuwaterc

0.0003761 xpHyatery<[Fe]/[As]
Equation 7-3

Using Equation 7-3 it is possible to estimate the Fe concentration required in the receiver (e.g.
using the Solver Function in Excel) in order to reach a defined concentration of As in the treated
water ([As]watergh)). This mathematic decision tool is valid in the range of concentrations tested

with the design of experiments.

Equation 7-3 can be also used to assess visually the effect of feed water pH and As
concentration, and [Fe]/[As] ratio in the As removal. In Figure 7-8, Equation 7-3 is plotted as
contour plots for different initial As concentrations in contaminated water. The shapes of the

contour plots show the extent of the interactions between factors and arsenic removal.
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Figure 7-8. Response contour plots of the Model for different As water

contamination levels (in the range 0.5 to 5 mg/L).

The contour plots show the efficiency of As removal, when varying the pH in the water and the
[Fe]/[As] ratio, accordingly with the arsenic concentration in the contaminated water to be
treated. In case of a relatively low As contamination (0.5 mg/L), it can be noted that, according
to the model, a [Fe]/[As] ratio between approx. 350 and 400 can be used successfully used for
water treatment, independently of the water initial pH (for the entire pH range in study 6-9).
However, to minimise the use of iron (and thus avoid iron leakage to the water), a smaller ratio

(<300) can be used, when the water pH is between 6.5 and 7.5.

For high As contamination (5 mg/L) in drinking water, it can be observed that, for acidic water,
it is not possible to reach values below the MCL of 10 pug/L, under the operating conditions
used. However, it is interesting to note that better results are obtained at the lowest ratio of 100.
Furthermore, when analyzing the experiment N6 (Table 7-3) (Supplementary data, Figure S1),
where the water used had 6.12 mg/L of As and pH of 6, although the removal of As was not
complete after 8 hours of operation, after 22 hours, the concentration of As in the water was 0
mg/L (bellow the ICP detection limit). This result indicates that the removal of As in these
conditions may be slower, but achievable, meaning that the degree of As removal achieved after

8 hours of operation could be increased with the extension of operating time.
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Based on the model developed, it can be concluded that for As concentrations between 0.5- 2
mg/L, it is always possible to have an almost complete removal (to ~0 pg/L) of As. This result
is important because reducing the arsenic concentration to values below 10 ug/L has been
reported to be highly challenging by using other arsenic removal techniques (Mohanty, 2017;
Mondal et al., 2013).

According with the model obtained, a possible option for an efficient removal of As (within 8
hours of operation), when its initial concentration is very high, can be the addition of an alkali
to the water to increase its pH. Although addition of chemicals to drinking water may
sometimes not be feasible and/or desirable, a simple correction of pH proves to be a possible
way to ensure efficient As removal. Furthermore, from a practical and process engineering
perspective, this tool (Equation 7-3) can be used when the operator first knows the actual

amount of arsenic of the water to be treated.

Figure 7-9 shows the overlapping of the contour plots in Figure 7-8 (made through the sum of
[As]water(8h) for each pH/Ratio pair).
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Figure 7-9.Overlapping (through the sum) of the 6 response contour plots from
Figure 7-8.

In this Figure, the area where the As concentration is zero corresponds to complete As removal
for all the ranges studied (pH, [Fe]/[As] ratio and initial As water content). From the
overlapping of the contour plots, it can be concluded that for [Fe]/[As] ratios above 300 and

initial water pH in the range 8-9, the treatment process will always reduce the arsenic
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contamination to levels below 5 pg/L (detection limit of ICP) independently of the initial

arsenic concentration (within the As range studied - 0.5 to 5 mg/L).

Despite the increased difficulty in treat acidic water with high As concentration, revealed by
the model obtained, it is important to note that the study was limited to a [Fe]/[As] ratio between
100 and 400, and only 8 hours of operation, meaning that other performances may be achieved
by changing ratio and operation time. However, due to its empirical nature, it is not possible to

use the model obtained to extrapolate beyond the calibration range.

7.5 Conclusions

In the present work an optimised ion exchange membrane process was achieved for the removal
of arsenic in drinking water. It was demonstrated how the process can be operated and
optimised through the use of FeCls and a bicarbonate-carbonate buffer in the receiver solution.
The system studied allowed to maintain the treated water pH within the recommended drinking
water range of 6-9. Furthermore, it was shown that a [Fe]/[As] mass ratio range between 100
and 400 can be used to optimise the arsenic removal process, allowing arsenic removal without

significant iron leakage to the treated water.

A mathematical model for the prediction of arsenic concentration in the treated water was
developed using quadratic and interaction terms with a fitting R? value of 0.99 and a prediction
error of 6.6 ug/L of As. Furthermore, with the integration of the correlation between the iron
concentration and pH in the receiver, the model permits to optimise (minimise) the amount of
iron used in the treatment of As contaminated water and, therefore, to reduce the iron leakage
to the treated water (to values far below its allowed drinking water limit). The analysis of the
mathematical correlation between the factors studied and the As concentration in the treated
water, through contour plots, allows also to define the optimal process performance conditions

in a simple visual way.

Due to the advantages of the ion exchange membrane process, integrating Donnan dialysis with
precipitation of the target pollutant: i) selective removal; ii) no contact between treated water
and receiver solution; iii) low energy requirements (only for stirring) and iv) easy to handle
operation (enhanced by the use of the buffer, which avoid the need of pH control during the
treatment process), the arsenic removal system studied has a high potential for application in
decentralised water treatment. Additionally, the use of a mathematical decision tool, properly

calibrated for the local contaminated water, simplifies the decision about the optimal process
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operating conditions for the specific characteristics of the income water, thus enhancing the

applicability of the process (even in the absence of specialised operators).
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7.7 Supplementary Data

Table S1: Design of experiments (DoE) — Central composite Face (CCF) design matrix.

Exp Name [As]water() (mg/L) PHuwater(i) Fe/As ratio
N1 0.50 6.00 100
N2 5.00 6.00 100
N3 0.50 8.50 100
N4 5.00 8.50 100
N5 0.50 6.00 400
N6 5.00 6.00 400
N7 0.50 8.50 400
N8 5.00 8.50 400
N9 0.50 7.25 250
N10 5.00 7.25 250
N11 2.75 6.00 250
N12 2.75 8.50 250
N13 2.75 7.25 100
N14 2.75 7.25 400
N15 2.75 7.25 250
N16 2.75 7.25 250
N17 2.75 7.25 250
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Figure S1: Arsenic concentration profile in the treated water of experiment N6 from the Design of Experiments

(with the initial conditions: [As]water(i)=6.12 mg/L; pHwater(i)=6.00 and [Fe]/[As] ratio= 326.8).
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8

Conclusions and future work

8.1 Conclusions and future work

This PhD thesis contributes to the better understanding of different water/wastewater problems
and their potential solutions: - treatment of an industrial effluent with high organic load;
production of a high quality drinking water in terms of chemical composition and microbial
inactivation; and arsenic removal from contaminated water bodies, aiming its application for
rural areas located far from centralized drinking water supply infrastructures. The main
conclusions of this research project are highlighted in this section, with a particular emphasis
on future work recommendations for the proposed technologies for water/wastewater

treatments.
8.1.1 Industrial wastewater Treatment

The integrated NF + Evaporator processes allowed to reach the following objectives:- reduce
the COD levels to comply with European legislation requirements for water disposal (COD<
2000 mg/l), and significantly reduced of the total energy expenditures required to treat the

wastewater under study.

It was concluded that the NF270 nanofiltration membrane is the best option for processing the
rubber wastewater produced, thus allowing the rejection of over 93% of the COD. The NF270
permeate can be either discharged or re-used as boiler feed water, if the total hardness in the

permeate is further reduced.

The membrane can be operated continuously at a controlled permeate flux for over 24 hours if

the permeate flux is maintained at no more than 12 L/m?. h. A water recovery of 80-90% can
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be achieved by using a nanofiltration process with a NF270 membrane as long as the permeate
flux is set below 12 L/m?. h.

After the economic analyses for a full-scale plant design, another concluding remark was drawn
regarding a 2-stage NF design that can significantly reduce the overall energy costs of the
integrated solution. The 2-stage NF design will lead to higher operational savings for the

integrated solution than the single stage NF design.

The proposed treatment was successfully applied (by retrofitting) in the existent wastewater
treatment plant and is currently under operation. The solution developed and tested may

considered for similar wastewater contamination problems and high energy spending situations.

The proposal wastewater membrane treatment scheme should be performed for at least one year
to include seasonal variations, such as oscillations of COD concentrations and temperature.
Higher temperatures should improve membrane permeability due to lower viscosity and lower
degrees of concentration polarization at the membrane surface, however, it was observed that
when temperature reached 24°C or higher the membrane permeability dropped in several tests.
Thus, as future work, it should be further understood the effect of higher temperatures on the
process performance. The possibility of using a ceramic membrane should be also evaluated,
since they can stand operation at higher temperatures. Moreover, a pre-treatment of the
feedwater could also be considered, in order to reduce membrane fouling and consequently the

membrane cleaning periodicity and lifetime.
8.1.2 Drinking water Treatment

The integrated system combining nanofiltration + UV photolysis increases the performance of
water treatment making possible the production of highly pure water, assuring the removal of

pesticides below the detection limits, while allowing for lowering the level of chlorine dosage.

It was concluded that the integrated pilot scale system (nanofiltration and UV) should be placed
after conventional sand filtration of the surface water treatment plant of EPAL in order to

improve nanofiltration performance, avoiding flux decline and minimizing fouling problems.

The fouling agents were identified to be mainly organic material. Therefore the alkaline
cleaning of the membrane is more efficient to restore the initial membrane permeability.
According with the operation results, an alkaline cleaning-in-place protocol should be
performed every 15 days of nanofiltration operation with a transmembrane pressure of 8 bar

and a recovery rate of 91% in order to restore the membrane performance.
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It is suggested as future work, studies with operation under milder transmembrane pressure
conditions in order to minimize excessive convective transport towards the membrane surface
and reduce fouling conditions. Finally, an economic analysis should be performed in order to

compared a new plant design with the existent process and calculate the payback periods.
8.1.3 Arsenic contaminated drinking water Treatment

It was proved that applying a new concept of using sulphate as a driving counter-ion, in order
to promote arsenate counter-transport across anion-exchange membranes, is efficient and that

a highly selective arsenate removal from sulphate containing water streams can be achieved.

The Neosepta AXE 01 membrane was the best membrane option for the arsenate separation /
purification by providing a good compromise between performance (high arsenate membrane
transport with relatively low arsenate membrane retention) and an acceptable salt leakage from

the receiver to the treated water compartment.

The use of FeSO4 in the receiving solution causes arsenic precipitation and maintains the
arsenate concentration difference between the receiver and the feed solutions at its maximum

possible value. The latter ensures high arsenate transport driving force across the membrane.

An optimised ion exchange membrane process was achieved through the use of FeCl; and a
bicarbonate-carbonate buffer in the receiver solution. The system studied allowed to maintain
the treated water pH within the recommended drinking water range of 6-9. It was concluded
that a [Fe]/[As] mass ratio range between 100 and 400 can be used to optimise the arsenic

removal process, allowing arsenic removal without significant iron leakage to the treated water.

A mathematical model was developed for the prediction of arsenic concentration in the treated
water, optimising (minimising) the amount of iron used for precipitation of As and, therefore,
allowing to reduce the iron leakage to the treated water (to values far below the drinking water
limit). The analysis of the mathematical correlation between the factors studied and the As
concentration in the treated water, through contour plots, allows also to define the optimal

process performance conditions in a simple visual way.

Due to the advantages of the ion exchange membrane process, integrating Donnan dialysis with

precipitation of the target pollutant:

1) selective removal
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i1) no contact between treated water and receiver solution
ii1) low energy requirements (only for stirring)

iv) easy to handle operation (enhanced by the use of the buffer, which avoid the need of pH

control during the treatment process),

the arsenic removal system studied seems to have a high potential for application in

decentralised water treatment systems.

As further investigation, it is suggested the use of a mathematical decision tool, properly
calibrated for the real contaminated water and evaluated in terms of the arsenic concentration
prediction in real conditions. It is also important to validate the proposed methodology for more
complex waters streams taking into account other possible parameters that may influence As
removal, such as the presence of the competing ions like sulphate, bicarbonate and
hydroxide (SO4 >, HCO; -, OH, ...).

Validation of the solution studied and proposed should be conducted for an extended period of
time under real conditions, operated by non-skilled personnel. The purpose is an evaluation of

this solution for rural areas, where access to a dedicated operator is not realistic.
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