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HIGHLIGHTS

Tanzanian natural water with high F &
NOM is treated by an autonomous NF/
RO system.

Low pH and high ionic strength increase
permeate F due to size & charge effects.
Water quality (pH & IS) affects ‘loose’
NF270 more than ‘tight’ BW30 mem-
brane.

NOM was retained <2 mg/L by both
membranes with no significant effect
of pH and ionic strength.
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GRAPHICAL ABSTRACT

ABSTRACT

Real water pH and ionic strength vary greatly, which influences the performance of membrane processes such as
nanofiltration (NF) and reverse osmosis (RO). Systematic variation of pH (3 — 12) and ionic strength (2-10 g/L as
total dissolved solids (TDS)) was undertaken with a real Tanzanian water to investigate how water quality affects
retention mechanisms of fluoride (F) and natural organic matter (NOM).

An autonomous solar powered NF/RO system driven by a solar array simulator was supplied with constant power
from a generator. An open NF (NF270) and a brackish water RO (BW30) membrane were used. A surface water
with a very high F (59.7 mg/L) and NOM (110 mgC/L) was used. Retention of F by NF270 was <20% at pH <6, in-
creased to 40% at pH 6, and 60-70% at pH 7-12, indicating a dominance of charge repulsion while being ineffec-
tive in meeting the guideline of 1.5 mg/L. Increase in ionic strength led to a significant decline in retention of F
(from 70 to 50%) and electrical conductivity (from 60 to 10%) by NF270, presumably due to charge screening.
In contrast, BW30 retained about 50% of F at pH 3, >80% at pH 4, and about 99% at pH > 5, due to the smaller
pore size and hence a more dominant size exclusion. In consequence, only little impact of ionic strength increase
was observed for BW30. The concentration of NOM in permeates of both NF270 and BW30 were typically
<2 mg/L. This was not affected by pH or ionic strength due to the fact that the bulk of NOM was rejected by
both membranes through size exclusion.

The research is carried out in the context of providing safe drinking water for rural and remote communities
where infrastructure is lacking, and water quality varies significantly. While other studies focus on energy
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fluctuations, this research emphasises on feed water quality that affects system performance and may alter due to
a number of environmental factors.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Fluoride (F) and natural organic matter (NOM) are two major con-
taminants in natural waters (both surface- and ground waters) in
many developing countries such as Tanzania (Aschermann et al.,
2016; Bretzler and Johnson, 2015; Fawell et al., 2013; Nanyaro et al.,
1984). Although, a moderate concentration of F in drinking water
(=1 mg/L) is beneficial to human dental health (Fawell et al., 2006),
concentrations above the World Health Organization (WHO) guideline
value of 1.5 mg/L in drinking water can lead to serious health problems
like dental and skeletal fluorosis (Fewtrell et al., 2006). The tolerable in-
take of F is lower in children as the tooth enamel is less developed than
adults and therefore removing F below the guideline value is critical for
children's healthy development (Eawag, 2015). NOM affects the aes-
thetic quality of the water; is a precursor for carcinogenic disinfection
byproducts such as trihalomethane (THM); and may contribute to mi-
crobial (re)growth (Environmental Protection Agency Ireland, 2012;
Meylan et al., 2007).

However, developing countries face particular infrastructure chal-
lenges relating to the provision of clean drinking water and electricity
(The World Bank Group, 2017; World Health Organization, 2012).
While clearly being ‘advanced’ technologies, membrane processes like
nanofiltration (NF) and reverse osmosis (RO) are established water
treatment options where dissolved contaminants need removal. Effec-
tive removal of inorganic and organic contaminants (e.g. F and NOM)
and simultaneous pathogen removal render this an ideal solution for
developing countries (Ayoob et al., 2008; Garcia-Vaquero et al., 2014;
Meenakshi and Maheshwari, 2006), in particular when coupled with re-
newable energies (Thomson and Infield, 2003). The economic aspect of
a technology is a crucial factor for its implementation. It has been shown
that the costs of water produced by renewable energy powered mem-
brane technology are comparable to the prices of improved but untreat-
ed water in developing countries. In Tanzania, for example, people can
pay as much as $12 per m? for water from a kiosk, whereas the price
of water produced by a membrane system (brackish water NF/RO
with ultrafiltration (UF) as pre-treatment) powered by photovoltaics
is estimated around $6 per m> (Schifer et al., 2014). This makes renew-
able energy powered membrane technology a viable treatment option
for providing safe drinking water in developing countries where dis-
solved contaminants are to be removed, while physical disinfection
can be easily achieved with much less energy-intensive processes
such as UF.

F and NOM removal by NF/RO involve different mechanisms and
therefore may be influenced by a number of water quality parameters,
such as feed concentration, pH, ionic strength of the water as well as in-
organic contaminant speciation and organic matter characteristics
(Braghetta et al., 1997; Hu and Dickson, 2006; Meylan et al., 2007;
Shen and Schéfer, 2015). Fluoride retention by NF/RO is generally con-
trolled by steric (size exclusion) and electrical (charge repulsion,
Donnan exclusion and dielectric exclusion) effects, while NOM is
retained predominately due to size exclusion (Shen and Schafer, 2015;
Winter et al., 2017). To ascertain the robustness of NF/RO within the
scope of varying water quality and environmental conditions such var-
iants require investigation.

The pH and ionic strength of natural waters can vary significantly.
Waters in one of the regions with the world's highest fluoride concen-
trations, the East African Rift Valley, are characterized by neutral and al-
kaline pH (Gizaw, 1996), while acid deposition from both natural and

anthropogenic sources may lead to acidification (Gorham et al., 1986).
High acidity in natural waters may stem from geochemical and biologi-
cal causes including volcanic activity, hydrolysis of salts of heavy metal,
excretion of acids by plants, organic acids from peat and bacterial activ-
ities (Baas Becking, 1938; Gorham et al., 1986). A natural water pH var-
iation between 4 and 10 was observed in Ghana (Rossiter et al., 2010).
Equally, natural waters occur with varying ionic strength with the
main reasons for variation due to rising sea-levels, seawater intrusion
and climate change (Vineis et al.,2011). In Tanzania for instance, natural
waters with elevated F and NOM concentrations have variable ionic
strength (tests were performed with waters of electrical conductivity
(EC) between 314 and 16,150 pS/cm), while in soda lakes and some
groundwater ionic strength was beyond seawater concentrations
(Shen and Schéfer, 2015).

Water pH influences membrane properties, in particular surface
charge, which is positive below the isoelectric point (IEP) and negative
above, as well as F speciation (Childress and Elimelech, 1996; Dalwani
et al, 2011; Deng et al., 2011; Mdnttdri et al., 2006). Some authors re-
ported that the pore size of membranes such as the NF270 increased
at higher pH, which was explained by the greater intramembrane elec-
trostatic repulsion (Teixeira et al., 2005), while another study did not
confirm this with a number of NF/RO membranes including BW30 and
NF90 (Richards et al., 2010). lonic strength also affects the membrane
surface properties. It is well understood that an increase in the solution
ionic strength will compress the double layer of the charged solute or
the charged membrane surface, which reduces the electrostatic interac-
tions between these two entities (Childress and Elimelech, 1996; Tu et
al, 2011).

At low pH, F exists as uncharged HF which dissociates to F~ above
the pKa of 3.2 (Lide, 2008), and this speciation affects F charge and hy-
drated radius (Owusu-Agyeman et al., 2017). Naturally, this significant-
ly affects F retention mechanisms. At high pH, however, the effect of pH
on the retention of the charged F~ was reported to be low (Hoinkis et
al., 2011). lonic strength will affect F retention of charged species due
to charge screening and Donnan effect (Luo and Wan, 2013; Tanninen
et al,, 2006; Zaidi et al.,, 2015). It has been reported that F retention by
the NF270 membrane reduced from 70 to 20% with an increase in
ionic strength from 0 to 850 mM as NaCl (Tanninen et al.,, 2006).

The structure of NOM is pH and ionic strength dependent. At low pH
or high salt concentration, NOM is curled due to intra-molecular bond-
ing while at low salt concentration and high pH is linear due to charge
repulsion (Ghosh and Schnitzer, 1980). High ionic strength and low
pH lead to a decrease in retention of NOM due to a combination of
changes in charge repulsion and size exclusion (Braghetta et al., 1997;
Kilduff et al., 2004; Luo and Wan, 2011). An increase in pH yielded
higher NOM rejections due to pore narrowing, larger NOM hydrody-
namic radius and stronger repulsions between the negatively charged
membrane and NOM functional groups (Teixeira and Rosa, 2006). On
the contrary, a decrease in pH from 10 to 4 led to an increase in perme-
ate NOM concentration (as TOC) from 0.06 to 1.9 mg/L, whereas an in-
crease in ionic strength from 1.6 to 61 mM resulted in an increase in
permeate NOM from 0.5 to 1.4 mg/L (Braghetta et al., 1997). The result
was explained with charge repulsion. In a study using natural water, an
increase in ionic strength from 4 to 100 mM resulted in a 20% flux de-
cline, the fouling being explained by the cake filtration model in
which an increase in ionic strength led to a reduction of charge repul-
sion and increased accumulation of NOM molecules on the membrane
surface (Jarusutthirak et al., 2007). Flux decline being more pronounced
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