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consumption, industrial use, or irrigation purpose. In this study, a brackish water
reverse osmosis (BWRO) membrane was practically investigated to obtain
irrigation water from geothermal water. The quality of the produced water was
analyzed to understand the potential in agricultural use for boron-sensitive crops.
The effects of the feed solution composition and pretreatment by microfiltration
were studied. Results showed that the ionic content was effective in reduction of
permeate flux. However, the rejections of salt and silica did not change significantly
by the change in the feed water composition and they were successfully removed
from the geothermal water by more than 95% rejection. Pretreatment of the
geothermal water with a microfiltration (MF) membrane having a pore-size of 0.8
pum provided higher flux than the one having a pore size of 5 ym. The higher
rejections of boron were only achieved with increased pH in the pretreatment.
The pH of 9.5 in the geothermal water provided a rejection of boron as 75% with
a permeate boron concentration of 2.4 mg/L when 15 bar of operating pressure
was employed. This level of boron concentration in the irrigation water was found
to be allowable only for some boron resistant crops (e.g. beans, lettuce, onion)

and semi-sensitive crops (e.g. sunflower, potato, tomato).

1. Introduction

Increasing demand related to agricultural production
is directly proportional to living standards and global
growth of population. This demand has been increased
significantly specifically towards horticultural crops for
a healthy lifestyle. Thus, the importance of irrigation
water is felt deeply for arid and semi-arid areas where
the water shortage is becoming an issue [1].

Irrigation water is vital for sustainable agriculture and
should have some specific quality, such as lack of col-
loids, low salt content, and also low content of some
trace elements like boron that may have severe ad-
verse effects on horticultural productivity in the short
and long term. This limits the direct use of natural wa-
ter resources for irrigation purposes. Therefore, pro-
duction of irrigation water or its treatment should be
carefully performed to get rid of undesired contami-
nants.

In general, to obtain stream waters that can be directly
used for irrigation is quite challenging in most of the
areas in the world. Thus, brackish water becomes one

of the most abundant supplies of irrigation water. Nev-
ertheless, its treatment for irrigation is comparatively
new in agriculture. The utilization of geothermal water
as brackish water has taken excessive attention re-
cently [2-6]. The mineral content of those resources
may vary widely from 1 g/L up to 200 g/L, which lim-
its their direct use [7]. In the past, there have been
several methodologies applied for the treatment and
production of irrigation water from geothermal water.
Most are task-specific techniques focusing on removal
of particular species [5]. For instance, some include
reverse osmosis (RO) and evaporation (for removal
of dissolved solids [8]), oxidation and precipitation (for
arsenic removal [9,10]), ion exchange (especially for
boron removal/recovery [11-13]) and desilication by
cooling ponds and soda ash (silica removal by soda
ash or lime [14,15]). In addition, some integrated pro-
cesses have been developed combining both ion ex-
change and membrane filtration for removal of boron
and arsenic [16,17]. Each method has its own ad-
vantage considering the specific objective they have.
However, RO, widely-used membrane process, have
recently gained lots of attention due to the recently
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developed, cost-effective membranes and continu-
ous mode of operations in both single and hybrid pro-
cesses. Therefore, as an energy-efficient and easy to
scale-up technology, the membrane processes such
as RO are quite promising to provide product water
with desired quality.

RO is the most widely studied membrane technology
among all other alternatives [18,19]. Although up-to-
date RO membranes now can provide more than 99%
of ionic rejection, retention of small and uncharged
species is still a concern. At low pH values (lower than
the dissociation constant of boron, pKa of 9.2), boron
remains as very small uncharged species in aqueous
media [20-24]. Thus, RO membranes perform less
well and elevated pH is usually required in industrial
desalination which is often limited by inorganic scaling
(due to precipitation of calcium and magnesium com-
pounds) as well. Moreover, when it is realized that the
maximum allowable limit of boron in irrigation water
is as low as 1 mg/L, boron removal turns into a great
challenge [25].

It is known that boron is a vital element for plant
growth. The deficiency of boron in plants directly af-
fects the stem and root systems and reduces metabol-
ic activities. On the other hand, high boron concentra-
tions cause toxicity presenting some signs especially
in leaves such as discoloring and distortion [4]. The
tolerance of crops usually varies up to 4 mg/L in irriga-
tion water. Thus, available data on boron tolerances
are recommended to be referenced when the use of
irrigation water is the case for boron-sensitive crops.
It is realized that most of the crops that have commer-
cial value and also the ones required for a healthy life-
style has some certain level of boron sensitivity. Very
sensitive crops are citrus plants and some others like
walnut, apple, and cherry, and can tolerate only up to
1 mg/L of boron in irrigation water. On the other hand,
some crops have high resistance towards boron con-
tent in irrigation water (up to 4 mg/L) such as beans,
carrot, lettuce, and onion. Semi-sensitive crops which
can tolerate 2 mg/L of boron concentration can be re-
ferred as sunflower, potato, tomato, wheat and corn.

One other issue on top of high boron content is the
silica-containing water sources when it is considered
for irrigation purposes. As silicon is very abundant ele-
ment in the earth's crust, natural water sources usu-
ally contain silicon up to 40 mg/L, even in some ter-
restrial regions its concentration can extent up to 100
mg/L [26-30]. The concentration of silica (SiO,) and
its removal trend should be carefully monitored in RO
systems. Hence, its concentration certainly affects the
removal performance of boron as well. A certain level
of silica naturally found in water streams such as in
geothermal water may cause deposits or metal com-
binations on membrane surface. This is later inducted
into silica fouling which is very difficult to remove. The

existence of divalent cations such as calcium and
magnesium promotes the precipitation of silica [31].
Silica fouling on RO membranes then results in sig-
nificant flux decline reducing the water production ca-
pacity [32]. Therefore, not only the solution chemistry
but also pretreatment or certain silica mitigation tech-
niques should be realized before RO implementation.

In this work, the potential of a geothermal water source
to be utilized for irrigation of boron-sensitive crops
has been investigated. As operation parameters, the
impacts of feed solution composition and pretreat-
ment with microfiltration (MF) on the performance of
a flat-sheet RO membrane were studied for removal
efficiency of boron and silica by a commercial BWRO
membrane.

2. Materials and Methods
2.1. Materials and Chemicals
2.1.1. BWRO membrane

The BWRO membrane commercialized by GE Os-
monics is selected in this work due to high level of salt
rejection properties. It is a thin-film polyamide-based
membrane and represents a standard type of BWRO
membrane in the industry. Specifications of the BWRO
membrane employed were shown in Table 1.

Table 1. Specifications of the BWRO membrane [33].
Parameter Specification

Manufacturer GE Osmonics
Material Thin Film Material
Typical Operating Pressure 1.379 kPa
Typical Operating Flux 15-35 LMH
Maximum Operating Pressure  3.103 kPa
Maximum Operating 50°C
Temperature

Operating Range pH 4.0-11

Maximum Pressure Drop 83 kPa

Over an element

Chlorine Tolerance 1,000 + mg/L-hours

Feed water NTU< 1, SDI< 5
Salt rejection minimum 98.5%
(NaCl)*2

'Average salt rejection after 24 h operation

2Testing conditions: 2,000 mg/L NaCl solution at 1.551
kPa operating pressure, 25°C, pH 7.5 and 15%
recovery.

2.1.2. MF membranes

For pre-filtration of geothermal water, MF membranes
with 5 and 0.8 ym of pore sizes (Millipore Durapore,
USA) were used in lab-scale flask type (vacuum-as-
sisted) filtration unit. MF membranes do not have spe-
cific selectivity or affinity towards boron, silica and any
other species naturally found in geothermal waters.
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Filtration is merely based on size exclusion. Specifica-
tions of MF membranes are shown in Table 2.

Table 2. Specifications of MF membranes.

Parameter 5 Hm 0.8 Hm
pore size pore size

Wettability Hydrophilic Hydrophilic

Filter Diameter, mm 47 47

Water Flow Rate, 190 190

mL/min cm?

Maximum Operating 85 75

Temperature, °C

2.1.3. Chemicals

Determination of boron content in samples is per-
formed by spectrophotometric Azomethine-H method.
The chemicals used in this analytical method are Azo-
methine-H monosodium salt hydrate (C,.H,,NNaO,S,,
Fluka), ascorbic acid (99%, Acros Organics), ethyl-
enediamine tetraacetic acid disodium salt dehydrate
(EDTA, AnalaR, analytical grade), ammonium acetate
(CH,COONH,, Merck) and acetic acid (CH,COCH,
99-100%, Merck). Boric acid (H,BO,, 99.8 %, Merck)
and ultrapure water (Milli-Q) were used to prepare the
standard solutions.

2.2. Membrane Filtration Test System and Related
Tests

A lab-scale flat sheet membrane test unit (SEPA CF I
GE Osmonics) has been employed for the filtration of
the geothermal water. It allows the pre-simulation of in-
dustrial-scale membrane units. This cross-flow system
is comprised of a membrane filtration cell equipped
with a hydraulic assembly, high-pressure pump, and a
feed tank. The pressure is controlled by a needle valve
on the concentrate line and is measured by a manom-
eter as a pressure indicator (PI). Figure 1 depicts the
RO system employed.

Concentrate

Permeate

A4

Needle valve

Flat-sheet membrane
Feed tank
High-pressure pump
Figure 1. A representation diagram of the cross-flow flat-sheet
membrane test system.

Before the RO operation, the membrane was im-
mersed in the Milli-Q quality ultrapure water overnight.

The membrane filtration was continued for 8 h. For
each half an hour, flow rates, temperature, and total
dissolved solids (TDS) were recorded, and samples
were taken for the analyses of boron and silica at each
one hour and two hours, respectively. In all tests, per-
meate and concentrate streams were re-circulated to
the feed tank to maintain the feed content and volume
constant to some extent.

2.3. Vacuum-Assisted MF System as Pretreatment

For pretreatment before the RO filtration of the geo-
thermal water, a vacuum-assisted MF system was em-
ployed. A pressure/vacuum pump (Pall Life Sciences,
USA) was used together with a glass-filter funnel (300
mL in capacity) where the geothermal water was fed.
A flask with a capacity of 1 L was attached to a fun-
nel where the filtrate was collected. The attachment
was done with an aluminum clamp. Active filtration
area was 9.6 cm? that can be provided by 47 mm-in-
diameter filter.

2.4. Analytical Measurements

A portable conductivity meter (Mettler Toledo, Switzer-
land) was used to measure TDS, conductivity, salinity,
and temperature of water samples. A digital pH meter
(WTW pH 315i/SET, Germany) was used for pH mea-
surements.

A spectrophotometer (JASCO V-530 UV/VIS, Japan)
was used for spectrophotometric boron analysis by
Azomethine-H method. Analyses of silica concentra-
tions were performed by Spectroquant Nova 60 (Ger-
many) test kit using a spectrophotometer.

2.5. Solute Rejection and Flux Calculations
2.5.1. Salt rejection

Solute rejection, i.e. salt rejection, is defined as the
ratio of solute (i.e. salt referred to as TDS in this work)
that remains in the concentrate stream over the solute
content in feed:

SR = (1 - C—”) x 100 (1)
Cr

In Eq. 2, SR is salt rejection in percent, Cp and C, are
solute concentrations (TDS) in permeate and feed
side in mg/L, respectively. Boron and silica rejections
are calculated in the same fashion using the concen-
trations that are analytically determined [34].

2.5.2. Permeate Flux

Permeate flux (J) is calculated to observe any possible
changes in filtration capacity of membranes. It is de-
fined as volumetric flow per unit area [35]. Where Vp is

318



Gliler E. /BORON 6(3), 316 - 325, 2021

the permeate volume, A is the membrane area used
for filtration and ¢ is the filtration time.

j=—2 @)

2.6. Parameters Affecting the Performance of RO
Membrane

2.6.1. Effect of the composition of the geothermal
water

Two different geothermal water samples, namely
Sample-A and Sample-B, having different specifica-
tions were used as feed solution in the membrane fil-
tration tests (Table 3). lon content of sample waters
was given in Table 4. Only major species were pro-
vided in tables eliminating the other trace ions that
are naturally present. Cations were determined by
atomic absorption spectroscopy (AAS), and anions
were determined by ion chromatography (IC) except
bicarbonate ion measured by titrimetric method. Boron
and silica were measured by Azomethine-H and colo-
rimetric methods, respectively. To protect the filtration
system and membranes from the adverse fouling/scal-
ing effects of natural geothermal water, filtration with a
rough filter paper was employed. Then, using BWRO
membrane, cross-flow RO filtration was performed at
15 bar providing an 800 mL/min of feed flow.

Table 3. Characteristics of geothermal waters with different
compositions.

Parameters Sample-A Sample-B
pH 8.60 8.50
Conductivity (uS/cm) 1770 1854
TDS (mgl/L) 885 926
Salinity (%o) 0.700 0.930
Turbidity (NTU) 0.150 0.640
Si (mg/L) 56.0-65.0 65.0-72.0
B (mg/L) 10.3-11.0 10.2-10.9

2.6.2. Effect of MF pretreatment

To investigate the effect of pretreatment with MF, two
different MF membranes were employed with 5 and
0.8 um of pore-sizes for coarse and fine filtrations, re-
spectively. After that, RO filtration with BWRO mem-
brane was performed at 15 bar using 800 mL/min of
geothermal water as feed flow rate. For these set of
experiments, the geothermal water named as Sample-
B, which has higher TDS than Sample-A, was used at
its natural pH (8.5). Later, adjusted pH of 9.5 to real-
ize the pH effect on microfiltration pretreatment was
investigated for Sample-B as well. Vacuum-assistant
filtration set up was used to investigate the effect of
MF pretreatment.

Table 4. lon content (mg/L) of geothermal water samples.

Parameters Sample-A Sample-B
Na* 366 364
K* 26.3 34.1
Ca? 26.2 12.1
Mg?* 3.70 1.1
CIl- 188 160
S04 109 185
F- 4.45 2.55
HCOs" 622 635

3. Results and Discussion

3.1. Effect of feed water characteristics on RO per-
formance

Feed water specification is certainly a vital factor that
affects the performance of the RO process. To investi-
gate this impact, two different geothermal waters with
different characteristics were selected. Tables 3 and
4 provide the brief data about these geothermal wa-
ter sources that were filtered with a simple filter paper
prior to RO filtration. Flux of the product water (per-
meate), rejections of boron and silica are calculated
using a flat-sheet brackish water RO membrane. The
applied pressure was 15 bar.

Permeate flux values calculated by Eq. 2 were calcu-
lated for two natural geothermal water samples during
8 h of the filtration test. Although pH of both samples
was almost identical, their ionic compositions were dif-
ferent.

The similar trend of permeate fluxes was observed
for both types of feed waters although the levels were
different (Figure 2). It was possible to obtain a higher
flux when Sample-A was used as feed. Although the
presence of divalent cations in Sample-Ais higher and
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Figure 2. Impact of feed water characteristics on permeate flux.
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elevation of membrane scaling might be expected to
rise, it was not an issue that affects the permeate flux.
There is another hypothesis that these divalent ions
contribute to neutralization of the membrane charge
density and allow the rapid deposition of macromol-
ecules which reduces the permeate flux through the
membrane [36]. However, it was not the case either.
The lower flux of Sample-B can only be attributed to
the higher level of TDS (or high conductivity). Silica in
Sample-B was also higher. Thus, total hardness (cal-
cium and magnesium) might promote the deposition of
silica on the membrane surface [37]. Therefore, silica
fouling has great potential to be the basis to obtain
lower levels of permeate flux.

In Figure 3, influence of feed water characteristics on
salt, boron, and silica rejections was shown. Satisfy-
ing rejection levels of more than 95% for both feed
samples were obtained for salt and silica. Neverthe-
less, the rejections of boron were lower (around 50%).
This was due to the relatively low pH of geothermal
water samples at their natural state (Table 3). The acid
dissociation constant of boric acid (pKa) is around
9.2 and higher pH levels can contribute to the exis-
tence of charged boron species and thus their reten-
tions by membranes become easier. Boron at pH 8 in
groundwater is mostly found in the form of boric acid
(B(OH),). It is a small, polar and uncharged molecule
like water molecule. Elevation of pH above pKa pro-
moted the transformation of boric acid to its negatively
charged form, so-called borate (B(OH),"). Since most
RO membranes today rely on charge and size based
retention mechanisms to remove undesired species,
increasing pH levels can certainly provide borate re-
jections as high as 99% [21,23,38].

100 ; ; ; - ;
98 +

96.8

96 -

Sample-A | SampleB
885 926
107 106
50.5 63.5

04 |-

92

90.k

40 -

Rejections (%)

Salt Boron Silica
Species

Figure 3. Impact of feed water characteristics on salt rejection.

Although the rejection values had minor differences
when using two different geothermal water samples, it
was observed that permeate of Sample-B had higher
TDS value than that of Sample-A (Figure 4). The per-
meate TDS at the end of the operation was found as

35.3 mg/L from the geothermal water having TDS of
926 mg/L (Sample-B). For Sample-A, the permeate
TDS was found as 30.9 mg/L from the geothermal wa-
ter containing TDS of 885 mg/L. This shows that high
TDS in the feed increases the dissolved solute level in
permeate.

Even though the boron rejection for Sample-A was
slightly higher than that for Sample-B, this difference
did not contribute to a significant difference in the bo-
ron levels of the permeate samples at the end of oper-
ation. Boron concentrations in permeates of Sample-A
and Sample-B were similar as 5.2 and 5.5, respective-
ly (Figure 4).

Comparable retention behavior of silica like boron was
observed when using Sample-A and Sample-B as
feed waters. Nevertheless, silica was removed at high
levels as more than 95% due to being less reliant on
pH, unlike boron (Figure 3). Thus, the silica concentra-
tions in permeates of Sample-A and Sample-B were
2.2 and 2.6 mg/L, respectively (Figure 4).

40 i i :
| |Feed Sample-A | Sample-B ]
TDS (mgiL) 885 928 Eermea:e gDS

35+ |8 (mam) 10.7 106 ermeate B
F | SiimgiL) B05 685 Permeate Si |

30 - ]

20 - e

Concentration (mag/L)

Figure 4. TDS, boron and silica concentrations in the RO permeates
of different feeds at the end of operation.

Using RO membrane with 15 bar of filtration pressure
provided permeates containing more than 5 mg/L of
boron, which is not proper when considered as irriga-
tion water for sensitive crops such as orange, lemon,
apple, or grape. Standards for irrigation waters should
be carefully checked when employing the RO perme-
ate for agricultural irrigation because the level of boron
is recommended as low as 1 mg/L in the irrigation wa-
ter [25].

3.2. Effect of MF Pretreatment on RO Performance
at Natural pH of Geothermal Water

MF is a physical pretreatment method of feed waters
prior to the RO application. To investigate the effect
of different filtration levels at natural pH of geothermal
water, the feed geothermal water was filtered through
coarse (5 ym pore size) and fine (0.8 um pore size)
MF membrane filters.
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When the geothermal water was filtered by 0.8 um of
MF filter, the RO membranes provided higher perme-
ate fluxes (Figure 5). An average of approximately 7
LMH of a stabilized permeate flux was obtained during
RO run after a fine pre-filtration whereas the respec-
tive value was 6 LMH when a coarse pre-filtration was
employed. The MF membrane was able to remove
fine solids, silt, and some other particles. However,
coarse filtration can be effective for removal of only
coarser solids and suspended solids. Thus, those un-
rejected substances may deposit on the surface of the
RO membrane, and reduce its efficiency resulting in a
lower permeate flux. It was observed that the flux de-
cline was not continuous during 480 min of operation.
Yet there was a visible offset of flux levels between two
RO tests due to coarse-and fine-filtered feeds prior to
RO. It is also important to note that it took some time
to level off the permeate flux for both feeds. This sta-
bilization time was longer (up to 200 min) when the
coarse filtered feed was used for the RO system (Fig-
ure 4). This is a characteristic behavior for most mem-
branes, thus membranes were soaked in ultrapure
water beforehand to reduce this time,
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Figure 5. Effect of pre-filtration on permeate flux obtained by RO

membrane at natural pH 8.5.
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When salt, boron, and silica rejections were calculat-
ed, it was found that fine-filtered feeds provided higher
retention of salt and silica by the RO membrane (Fig-
ure 6). This may be attributed to the high efficiency
of RO membrane with reduced fouling materials us-
ing fine filtering with a smaller pore size (i.e. 0.8 ym).
However, this behavior was reversed in the case of
boron removal. Slightly lower boron removal was ob-
tained for fine-filtered feed. This may possibly be due
to the colloidal matter remained after coarse filtration,
which may promote adsorption of boron compounds
or agglomerations resulting in easier removal by RO
[39,40]. It was also realized that boron removals were
significantly lower than salt and silica rejections at nat-
ural pH of geothermal water. This shows that natural

100 T
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Figure 6. Effect of pre-filtration on salt, boron and silica rejections by
RO membrane at pH 8.5.

pH 8.5 is low for efficient removal of boron.

Higher rejection levels of salt and silica for fine-filtered
geothermal water provided lower concentrations of
TDS and silica in the RO permeate samples as ex-
pected. In contrast, boron concentration in the RO per-
meate was higher for fine-filtered feed due to its lower
rejection as indicated previously (Figure 7).
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Figure 7. TDS, boron and silica concentrations of RO permeates

at the end of RO operation using coarse-filtered and fine-filtered
geothermal water samples at natural pH.

Boron concentrations in the range of 5.1-5.5 mg/L are
already much higher for irrigation of horticultural crops
with high boron sensitivity (Figure 6). On the other
hand, these boron levels may be acceptable for boron
resistant crops although 4 mg/L is recommended as
the uppermost concentration in irrigation water. This
result recalls again the necessity of some process de-
sign towards the enhancement of removal efficiencies
such as integration of RO with hybrid systems such as
adsorption with membrane filtration or an effective pH
adjustment. Effects of those parameters were previ-
ously shown [41, 42].
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3.3. Effect of MF Pretreatment on RO Performance
at Adjusted pH 9.5

In certain cases, pH of the feed may be the issue in MF
pretreatment before the RO operation. The pH of feed
may vary or pH adjustment may be executed in some
specific industrial RO systems. To better understand
the effect of pH change before the MF pretreatment,
NaOH solution was used to raise the pH of geother-
mal water (Sample-B) to 9.5. Then, the feed was fil-
tered through coarse and fine MF membrane filters as
discussed previously. After MF, cross-flow membrane
set-up installed with BWRO membranes was operated
at the same conditions (pressure: 15 bar; feed flow
rate: 800 mL/min).

Both coarse-and fine-filtered feeds provided similar
level of permeate flux of about 6 LMH on average
(Figure 8). However, flux stabilization behaviors were
different: coarse-filtered feed provided fluctuating
flux over 8 h whereas fine-filtered feed provided con-
ventional stabilization trend as previously described.
Fluctuating random flux values during operation might
be the indication of initial scaling or fouling because
higher levels of pH promote the calcium and magne-
sium-based scaling. This will later become the reason
for flux decline for the prolonged RO operations. Nev-
ertheless, averaged flux values were relatively lower
when compared to the ones with natural pH reported
in Figure 5.
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Figure 8. Impact of filtration on permeate flux at pH 9.5.
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It is also worth noticing that significant flux decline was
not observed for both cases during 8 h of operation.
This shows that the scaling issue was not yet criti-
cal, but longer operation periods may be required to
observe the high pH effect on permeate flux. It was
realized that hardness and alkalinity are two vital in-
dicators of scaling. As calcium represents most of the
total hardness, its concentration has to be monitored
in feed water. Calcium concentrations in the geother-
mal waters used in this work were low compared to the
concentration level where scaling concentrations typi-

cally occur, i.e., 100 ppm hardness [43]. On the other
hand, carbonate and hydroxide precipitations became
pronounced at pH values of 9.3 and 10.5, respectively
[44]. In this case, high pH in the feed waters might be
an issue. Although the kinetics of carbonate precipi-
tation is assumed to be instantaneous, its deposition
on membrane surface did not become severe to affect
permeate flux within 8 hours as seen in Figure 8.

Increasing pH to 9.5 did not change the range of salt
and silica rejections compared to natural pH of geo-
thermal water (Figure 9). Besides, coarse and fine fil-
trations provided very similar salt and silica rejections
at pH 9.5. Scaling at elevated pH of 9.5 was not the
issue affecting any change. However, boron rejections
increased from 50% to more than 70% due to high
pH dependency. Similar to the situation at natural pH,
coarse-filtered feed delivered higher boron rejections
compared to fine-filtration. This situation may be attrib-
uted to denser membrane surface due to particulate
matter deposition that has potential for scaling, and
boron-containing ionic compounds [45].
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Figure 9. Effect of filtration on salt, boron and silica rejections at

pH 9.5.

At pH 9.5, the RO membrane performed stable rejec-
tions throughout the study lasting for 8 h. Although
salt and silica rejections were fairly in the same range,
their concentrations in permeates obtained from both
fine and coarse filtrated feeds were higher than the
ones obtained at natural pH (Figure 10). Relatively
high TDS in permeate was also a consequence of
the NaOH added to the feed for pH adjustment. That
means increasing pH slightly lowered membrane per-
formance towards TDS and silica removals. The MF
pretreatment can only help as mitigation of scaling fac-
tors to some extent, especially at elevated pH of feed
waters. It was also good to realize that coarse filtration
provided slightly better silica rejections thus lower per-
meate silica concentrations in permeate. This may be
due the fact that silica probably polymerizes easily at
the existence of Mg?* and Ca?" ions, thus not primarily
removed by coarse filtration but subsequently better
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removed by the RO membrane afterward [31].

On the other hand, increasing pH increased boron re-
movals resulting in lower boron concentrations in per-
meates (Figure 10). It was possible to obtain boron
concentrations as low as 2.4 mg/L. When irrigation
water standards are considered, this concentration
is still high but resistant or even some semi-sensitive
crops can tolerate this level of boron. Conversely, the
RO process should be developed further to produce
appropriate irrigation water for sensitive crops at this
stage. Increasing pH higher than 9.5 or implementa-
tion of hybrid processes (e.g. adsorption-membrane
filtration systems) could help to provide lower boron
concentrations [41,46,47].
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Figure 10. TDS, boron and silica concentrations of RO permeates
at the end of operation using coarse-filtered and micro-filtered
geothermal water samples at pH 9.5.

4. Conclusions

The performance of a flat-sheet BWRO membrane
to produce irrigation water from geothermal water for
boron-sensitive crops has been investigated by ana-
lyzing the impacts of feed solution composition and
MF pretreatment. The results showed that relatively
high levels of TDS and silica in the feed was effec-
tive in lowering the permeate flux. The BWRO mem-
brane was successful in retaining salt and silica but
not boron at natural pH. Also, different salt contents of
the feeds used in this work did not change the boron
concentrations in permeates significantly. It was also
seen that choice of MF pretreatment filters is crucial.
The choice of a smaller average pore size of 0.8 ym
(i.e. fine filtration) in the pretreatment promoted higher
permeate flux in the RO membrane, and also higher
rejections of salt and silica although boron rejection
was not affected by the pore size of MF membrane.
On the other hand, at elevated pH of 9.5, coarse filtra-
tion (with 5 um pore size) provided improved rejections
of boron resulting in 2.4 mg/L boron concentration in
the RO permeate. The results suggest that the current
experimental set-up operating at 15 bar with BWRO
membrane can provide irrigation water for semi-sen-

sitive and resistant crops only. Nevertheless, there is
still room for the development of advanced RO pro-
cesses either with hybrid assembly containing adsorp-
tion systems or with optimized process conditions.
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