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Abstract: The main objective of this work was to investigate the removal of boron from processed geothermal waters (i.e.,
after energy production) in lab-scale tests using ceramic ultrafiltration membranes. The impacts of membrane operating
pressure, feed water pH and temperature and membrane pore size on boron rejections were determined. Three different
single-channel tubular ceramic membrane modules with average pore sizes of 4 nm, 10 nm and 1 kD were tested. Fine-UF
ceramic membrane with 4 nm pore size provided higher boron and salt rejections than the other two tested membranes.
Increasing pH from 8.8 to 10.5 did not enhance boron rejections. Operating pressure around 8 bar was found to be optimum in
terms of flux values and boron and salt rejections for the 4 nm pore-sized membrane. The results indicated that ceramic
ultrafiltration membranes can only partially (around 25-30%) remove boron from geothermal waters. Once much lower
pore-sized nanofiltration or brackish water reverse osmosis type ceramic membranes are available, they may be used for the
desalination of processed geothermal waters since ceramic membranes are resistant to extreme conditions. Ceramic fine-UF
membranes can also be used as a pre-treatment stage prior to polymeric brackish water reverse osmosis processes in
desalination of geothermal waters.
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1. Introduction
Boron is potentially harmful in drinking water and has
suspected teratogenetic properties. Male reproductive
impediments of laboratory animals were affected by boron
ingredients [1-4]. Boron was categorized as a pollutant in
drinking water by European Union (EU). The World Health
Organization (WHO) recommended boron concentration to
be below 5 mg/L in drinking water. Boron concentrations in
seawater and municipal wastewaters are about 5–6 mg/L [5]
and 0.5–2 mg/L [6], respectively. Very high boron
concentrations may be observed in geothermal waters.
Various kinds of boron removal processes have been tested
from different water sources including coagulation [7],
electro-coagulation [8], ion exchange [9] activated carbon
[10], electrodialysis [11-12], and membrane processes
[13-15].
Generally polymeric membranes (nanofiltration (NF)

and/or reverse osmosis (RO)) were tested or applied for
boron removal from various water sources (seawater,
brackish water, wastewater, and geothermal water). Boron
rejections in these membrane processes depend on various
factors such as solution pH, temperature, pressure, and salt
concentrations [4-6; 14; 16-17]. Boron rejections obtained
by some polymeric seawater RO (SWRO) or brackish water
RO (BWRO) membranes were around 99% in caustic waters
(pH>9.2) [5; 14; 18]. Above pH 9.2, negatively charged
borate and other ions become dominant in waters which
generally enhance boron rejections by various polyamide
membranes [6]. However, pre-mature degradation in
polymeric membranes may be observed at this high pH
levels. In this context, ceramic membranes may be
advantageous over polymeric ones due to their higher
mechanical strength and resistance to extremes in pH and
temperature and harsh chemicals [19]. Therefore, the main
objectives of this work were to investigate the effectiveness
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Two different lab-scale, cross-flow ceramic membrane
test units were used for membrane separation tests. The first
test unit contained a single-channel tubular ceramic
membrane module (γ -Al2O3, Media and Process
Technology, Inc., USA). Ceramic membranes with average
pore sizes of 4 and 10 nm were tested in this unit. The outer
and inner diameters of the modules were 5.7 and 3.5 mm,
respectively. The active length was 23.5 cm. The modules
had a total filtration area of 29.5 cm2. The second test unit
also contained a single-channel tubular ceramic membrane
module (TiO2, Inside CeRAM, TAMI Industries, France).
The molecular weight cut-off (MWCO) of this membrane
was 1 kD. The outer and inner diameters of the module were
10 and 6 mm, respectively. The active length was 25 cm. The
module had a total filtration area of 37.7 cm2. During
membrane separation tests feed water temperature was kept
constant at 55±2 or 65±2 °C using a heater and resistance
system immersed in the feed water tank. Detailed
descriptions of the test units can be found in our previous
publication [19].
Membrane tests were carried out with geothermal water
samples obtained from a geothermal power plant in
Kızıldere, Denizli, Turkey. The temperature of the extracted
geothermal water from wells in this plant is around 98 °C.
Collected geothermal water samples were initially cooled to
room temperature and then filtered with 1-µm cartridge
filters prior to membrane tests. Filtered samples were
collected in high-density polyethylene (HDPE) bottles and
stored at room temperature until use. The physicochemical
characteristics of the raw and filtered samples are shown in
Table 1.
The tested membrane operating pressures were 4, 8 and
12 bar. Two different feed water temperatures were tested:
55±2 and 65±2 °C. The tested feed water pH values were 8.8
(pH of the filtered geothermal water) and 10.5. Depending
on the experimental matrix, feed water pH values were
adjusted by HCl and/or NaOH solutions and continuously
monitored and controlled during the whole experiments.
Total recycle mode (the concentrate and permeate streams
were returned back to the feed tank) was employed in all
membrane tests. The duration of each membrane test was 10
h. While flow rates of concentrate and permeate streams,
membrane unit and pump outlet pressures, conductivity, pH,
and temperature were recorded each hour, the other
parameters (boron, silica concentrations, etc.) were
measured each 2 h. Spectrophotometric curcumine method
was employed for boron analysis. Silica and sulfate analysis
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were performed by spectrophotometric measurements at
wavelengths of 452 and 450 nm, respectively, using Hach
DR2500 spectrophotometer. pH was measured using a
bench-scale Schott Handylab 1 pH meter. Conductivity and
TDS was measured using WTW Inolab Cond. Level 1
conductivity meter. Distilled and deionized water was used
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used were reagent grade.
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Figure 1. The impacts of membrane pressure on boron rejections (pH=8.8;
pore size=4 nm; temp=55±2 ˚C).
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of ceramic ultrafiltration (UF) and fine-UF membranes in
rejecting boron from processed geothermal waters and to
determine the impacts of operational conditions (pH,
temperature and pressure) on boron rejections. Based on the
knowledge of the authors and literature search, ceramic
membranes were not tested before for boron removal from
waters.
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Figure 2. The impacts of membrane pore size on boron rejections (pH=8.8;
pressure=8 bar; temp=55±2 ˚C).

Fig. 1 shows the boron rejections obtained at different
operating pressures using ceramic membrane with 4 nm
average pore size. At pH 8.8, boron rejections achieved at 4,
8 and 12 bar were 8-19, 21-29 and 13-26%, respectively.
Increasing pressure from 4 to 8 bar increased rejections;
however, further increasing the pressure to 12 bar
deteriorated the rejections. Operating pressure around 8 bar
was found to be optimum in terms of flux values and
rejections for the 4 nm pore-sized membrane. Zhong et al
[20] reported that pores of ceramic membranes could be
fouled with colloidal silica or it could deposit on membrane
surface. This deposit could cause the formation of cake layer
on membrane surface. Also colloidal silica could form
concentration polarization near the membrane surface. It is
underlined that cake formation may occur when the
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convective forces are strong and the repulsive forces are
weak. In this situation rejection values would be low [21].
Hence stronger convective effects may be the reason for
boron leakage at 12 bar. Koseoglu et al. [14] found that for
polymeric membranes boron rejections were negatively
affected at higher membrane pressures (31 bar) due to
concentration polarization. At pH 10.5, boron rejections
increased with increasing pressure from 4 to 8 bar for the
membrane with 4 nm average pore size. Obtained boron
rejections at 4 and 8 bar were about 12 and 25%, respectively,
at pH 10.5.
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Figure 3. The impacts of feed water pH on boron rejections (pressure=4
bar; pore size=4 nm; temp=55±2 ˚C)

Figure 4. The impacts of feed water temperature on boron rejections
(pH=8.8; pore size=4 nm; pressure=4 bar).

While maximum 20% boron rejection was achieved at 8
bar pressure with the membrane having 10 nm pore size, at
least 21% boron rejection was obtained with the 4 nm
pore-sized membrane at the same conditions (Fig. 2).
Membrane with 4 nm pore size provided higher boron
rejections. Boron rejections achieved by the 1 kD ceramic
membrane was the least, as expected. At pressure of 4 bar,
boron rejections were 8-18 and 1-9% with membranes
having pore size of 4 nm and 1 kD, respectively. These
results indicated that the main boron rejection mechanism is
pore size exclusion at pH 8.8. In addition, ceramic
membrane tests performed with different feed water pH

values proved this finding. Two different feed water pH
values were tested. Increasing the pH of the geothermal
water from 8.8 to 10.5 did not increase boron rejections;
similar boron rejection levels were observed at 4 bar
pressure (Fig. 3). The boron rejections were 8-18% for pH
8.8 and 8-16% for pH 10.5. Especially for polyamide
membranes, increasing solution pH above the pKa value
(9.2) generally increases boron rejections since negatively
charged boron species dominate and the membrane surfaces
also become negatively charged at higher pH values. This
trend was not found for the tested ceramic membranes since
their material thus surface characteristics are different than
those of polymeric membranes. Furthermore, high
conductivity levels in the geothermal water may overwhelm
the surface charge of ceramic membranes at higher pH
values. These results overall indicated that the major boron
rejection mechanism in the tested ceramic membranes was
pore size exclusion at both pH values (8.8 and 10.5). Same
trend was also found at 8 bar pressure.
Figure 4 shows the effects of feed water temperature on
boron rejections. Increasing the temperature of the
geothermal water at pH 8.8 from 55±2 to 65±2 °C did not
affect boron rejections; similar levels of boron rejections
were obtained at both temperature values using the
membrane with 4 nm average pore size. Similar trend was
also observed at pH 10.5.
As for the boron rejections at different operating pressures,
conductivity rejections tended to increase with increasing
pressure from 4 to 12 bar. While average conductivity
rejection was 28% at 4 bar pressure, it increased to 49% at
12 bar (pH 8.8, 4 nm pore-sized membrane). Similar levels
of conductivity rejections were found at 55±2 and 65±2 °C
feed water temperatures. This trend was valid for both of
the pH values tested. As expected due to viscosity effects,
permeate flux values increased with increasing geothermal
water temperatures from 55±2 to 65±2 °C for both pH
values. At temperatures of 55±2 and 65±2 °C, obtained flux
values were 15-22 and 22-34 L/m2-h, respectively (pH 8.8,
4 nm pore-sized membrane, 4 bar pressure). For pH 10.5,
such flux values were 17-20 and 25-31 L/m2-h while the
other parameters were constant.
Consistent with the trends observed for boron and
conductivity, silica rejections generally increased with
increasing membrane pressure. Silica rejections obtained
with the 4 nm pore-sized membrane were 4, 19 and 20% at
pressures of 4, 8 and 12 bar, respectively (pH 8.8). At pH
10.5, silica rejections were 13% for 4 bar and 23% for 8 bar
pressure. Again as for boron and conductivity, ceramic
membrane having 4 nm pore size was more effective than
the other tested membranes in rejecting silica.

4. Conclusions
The ceramic membrane with 4 nm average pore size
provided higher boron and salt rejections than the other two
tested membranes (10 nm and 1 kD), as expected. Operating
pressure around 8 bar was found to be optimum in terms of
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flux values and boron and salt rejections for the 4 nm
pore-sized membrane. Although boron rejections were low
the major boron rejection mechanism in the tested ceramic
membranes was pore size exclusion at both tested pH values
(8.8 and 10.5). Increasing pH from 8.8 to 10.5 did not
enhance boron rejections. High conductivity levels in the
geothermal water may overwhelm the surface charge of
ceramic membranes at higher pH values. Increasing the
temperature of the geothermal water from 55±2 to 65±2 °C
did not affect boron rejections for both pH levels. Due to
viscosity effects, permeate flux values increased with
increasing geothermal water temperatures from 55±2 to
65±2 °C for both pH values. At temperatures of 55±2 and
65±2 °C, obtained flux values were 15-22 and 22-34 L/m2-h,
respectively (pH 8.8, 4 nm pore-sized membrane, 4 bar
pressure).
Overall, the results indicated that ceramic fine-UF
membranes can only partially (around 25-30%) remove
boron from geothermal waters. The obtained boron and salt
rejections are not satisfactory in terms of reuse of the
processed geothermal waters (i.e., after energy production)
for various reuse areas including irrigation, etc. Apparently,
NF membranes with much lower pore sizes or BWRO
membranes are required to obtain much higher boron
rejections. However, ceramic membranes are not currently
available in the market with such properties. Once much
lower pore-sized NF or BWRO-type ceramic membranes are
produced, they may be used for the desalination of processed
geothermal waters since ceramic membranes are resistant to
extreme conditions such as high temperature, low-high pH
values, presence of solvents, acids, cleaning agents, etc.
Ceramic membranes may also be advantageous over
polymeric ones in terms of fouling mitigation and durability
during membrane backwash/chemical cleaning procedures.
Ceramic fine-UF membranes can also be used as a
pre-treatment stage prior to polymeric BWRO processes in
desalination of geothermal waters.
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Table 1. Physicochemical characteristics of the raw and filtered (1-µm)
geothermal water samples (average values of duplicate measurements)
Parameter
Temperature (oC)a
Boron (mg/L)
pH
Conductivity (µS/cm)
TDS (mg/L)
Total iron (mg/L)
Sulfate (mg/L)
Turbidity (NTU)
Total SiO2 (mg/L)
Alkalinity (mg/L CaCO3)
TS (mg/L)
TSS (mg/L)
NO3-N (mg/L)
Parameter
Temperature (oC)a
Boron (mg/L)

Raw Water
26
23.4
8.94
4620
2402
0.03
900
0.59
287
2460
3722
6
1.9
Raw Water
26
23.4

1-µm Filtration
26
22.2
8.80
4610
2397
0.01
840
0.44
262
2350
3553
<0.2
1.4
1-µm Filtration
26
22.2

TDS: total dissolved solids; TS: total solids; TSS: total suspended solids
During the analytical measurements the water temperature was 26 oC
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