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ABSTRACT

Natural geothermal water, which often possesses high levels of total dissolved solids, can be desali-
nated or concentrated by different membrane processes with different efficiency ratios. The paper
presents the results of an assay designed to examine the potential relationship between the mem-
brane process and water composition parameters and the efficiency of the water concentration
system. In the research presented in this paper, different process parameters were investigated:
various membrane processes, types of apparatus, values of permeate recovery, transmembrane
pressures, commercially available membrane types, selected antiscalants and feed water tempera-
tures. The results of the study demonstrate that a proper selection of the process parameters can
produce a significant increase in the values of absolute and average permeate flux and consequently
increase the efficiency of the process and decrease energy demand. Recommended values of desali-
nation process parameters were proposed for individual waters based on the results of the research
and taking into account the type of apparatus used during laboratory tests. For medium- and
highly mineralised waters, higher transmembrane pressure values, lower permeate recovery rates
and more-compacted membranes were recommended than for lightly mineralised waters.

Keywords: Desalination; Unit efficiency; Geothermal water; Nanofiltration; Reverse osmosis;
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1. Introduction

In recent years, the widely understood efficiency of
processes or technological solutions is a key factor in
the development of many branches of industry, includ-
ing renewable energy sources. Nowadays, efficiency is an
important aspect of every action, and it is also an important
factor for such high-energy operations as membrane pro-
cesses, especially for reverse osmosis (RO) and nanofiltra-
tion (NF). Both membrane processes mentioned are widely
applied in the desalination of seawater and geothermal
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waters, the production of drinking water, and recently also
in tertiary wastewater treatment [1]. The processes face a
number of challenges consequent on the ever-increasing
demand for efficiency in parallel with environmentally
friendly management of products thus obtained (permeates
and retentates) [2,3].

RO processes have recently become one of the most
widely used seawater, wastewater or geothermal water
desalination and treatment technologies worldwide [4].
Moreover, more than 60% of the desalination plants in oper-
ation use membrane technology, primarily RO, because of
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its reliability [5]. Unfortunately, the relatively high energy
consumption of RO compared with other processes leads
scientists to seek novel membrane materials, improved
apparatus design, and increased process efficiency [6],
and to analyse the possibility of combining it with other
processes [7] and also to carry out tests to optimise the
quantity and quality of water production and the processes
involved to further reduce the specific energy consump-
tion [8], and consequently the cost of water desalination
[9]. For membrane-based technologies, the amount of
energy demand can be reduced by combining different
processes (solar energy) and methods (NF-RO), produc-
ing more profitable membranes [10], using more effective
pumps, or by adjusting the relevant values of the process
parameters [11].

Apart from the technological aspects, geothermal waters
present specific physical and chemical compositions, often
exhibiting high concentrations of silica, sulphates, calcium,
magnesium, strontium, barium and carbonate, which may
affect the useful life of the membrane, decrease efficiency
during desalination [12] or the concentration of water using
membrane processes, limit the flux recovery and increase
the operating costs [13].

The production and treatment of water require energy,
the quantity of which can vary considerably depending
on the process and technology used. In general, thermal
processes require more energy [14] than membrane-based
processes, including RO or NF. Energy optimisation of
desalination processes, primarily RO, has led to significant
reductions in energy consumption, mostly through mem-
brane developments, improvements in pump efficiency
and the optimisation of permeate flux [8]. The scaling phe-
nomenon, which can occur, is a complex process involving
the crystallisation or precipitation of minerals [14], so it is
a very important aspect, which it is essential to consider.
The saturation limit is the concentration of specific ions in
the solution above which crystallisation or precipitation
of calcium carbonate (aragonite, calcite), calcium sulphate
(anhydrite, gypsum), barium sulphate (barite), strontium
sulphate (celestite), silicates (chalcedony, silica) or calcium
phosphate (apatite, hydroxyapatite) become thermody-
namically possible. Membrane scaling directly affects the
efficiency of the process being carried out by a significant
decline in permeate flux [15]. The probability of scale forma-
tion also increases due to the concentration of polarisation.
This is defined as the concentration gradient of salts devel-
oped in the vicinity of the membrane surface due to the redi-
lution of the salts remaining as water permeates through the
membrane itself. However, high permeate fluxes and low
cross-flow velocities may further enhance the concentration
gradient between the surface and the bulk fluid through
the concentration polarisation phenomenon (which does
not solely depend on the operating conditions) [16,17].
To avoid this problem, the feed water is normally dosed
with antiscalants during the membrane process [18,19].
Scientists from all over the world have conducted numerous
pieces of research devoted to increasing the efficiency of the
NF or RO processes and have demonstrated that by opti-
mising the process parameters [20], using unconventional
sources of energy [11,21], improving membranes [22,23] and
the efficiency with which permeate flux is regulated [24,25],

the performance of a desalination plant may be improved
[26] and simultaneously the cost may be reduced [27].

The results of selective laboratory tests related to the
treatment of geothermal waters have been presented in a
partial version in some of the authors’” works [2,3,28-33],
but the aim of this work is to analyse the influence of
the whole range of process parameters which determine
the results on a detailed analysis. That is why this paper
presents an integrated multi-factor analysis based on
the results of a complex research programme simulating
the membrane processes on selected geothermal waters
through the specification of different process parameters.
The research was designed to examine the influence of
selected parameters such as: (1) type of membrane process
(NF and RO), (2) apparatus type (cross-flow or dead-end
mode), (3) level of permeate recovery (50% and 75%), (4)
value of transmembrane pressure (TP) (10 bar for NF and
15 bar for RO), (5) membrane type (two NF and four RO
membranes), (6) addition of antiscalant and (7) feed water
temperature (15°C, 22°C and 30°C) on the unit efficiency of
the NF/RO desalination system in concentrating geother-
mal water. The research included all steps of the analysis,
from laboratory tests on selected waters to comparative
analysis of the changes of absolute and average permeate
flux during the processes conducted with different process
parameter settings. The purpose of the assay was to exam-
ine whether there is a correlation between the parameters
selected (type of membrane, addition of antiscalant, pres-
sure, temperature) and the actual unit efficiency (variation
in permeate flux) in the concentration of geothermal water,
as a solution to obtaining new products, useful in cosmetol-
ogy, balneology and other fields.

2. Materials and methods
2.1. Geothermal waters

The tests were conducted on the basis of three geo-
thermal waters marked as MM (medium mineralised),
HM (highly mineralised) and LM (lightly mineralised).
All waters selected for testing were obtained from wells
located in central and southern Poland. The first MM geo-
thermal water, in its natural state, has a mineralisation of
more than 2.4 g/L, a high concentration of metasilicic acid
(more than 79 mg/L) and a relatively high concentration of
other components such as: magnesium (more than 41 mg/L),
calcium (more than 194 mg/L) and other micro and macro
elements. The highest concentrations were determined
for sulphates (854 mg/L), chlorides (487 mg/L), sodium
(488 mg/L) and calcium (194 mg/L) in the physicochem-
ical composition of the water studied, which according
to the classification of Szczukariew-Priklonski, gives the
water the SO,~Cl-Na—Ca hydrogeochemical type. The sec-
ond HM geothermal water is more highly mineralised
(6.7 mg/L) having an increased content of metasilicic acid
(34 mg/L), calcium (127 mg/L) and magnesium (21 mg/L).
The hydrogeochemical type of this water is Na—Cl. On the
other hand, the third LM geothermal water, in its natural
state, has a low total mineralisation (0.5 g/L) and increased
content of specific components: iron ions (0.32 mg/L) and
metasilicic acid (26.57 mg/L). The ionic composition is dom-
inated by bicarbonates (319.2 mg/L), calcium (58.69 mg/L)
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and sodium (34.71 mg/L), giving the water the HCO,-Ca-
Na hydrogeochemical type. The water composition was
determined in an accredited laboratory in accordance with
international standards with the use of inductively coupled
plasma mass spectrometry (ICP-MS), inductive coupled
plasma optical emission spectrometry (ICP-OES) and the
titration method. Detailed hydrogeochemical characteristics
of the raw geothermal waters are presented in Table 1.

2.2. Apparatus

All the tests were carried out on a laboratory scale
with the use of two different sets of apparatus. The first
apparatus used was for the dead-end mode — a one-step
desalination system consisting of a stirred cell device in

a high-pressure version (Fig. 1). For the NF and RO pro-
cesses the raw geothermal water was placed in a stirred
cell under the prescribed pressure. During all tests con-
ducted the feed water was passed to the membrane and
concentrate was retained in the stirred cell in the mem-
brane. The NF and RO tests were carried out to obtain
50% and 75% permeate recovery. The active area of each
membrane was 38 cm? [28-30]. The second apparatus used
was the American Osmonics Inc., (5951 Clearwater Drive,
Minnetonka, Minnesota, USA). Company’s SEPA CF-HP
type membrane module (Fig. 2). The active area of the
particular NF and RO membrane was 155 cm?® The feed
water was placed in a tank from which a water stream was
pumped through a high-pressure pump to the membrane
cavity of the module. Then, from the cavity the stream of

Table 1

Physicochemical characteristics of geothermal waters used in research
Parameter Raw MM (mg/L) Raw HM (mg/L) Raw LM (mg/L)
Na' 488.7 2,417.0 34.71
K 47.6 20.5 15.2
Li* 1.138 0.174 0.019
Be* 0.0005 0.0005 0.0005
Ca*” 194.1 127.8 58.69
Mg* 41.6 21.5 13.5
Ba* 0.0436 0.0921 0.0184
Sr+ 6.244 4.947 1.079
Fe® 0.232 0.498 0.323
Mn* 0.005 0.038 0.012
Ag* 0.001 0.001 0.002
Zn* 0.010 0.111 0.010
Cu? 0.002 0.025 0.001
Co™ 0.0011 0.0004 0.0002
Se* 0.010 0.010 0.010
Sb* 0.0004 0.0002 0.0002
Mo 0.0759 0.0013 0.0003
v 0.004 0.014 0.001
Zr+ 0.002 0.002 0.005
Ti* 0.074 0.020 0.020
As® 0.002 0.007 0.001
T+ 0.0001 0.0001 0.0001
W 0.0293 0.0003 0.0003
Cr 4879 3,719.0 16.5
Br- 0.769 1.383 0.100
I 0.099 0.053 0.010
SO 854.7 72.34 4.13
HCO; 343.3 273.8 319.2
COz 0.500 0.500 0.500
PO} 1.5339 0.0061 0.4290
BO;? 53.115 5.181 0.463
HBO, 39.571 3.860 0.345
H,SiO, 79.43 34.01 26.57
Mineralisation 2,416.10 6,697.80 4914
Total hardness (mgCaCO,/L) 655.4 407.6 202.1
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Fig. 1. Scheme of apparatus used in NF/RO processes, in dead-
end version (1 - safety valve; 2 — top cover; 3 — pressure cylinder;
4 —magnetic stirrer; 5 — membrane; 6 — perforated plate; 7 —lower
cover; 8 — gasket; 9 — gas supply; 10 — permeate discharge) (based
on the study by Tyszer and Tomaszewska [30]).

water flows tangentially across the membrane surface. Part
of the feed water permeates through the membrane and
flows to the permeate carrier, which is placed on the top
part of the membrane cavity and flows out through the per-
meate outlet into a graduated vessel. The part of the feed
water which does not flow through the membrane, the
concentrate, continues sweeping over the membrane sur-
face and collects in the multiplier. The concentrate flows
through the concentrate flux control valve and recirculates
to the feed tank [31-33]. Each NF and RO membrane was
conditioned by the filtration of deionised water before the
main test to check the efficiency of particular membranes
and to gain the value of the deionised water permeate flux.

2.3. Selected process parameters

All the tests were carried out at an almost constant
temperature of 22°C for RO processes and 15°C and 30°C
for NF. The value of the temperature was stabilised by

ROTAMETER

applying a heat exchanger and was measured with an accu-
racy +0.5°C. For the tests conducted with the use of the
apparatus presented in Fig. 1, the amount of feed water
was 300 mL and for the second apparatus (Fig. 2) was
5,000 mL. The processes were carried out at a specified
TP of 10 bar for NF and 15 bar for RO (osmotic pressure
was not taken into consideration). A single attempt was
conducted for each experiment (there were no repeats).

2.4. Membranes

Based on a preliminary theoretical analysis, four com-
mercially available RO membrane types were selected for
testing:

e DOW FILMTEC™BW30FR-400 (Dow Water & Process
Solutions Company, 600 Metro Blvd, Minneapolis,
Minnesota, USA) - BW30FR;

e DOW FILMTEC™BW30HR-440i (Dow Water & Process
Solutions Company, 600 Metro Blvd, Minneapolis,
Minnesota, USA) - BW30HRj;

* AG Membrane (GE Power Water & Process Technologies
Company, 5 Necco Street, Boston, Massachusetts,
USA) - AG;

¢ LEWABRANE®RO B400 HR (LANXESS Energizing
Chemistry Company, Kennedyplatz 1, Cologne, Germany)
- BWHR,

and two types of NF membranes:

e DOW FILMTEC™NEF270 (Dow Water & Process Solutions
Company, 600 Metro Blvd, Minneapolis, Minnesota, USA)
- NF-LGC;

e DOW FILMTEC™NF90 (Dow Water & Process Solutions
Company, 600 Metro Blvd, Minneapolis, Minnesota,
USA) - NE-MC.

The RO membranes selected are designed for use
in brackish water treatment systems and are character-
ised by a high retention factor of the undesirable compo-
nents contained in desalinated water and a resistance to
scaling phenomena. The BW30FR membrane is designed
for the purification of water with a high content of bio-
logical or organic impurities. Its properties also include a

MEMBRANE MODULE
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RAW WATER

GERT . ' TANK

EXCHANGER

Fig. 2. Diagram of apparatus used in nanofiltration/reverse osmosis processes with a CF-HP membrane module, in high-pressure

cross-flow version (based on the study by Tomaszewska et al. [33]).
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high retention coefficient of compounds contained in the
water, a high efficiency over a long period of use, excep-
tionally high resistance to fouling and being easy to clean
[34]. The BW30HRi membrane is also described as a very
high-performance product combined with the largest active
surface of the membrane currently available in the market
for the treatment of brackish water. In accordance with the
manufacturer’s declaration [35], it is possible to obtain a
high-quality permeate with this membrane without increas-
ing the volume of the permeate stream. The BWHR mem-
brane is designed for the industrial treatment of water of
both low and high salinity. It is a thin film composite poly-
amide membrane, with a salt retention factor of approxi-
mately 99.7% [36]. On the other hand, the AG membrane
is characterised by a high level of sodium chloride reten-
tion and resistance to high volumes of permeate stream.
It is recommended for the effective reduction of salinity and
the reduction of some ingredients [37]. The NF membranes
used in the study were thin film composite polyamide
membranes, characterised by over 98% retention of MgSO,.
The NF-LC membrane, which enables a 50% transfer of salt
to the permeate solution with a slight reduction in water
hardness, is used in cases where it is desirable to remove
organic impurities with partial water softening [38]. NF-MC
provides high performance with high (90%—96%) removal of
salts, nitrates, iron and organic compounds [39]. A detailed
comparison of these four membranes is presented in Table 2.
The NF-LC membranes are less-compacted with sepa-
ration than DOW NF-MC membranes. BW30FR membranes
have high productivity fouling resistant elements, and are
designed for waters with high fouling potential, allowing
the operator to maximise the process efficiency [36]. The
BW30HRi membranes were created to ensure better effects
when treating brackish waters by increasing productivity
and rejection. Moreover, these membranes were addition-
ally enriched with i-LEC™ technology to reduce the system
operating cost and the risk of o-ring leaks that can cause
decreased permeate water quality. Compared with BW30FR,
these membranes provide significantly higher boron rejec-
tion [37]. AG membranes provide a high flux rate and high
sodium chloride rejection with a relatively low operating
pressure [39]. The main difference between BW30HRi and
BWHR membranes is the intended use of the membranes.
BWHR are designed for the industrial treatment of brack-
ish and low salinity waters, whereas BW30HRi membranes,
due to their special i-LEC™ technology, provide visibly
higher productivity and rejection (including the boron ion).

2.5. Antiscalants

Five widely available antiscalants (Table 3) were selected
to prevent the formation of secondary sediments on the
membrane surface, primarily carbonate, silica and alumino-
silicate, to be used in chemical scale-reduction tests. For anti-
scalant tests, a pre-determined dosage of the substance was
added to the raw water before the feed was placed in the feed
tank. The dose was adjusted so that the pH value of the geo-
thermal water examined did not drop below 5.5 + 0.5 after
the addition of the chemical. The dose for the antiscalants
A1 [40] and A2 [41] was set at 1 mL/L, while for the antiscal-
ants A3 [42] and A4 [43] the dose was set at 0.7 mL/L. For A5

[44], doses of 6, 10 and 12 mL/L were applied. The selected
chemicals are mixtures of phosphonates and dispersants
that are effective in preventing the deposition of sulphates,
silica and carbonates on the membrane surface (Table 3) [31].

2.6. Method of calculation of unit efficiency

Before research, each new membrane was conditioned
by the filtration of deionised water to stabilise the perme-
ate flux. During the RO tests, with apparatus in the dead-
end version, measurements were made of the time needed
to obtain each 5 mL of permeate. On the other hand, during
all the NF tests conducted with the apparatus in cross-flow
version, the cross-flow velocity was maintained at 1 m/s and
measurements were made of the time needed to obtain each
50 ml of permeate. The performance of the desalination pro-
cess was determined by measuring the changes in absolute
and average permeate flux J :

L= 1)

where: V — volume of permeate (L), F — active area of
the membrane (m?), f - filtration time (h).

3. Results and discussion

The results of the research conducted in relation to
the selected process parameters and geothermal waters
are shown in Figs. 3-12. In this study, three geothermal
waters with different mineralisation characteristics were
employed (Table 1). For all NF and RO tests, permeabil-
ity was calculated using permeate flow rates and effective
membrane area. Figs. 3-12 show the changes in absolute
permeate flux (J ) with time during all the NF and RO pro-
cesses of the geothermal waters tested. These changes were
analysed in relation to a particular set process parameters.

3.1. Two types of membrane processes (NF and RO)

Research was undertaken on the impact of membrane
process (NF and RO) on the relative and average perme-
ate flux (unit efficiency). According to established pro-
cess properties, the NF and RO processes were conducted
with the following parameters: (1) MM and HM, (2) 50%
recovery of permeate, (3) TP 10 and 15 bar, (4) NF-LC and
BW30FR membranes, (5) temperature 22°C, and (6) appa-
ratus in cross-flow mode. As can be seen, the results indi-
cated (Fig. 3) that with the passage of operating time the
permeability was quite stable in all cases, but the efficiency
slightly decreases. The lowest value of absolute permeate
flux was observed for the test with the use of the RO process
for HM in which it decreases from 15 to 13 L/m*h. Moreover,
the RO process gave an average permeate flux of 14 L/m?h.
The highest decrease was established for a test with the NF
process for MM, the process took almost 9 h to obtain the
required amount of permeate. On the other hand, in this
case (NF process with MM), the average permeate flux was
slightly lower than for the RO process and amounted 29 L/
m?h. The highest average permeate flux was gained for a
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Fig. 3. Comparison changes of absolute permeate flux during two different membrane processes (nanofiltration and reverse

osmosis) of medium mineralised and highly mineralized water.

test using NF for HM, 47 L/m*h. The absolute permeate flux
oscillates around 30 L/m?h for MM with the RO process, and
decreases from 32 to 26 L/m?h for MM with the NF process.
A greater apparent difference between the NF and RO pro-
cesses was observed for HM. The appropriateness of a spe-
cific process will be closely linked to the parameters of the
raw water, the desired degree of rejection of total dissolved
solids and the required process efficiency (energy and eco-
nomic efficiency). For both MM NF and HM NF, the values
of absolute permeate flux suddenly increase above the ini-
tial values (after 5 h of operation) probably caused by the
sloughing off of secondary minerals from the membrane
surface.

3.2. Two apparatus types (cross-flow and dead-end mode)

An investigation was made of the influence of type of
apparatus on the average and relative value of permeate
flux. The RO process was conducted with the following
parameters: (1) MM, HM and LM, (2) 50% recovery of per-
meate, (3) TP 15 bar, (4) BW30FR membrane, (5) tempera-
ture 22°C and (6) apparatus with cross-flow and dead-end
mode. Fig. 4 presents experimental data gained from six
tests conducted with the use of three different geothermal
waters (MM, HM and LM) and two apparatus types. For
tests conducted with the use of apparatus in cross-flow
mode, the absolute permeate flux remains almost stable
with time and oscillated around 30, 23 and 14 L/m”h for
MM, LM and HM, respectively. Visible dissimilarity was
observed in the case of tests using the dead-end mode appa-
ratus, the tests were carried out with a significant decrease
in the value of the absolute permeate flux with time (mostly
for MM and HM) from 56, 48 and 29 L/m?h to 51, 39 and
18 L/m*h for LM, MM and HM, respectively. Significantly
lower process efficiency in terms of average permeate flux
was observed for tests conducted with cross-flow mode

apparatus, with rates of 30 L/m*h for MM, 14 L/m’h for
HM and 23 L/m*h for LM, compared with processes using
dead-end mode apparatus where the rates of flux were
44 L/m?h for MM, 25 L/m?h for HM and 53 L/m?h for LM.
In addition, the differences between the types of apparatus
used are more pronounced for HM, than for MM and LM,
but the same trend of change is visible for all processes. It
should be mentioned here that HM water has the highest
degree of mineralisation among the waters studied.

3.3. Two values of permeate recovery (50% and 75%)

In this part of the assay, the influence of permeate
recovery rate on unit efficiency was investigated. Fig. 5
shows the experimental data of the processes conducted
with the use of the following process parameters: (1) MM,
HM and LM, (2) 50% and 75% recovery of permeate, (3) TP
15 bar, (4) BW30FR membrane, (5) temperature 22°C and
(6) apparatus in dead-end mode. The highest values and
lowest decrease of absolute permeate flux with time during
the test were established for tests with the use of LM due
to the degree of water mineralisation (lowest of all the test
waters). The values of relative permeate flux were from 54
to 48 L/m*h (for 50% recovery of permeate) and 54 to 52 L/
m’h (for 75% recovery of permeate). The curve shape of the
test with LM (50% recovery) indicates that processes were
almost stable at the beginning, but absolute permeate flux
suddenly increases above the initial values (after 20 min of
operation) probably caused by the sloughing off of secondary
minerals from the membrane surface. In the case of tests with
HM, both processes carried out with the same behaviour, an
increase in permeate recovery only deepened the decrease
of absolute permeate flux value. A more visible difference
between tests was seen in processes using the MM. For the
process with 75% recovery of permeate, the absolute per-
meate flux varied from 44 to only 32 L/m?h. This parameter
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Fig. 5. Comparison changes of absolute permeate flux during reverse osmosis process of medium mineralised, highly mineralised
and lightly mineralised water at two different values of permeate recovery (50% and 75%).

changed from 48 to 39 L/m*h for the process with 50% per-
meate recovery. However, despite this apparent variation, a
similar trend of a significant decrease of relative permeate
flux with time was observed for both processes. The average
permeate flux was 44 L/m*h for MM (50% recovery of per-
meate), 39 L/m*h for MM (75% recovery of permeate), 25 L/

m?h for HM (50% recovery of permeate), 21 L/m*h for HM
(75% recovery of permeate), 53 L/m?h for LM (50% recovery
of permeate), 47 L/m*h for LM (75% recovery of permeate).
The lower value of average permeate flux applies in the case
of 75% recovery of permeate. For all cases, an increase in
permeate recovery caused an apparent decrease of average
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permeate flux (despite LM). On the other hand, for waters
with higher mineralisation MM and HM (Table 1), an
increase in permeate recovery caused a significant decrease
in the absolute permeate flux (in line with the process trend)
due to the increasingly serious phenomenon of scaling.

3.4. Two different TPs (10 and 15 bar)

The influence of TP on unit efficiency was tested with
the following process parameters: (1) LM, (2) 50% recovery
of permeate, (3) TP 10 and 15 bar, (4) BW30FR membrane,
(5) temperature 22°C and (6) apparatus with dead-end
mode. The data obtained indicates that for feed water with
relatively low mineralisation (Table 1, compared with MM
and HM), application of a higher TP does not cause a sig-
nificant increase in unit efficiency. However, as can be seen,
values of absolute permeate flux for both processes remain
almost stable with time, from 40 L/m?h for 10 bar and 56 L/
m?h for 15 bar to 41 and 51 L/m?h, respectively (Fig. 6). This
quite significant difference was observed for values of aver-
age permeate flux, which were calculated as 39 L/m*h for
10 bar and 53 L/m*h for 15 bar. Generally, a dissimilarity of
absolute permeate flux can be caused by a higher rejection of
dissolved substances due to increased pressure. Moreover,
for waters with higher mineralisation, for example for GT1
and GT2 (Table 1), the difference can be more significant
and can increase over time due to the scaling phenomenon.

3.5. Six membrane types (two NF and four RO membranes)

In this part of the study, two NF membranes were tested
with the following process parameters being employed:
(I) MM and HM, (2) 50% recovery of permeate, (3) TP
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Absolute permeate flux [L/m2h]

10

0:00 0:30
Time [h]

10 bar, (4) NF-LC and NF-MC membrane, (5) tempera-
ture 22°C and (6) apparatus in cross-flow mode. The data
obtained indicates that the absolute permeate flux for the
NF-LC membrane, with the use of both MM and HM, pro-
duces similar changes with time, in both cases with a slight
decrease (Fig. 7). These values oscillate around 32-26 L/m*h
for MM and 40-33 L/m?h for GT2. However, the values of
average permeate flux differ significantly and are 29 L/m*h
for MM (NF-LC membrane) and 34 L/m?h for HM (NF-LC).
These results seem to be the opposite to those expected.
The specific physicochemical composition of the test waters
(content of mono- and bivalent ions) and membrane param-
eters resulted in higher permeate flux values (with worse
component separation) for water with higher mineralisa-
tion. One would expect that for water with much higher
mineralisation (HM) the absolute and average permeate
flux should be lower and the filtration time (until obtaining
50% recovery of permeate) should clearly be longer. This
difference may be related to the degree of rejection of indi-
vidual components in the water, because for water that has
a three times greater degree of mineralisation, the duration
of the experiment was almost half as long. To obtain higher
rejections of selected ions, a more compact NF-MC mem-
brane was applied. In this case, the applicability of the
NF-MC membrane also produced results opposite to those
expected. Absolute permeate flux clearly increased and var-
ied from 51 to 45 L/m?h, while average permeate flux was
47 L/m*h. This phenomenon is probably caused by the dif-
ference in membrane parameters. According to the mem-
brane data sheets, NF-MC provides 10 times higher feed
flow rate than NF-LC, while ensuring a higher rejection
of ingredients. The sudden increase in the value of abso-
lute permeate flux for MM and HM (after carrying out the

L R O e e e o e PP N S S APy SO T

-—-LM 10
LM 15
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Fig. 6. Comparison changes of absolute permeate flux during membrane processes of lightly mineralised water with the

use of two different transmembrane pressure values.
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Fig. 7. Comparison changes of permeate flux during nanofiltration (NF) processes of medium mineralised and highly

mineralised water with two types of NF membranes.

experiment for 5 h, Fig. 7) can be caused by a similar phe-
nomenon to that mentioned in section 3.1.

The four RO membranes selected for study were tested
with the use of the following process parameters: (1) MM
and HM, (2) 50% recovery of permeate, (3) TP 15 bar,
(4) four different RO membranes, (5) temperature 22°C,
(6) apparatus in dead-end mode, which are presented in
Fig. 8. For MM the results indicated that in all cases, while
the permeability was quite stable with operating time, the
efficiency slightly decreases. It showed that the composi-
tion of water (Table 1, high silica content and quite high
mineralisation) provides favourable conditions so that
over a longer timescale scaling phenomenon will indeed be
observed, especially for processes with an AG membrane.
Despite the highest average permeate flux (53 L/m*h), the
highest decrease was established with MM. For the test
with the BW30FR membrane, the average permeate flux
was 44 L/m?h for MM and 25 L/m?h for HM. As can be seen,
the lowest decrease in the value of absolute permeate flux
was observed for the process using the BWHR membrane,
despite having the lowest values of average permeate flux
for both MM and HM water: 25 and 14 L/m?h, respectively.
The highest average permeate flux for tests was obtained
with the use of the AG membrane, 53 L/m?h for MM. With
this membrane the absolute permeate flux oscillates around
58 to 48 L/m?h for the experiment with MM and around
32 to 18 L/m?h for HM. For HM, however, a similar trend
was seen. A decrease of permeate flux efficiency with time
is more apparent in all the tests, which is similar between
BW30FR, BW30HRi and AG membranes. This is related to
a higher water mineralisation and the content of scaling-
driven ions (Table 1). For tests with HM water and BW30FR,
BW30HRi and AG membranes, absolute permeate flux

oscillates from around 32 L/m*h to only 18 L/m?h. In the
case of MM, for the membranes mentioned, significantly
higher process efficiency was observed in terms of abso-
lute permeate flux, with values ranging from 58 to 36 L/
m?h, apart from the tests with the AG membrane for both
waters. The tests with MM and HM waters and BW30FR
membrane were conducted with a visible decrease in abso-
lute permeate flux, however the average permeate flux
remained at quite a high level. The application of a foul-
ing resistant membrane seems appropriate for waters with
this specific composition (waters susceptible to scaling).
The tests with the BW30HRi membrane (which is described
as high efficiency with special i-LEC™ technology), were
carried out with lower absolute permeate flux values than
for the BW30FR (fouling resistant) membrane. In addition,
the differences between the membranes used are more pro-
nounced for MM than for HM, but the same trend of change
is visible with individual membranes using both waters.

3.6. Five commonly available antiscalants

According to the established properties of the processes,
the tests with the addition of antiscalants were carried out
using the following parameters for the process: (1) MM
(Fig. 9) and HM (Fig. 10), (2) 50% recovery of permeate,
(3) TP 15 bar, (4) BW30FR membrane, (5) addition of five
different antiscalants, (6) temperature 22°C and (7) appa-
ratus in dead-end mode. For the tests using MM a signif-
icant decrease in the absolute permeate flux was observed
compared with the test without the addition of antiscalants.
The chemicals which were supposed to prevent scaling
phenomena react with specific components in the water
causing an apparent decline in process efficiency. In some
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Fig. 9. Comparison changes of permeate flux during reverse osmosis process of medium mineralised water with antiscalants.

cases, the process was discontinued due to a dramatic
decline in flux, especially for the process with the addi-
tion of the A2 antiscalant. The smallest decrease of absolute
permeate flux was gained for the process with the addition
of A3 antiscalant, the average permeate flux for this process
was 26 L/m*h. The lowest value of average permeate flux
was 9 L/m?h for the process with A2 (MM water). For MM

the absolute permeate flux changes from 40 L/m?h (for
A3) to 6 L/m*h (for A2). For processes with A1, A4 and all
doses of A5, the shapes of the curves of absolute permeate
flux are similar and present the same trend, values varied
from around 30 to 11 L/m?h. Fig. 10 presents the changes
of absolute permeate flux with time for the tests using HM
water, its values apparently decreasing less than for the
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Fig. 10. Comparison changes of permeate flux during reverse osmosis process of highly mineralized water with antiscalants.

processes with MM (from more than 25 L/m?h to around
10 L/m?h). With HM it is hard to determine with which anti-
scalant the best values were obtained since fewer apparent
differences were observed. The highest rates of average per-
meate flux were obtained with A4 and A5 (10 mL/L), both
totalling 20 L/m?h, and for Al and A5 (6 and 12 mL/L) they
were 19 L/m?h. The lowest rates were established for A3
and A2, 15 and 16 L/m?h, respectively. Generally, it can be
concluded that addition of antiscalant has aggravated the
decrease of absolute permeate flux with time, moreover it
has progressed in a harsher manner for MM than for HM.
Different doses of A5 caused only minor changes in perme-
ate flux, but did not change the general trend of lowering
the permeate flux over time. The sudden increase in the rate
of absolute permeate flux for HM (Fig. 10) can be caused
by a similar phenomenon to that mentioned in section 3.1,
however in this case the increase remains at a higher level.

3.7. Three different feed water temperatures (15°C, 22°C and 30°C)

The influence of feed water temperature was tested with
the following process parameters: (1) MM, (2) 50% recovery
of permeate, (3) TP 10 bar, (4) NF-LC membrane, (5) tem-
perature 15°C, 22°C and 30°C, and (6) apparatus in cross-
flow mode. Fig. 11 presents the experimental data gained
from three NF tests with different values of feed water
temperature. The results indicated that feed water tempera-
ture has a slight influence on unit efficiency. As evidenced,
absolute permeate flux changes from 34 L/m?h (for 30°C),
31 L/m?h (for 22°C) and 31 L/m?h (for 15°C) to 31, 28 and
28 L/m?h, respectively. For average permeate flux, the differ-
ences were marginal, for tests with feed water temperature
established at 15°C and 22°C these values were 29 and 30 L/
m?h, for 30°C it was 32 L/m?h. The results from the test with

feed water at 30°C indicated that this process was stable over
time, which can be seen in the shape of the curve (Fig. 11).

3.8. Three different feed waters (MM, HM and LM)

The influence of water composition on unit efficiency
was investigated by applying the following process param-
eters: (1) MM, HM and LM, (2) 50% recovery of perme-
ate, (3) TP 15 bar, (4) BW30FR membrane, (5) temperature
22°C and (6) apparatus in dead-end mode. The experi-
mental data presented in Fig. 12 indicated that water com-
position, especially the level of mineralisation, silica and
scaling-driven ion concentration, has a direct influence on
the absolute value of the permeate flux. As can be seen, it
changes from 56 to 50 L/m?h, 48 to 39 L/m?h, and from 29 L/
m?h to less than 19 L/m?h, respectively, for LM, MM and
HM. The same trend was observed for the lowest tempo-
rary average permeate flux values, decreasing from 36 L/
m?h for LM, through 28 L/m?h for MM, to 15 L/m*h for
HM. The decline is consistent with the mineralisation of
the waters used, respectively, less than 0.5, 2.4 and 6.7 g/L
(Table 1). However, the high silica content in MM (more
than twice that in HM) increases the scaling phenomenon
with time which is made evident by a sharp decrease in
the curve of absolute permeate flux (Fig. 7). Noteworthy
differences are also obtained for average values of per-
meate flux. The highest value, 53 L/m?h, was obtained
for LM, and the lowest for HM (25 L/m?h). For MM,
the average permeate flux was established at 44 L/m?h.

3.9. Discussion of the results

Efficiency is an important factor for every action and
technology, and also for such a high-energy-demand
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technology as membrane processes, including RO and NF.
Energy demand can be successfully assessed by detailed tech-
no-enviro-economic analyses. Adapting the process param-
eters to the specific composition of geothermal waters can
significantly increase the efficiency of the process and thus
reduce energy demand. Use of renewable energy sources

to fuel the desalination process, including solar and wind
energy, can play an important role in the future development
of membrane processes in water treatment [45]. In addition,
this is important from an ecological point of view, as well as
from an economic and energetic one (lowering conventional
energy demand).
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In the case of membrane technology, it can be stated that
it has confirmed its usefulness for clean water production
by water concentration or desalination, including using
geothermal water [46,47]. This is due to the relatively sim-
ple system configuration, its reliability, flexibility and easy
integration into hybrid systems [7,10,45]. However, inap-
propriate values of process parameters, such as permeate
recovery, membrane type, feed water temperature, addition
of antiscalant, TP, type of apparatus, type of membrane pro-
cess and water composition, can visibly decrease process
efficiency. This was confirmed by the research results pre-
sented in this article. For MM (medium-mineralised water),
HM (highly mineralised water) and LM (lightly mineralised
water), which possess different degrees of mineralisation
(2.4 g/L for MM, 6.7 g/L for HM and 0.5 g/L for LM) and con-
centration of metasilicic acid, it was considered appropriate
to indicate the economically and technologically optimal
process parameters for further industrial desalination/con-
centration on the basis of the laboratory tests and analyses
presented. All analyses have been directed to significantly
increase unit efficiency. Based on the research conducted,
the recommended values of process parameters were pro-
posed for the treatment of individual waters (Tables 4 and
5). Considering the type of apparatus used during labora-
tory tests (cross-flow and dead-end mode), similar param-
eters to the recommended ones were established for waters
with medium and high mineralisation. However, as far as
lightly-mineralised water is concerned, the application of a
higher value of TP (15 bar) did not cause a visible increase
in the rate of permeate flux and it is not proposed as an
environmentally, economically and technically reasonable
response. Moreover, for all waters the addition of antiscalant
led to a significant decrease in unit efficiency. The values
of relative and average permeate flux visibly depended on
the values of particular process parameters. For water with
higher mineralisation, a higher value of permeate recov-
ery and lower TP application caused a significant decrease
in permeate flux during the time of operation. This effect
was enhanced by the progressive scaling phenomenon. The
results presented by Lin and Elimelech [48] confirm the
possibility of obtaining greater output efficiency with an
appropriate system design and the operation of a RO sys-
tem, and in addition the tests carried out by Voutchkov [49]
indicated that technological advances, including RO system
configurations and higher efficiency types of membrane,
are projected to further decrease the energy needed.

On the other hand, Chong et al. [50] has made an eco-
nomic evaluation of energy efficiency for hydrate-based
desalination of water. The results presented indicate that
innovative hydrate-based desalination utilising liquefied
natural gas cold energy can significantly reduce the cost
of water due to an appropriate water recovery rate and
the adjustment of the plant capacity to its geological loca-
tion. Saleem and Zaidi [51] underlined that in recent years,
scientific studies dedicated to this topic have contributed
numerous innovative methodologies. The authors of this
publication reviewed the state of the art of RO membrane
development, especially the usefulness of nanoparticles in
increasing process efficiency. They underlined that nanopar-
ticles demonstrate a pronounced effect in terms of water
flux, salt rejection, chlorine resistance, and the anti-fouling

properties of thin-film nanocomposite membranes rela-
tive to typical thin-film composite membranes. Moreover,
they concluded that nanomaterials possess exclusive prop-
erties that can contribute to the advancement of high-tech
nanocomposite membranes with improved capabilities for
desalination. Miladi et al. [52] investigated the energy per-
formance of a solar-powered membrane distillation system.
In fact, as far as the solution proposed by the authors is
concerned, there is a risk that the efficiency of the process
can be unstable and further experimental techno-economic
analysis should be carried out. The results presented in this
article also showed that proper membrane selection and
pressure adjustment significantly increases unit efficiency.

Altmann et al. [53] studied the energy efficiency of the
RO process and thermal technologies for water desalina-
tion. They underlined that the efficiency of many technol-
ogies related to water desalination can be improved by
hybridising with other technologies and by leveraging
the best aspects of each technology through the adjust-
ment of HM and MM water. The combination of two-stage
NF-RO treatment systems for water desalination/concen-
tration can potentially provide the most promising levels
of unit efficiency and water purification. However, based
on the laboratory tests conducted, the NF process poten-
tially used as a pre-treatment should be conducted with
the less-compacted with separation NF membrane (e.g.,
NF-LC) for MM water and the more-compacted with sep-
aration NF membrane for HM water (Fig. 7). For LM water,
this solution is not economically justified.

One should agree with the statement that in the case
of water desalination, the process parameters used play a
key role in the case of energy and process efficiency [54].
This is one of the few issues that the system designer
influences from the point of view of obtaining optimal
conditions for water desalination [7,11,15,54]. For this rea-
son, the research presented in this article analyses, among
other aspects, the effect of selected process parameters
and water composition on the efficiency of permeate flux.
Energy-efficient desalination and water concentration
technologies play a critical role in augmenting freshwater
resources and other products (e.g., for the purposes of the
cosmetic industry) without placing an excessive strain on
limited energy supplies [55,56]. By desalinating high-sa-
linity waters using a rational amount of energy, membrane
processes have the potential to increase sustainable water
production, a key facet of the water-energy nexus [55,57].

Parallel to the laboratory tests, the authors also car-
ried out experiments using semi-industrial installations
with the use of NF-LC and BW30HRi membranes, on the
basis of which technological concepts were proposed for
MM, HM and LM water desalination/concentration. On
the semi-industrial scale, the following process parameters
were tested using MM, HM and LM [57]: (1) NF/RO pro-
cesses, (2) 50%, 75% and other values of permeate recov-
ery, (3) TP 10/15 bar, (4) NF-LC/BW30HRi membranes,
(5) temperature 30°C, and different combinations, includ-
ing two, three or more stages of water desalination/concen-
tration. For MM, a system based on pre-treatment, NF and
two stages of RO with two different rates of recovery of per-
meate, 50% and 75%, was introduced. Similarly, for HM a
system based on pre-treatment and two stages of RO with
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50% permeate recovery was proposed. However, a system
based on pre-treatment and on-stage NF or RO water desali-
nation/concentration was recommended for LM [57]. As can
be seen, similar propositions for the particular waters tested
were introduced on the basis of the results of tests conducted
on a laboratory-scale which are presented in this paper.

In addition to the results for efficiency, the figures pre-
sented here indicate that an appropriate selection of pro-
cess parameters, adapted to water composition, can visibly
increase unit efficiency, which directly affects energy and
cost demand. The water composition, especially its salin-
ity, directly influences permeate flux and higher values of
permeate recovery can become insufficiently effective [5].
Optimising the type of membrane and process (e.g., the
NF or RO process) can increase performance with regard
to average and absolute permeate flux and reduce oper-
ating costs due to the use of lower pressure and reduced
process time [22].

4. Conclusions

The efficiency of membrane processes is one of the
most important initial considerations in water treatment.
There are many parameters, which can have an influence on
this matter, in particular: type of membrane process (NF or
RO), apparatus type (cross-flow or dead-end mode), value
of permeate recovery (e.g., 50% or 75%), TP value (e.g.,
15 bar for RO or 10 bar for NF), membrane type (four RO
and two NF membranes), addition of antiscalant (five com-
mercially available), feed water temperature (e.g., 22°C,
15°C and 30°C), and chemical composition of the water to
be treated (water type). The results of the laboratory study
lead us to conclude that to optimise the NF water treat-
ment process, it should be carried out as the main desali-
nation process with a high value of permeate recovery for
water with light mineralisation. On the other hand, the RO
research showed that in this case the rates of decrease of
absolute permeate flux with time that were seen and the
addition of antiscalant aggravated the decrease of permeate
flux. One can observe the correlation between the process
parameters selected and process efficiency. The results also
justify the application of antiscalants to visibly decrease the
permeate flux with a specific physicochemical composition
of the waters such as those tested. Moreover, the experimen-
tal data confirm that an appropriate selection of process
parameters in accordance with the water’s physicochemical
composition, especially membrane type, TP value and extent
of permeate recovery, may significantly influence the value
of absolute and average permeate flux, and consequently
the efficiency of the process of concentration of geothermal
waters. Moreover, the research indicates that membrane
processes can potentially be used as promising technologies
with a relatively high efficiency for treatment/concentra-
tion of geothermal waters in economic, environmental and
technological terms. Recommended values for the process
parameters determined from this analysis were proposed for
each water (MM, HM and LM) treatment (Tables 4 and 5).
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