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ABSTRACT

Pilot data on the degree of rejection of boron, sodium and conductivity at different operat-
ing pH have been collected. The study is based on the analysis of the third stage of the RO
pilot system for seawater desalination. The system was equipped by spiral element on a
thin film composite polyamide membrane Woongjin Chemical RE4040-BE. The study covered
the case when the target component (e.g. boron) was characterized by the lower value of
concentration compared to the component (monovalent ions) that controls the level of salin-
ity and ionic strength. It was shown that the degree of rejection of boron and the degree of
rejection of conductivity remained almost pH invariant within the acid and neutral range of
pH (at pH <8.6), whereas it changed sharply within an alkaline domain. In particular the
degree of boron rejection, being at the level ~30-33% at pH < 8.6 increased to 90%, and con-
ductivity rejection revealed the opposite behavior: it decreased from 95 to 70%. It was
shown that the transmembrane transport and rejection of monovalent ions, boric acid and
deprotonated form of borate are closely conjugated. It was confirmed that the design of the
process, analysis and modeling the rejection performance of boric acid and deprotonated
borate must be coupled with quantitative estimation of the ions characterizing the level of
ionic strength. It was revealed that the low-pressure RO membrane used in this study can
be recommended for boron elimination at the stage of post-treatment in seawater desalina-
tion. Pilot data on the degree of observed rejection of boron, conductivity and monovalent
ions vs. pH are attached.

Keywords: Desalination; Reverse osmosis; Post-treatment; Boron removal; Rejection of
monovalent ions

1. Introduction

Boron is an important element affecting biosynthe-
sis and cell metabolism; however, it is toxic and harm-
ful when it exceeds certain critical limits. The main
aspects of this problem were scrutinized in different
studies [1-10]. The 1958, 1963, and 1971 WHO

*Corresponding author.

International Standards for Drinking Water did not
contain any reference to boron. The first mention of
boron was encountered in 1984, but it was not consid-
ered harmful at that time. Since then, it has been
shown that boron can induce several harmful effects
on animals in laboratory studies. Provisional guide-
lines for boron in drinking water were first introduced
by WHO in 1993, where the guideline value, being
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equal to 0.3 mg/L, was recommended. This value was
based on NOAEL (No Observed Adverse Effect
Level). In the guidelines published in 1998, this value
was increased to 0.5 mg/L. Today, the national guide-
line values are still randomized: some countries do
not have federal regulations on boron. Many of them
assume the maximum boron concentration much
higher than the WHO guidelines [11,12].

Technological aspects of this problem were
included into many research programs and studied by
different authors. It is well known that boron is effec-
tively removed by thermal desalination, but the level
of removal using RO appears to be insufficient. Since
membrane technology is increasing, the boron-related
issue is becoming challenging aspect. Engineering and
economic characteristics are essential in design and
analysis of the processes to be used in desalination
technology. Different technological concepts, such as
hybridization of the double-pass schemes with cascade
and recycle were considered by Redondo et al. [13].
Research done by Taniguchi et al. [14] focused on
combining SWRO, BWRO, and BSR. According to Fai-
gon and Hefer [15] cascade design allows adjusting
operating conditions. Since the membrane removal of
boron is influenced by the factors such as, tempera-
ture, pressure, pH, feed flow rate, ionic strength, ini-
tial concentration, etc., the process design requires
comprehensive input data. According to Oo and Song
[3], boron rejection increases from around 50-75% at
pH 7-8 to over 95% at pH 10.5 and is mainly due to
the growth of the proportion of borate ions caused by
the pH rises. According to Prats et al. [4], Koseoglu
et al. [5] and Cengeloglu et al. [6], the pressure growth
tends to increase boron rejection. The removal of
boron, however, was decreased by the increase in feed
pressure from 700 to 800 psi, where Filmtec SW30HR
membranes were used [5]. Complexion reactions can
also be used to increase boron rejection and this is
achieved by the addition of Fe cations or other com-
plex agents, which cause the formation of boron-con-
taining complexes [7,8].

Existing methods of analysis, in spite of the differ-
ence in underlying assumptions, are based on the sim-
ilar methods of evaluations of mass-transfer
coefficients. They are based on the film theory and
applicable for mono-component systems. An impact of
pH on boron rejection has been considered by differ-
ent authors, but examining existing published data
have revealed some disputable statements, such as the
lack of meaningful relationship between transport of
boric acid or borate [16]. The study published by Tu
et al. [17] comprises another questionable conclusion
that the values of boron rejection were not correlated
with sodium rejection, indicating that boron and
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sodium are rejected by different mechanisms.
According to Hyung and Kim [1], boron rejection was
dependent upon pH, while the rejection of other ionic
species is not indicative to boron rejection.

These cases are characterized by multifold differ-
ence between the concentration of target component
(boron) and the component (NaCl) that controls the
level of salinity and ionic strength: the concentration
of boron is lower than monovalent ions. Existing
methods of process analysis and modeling concentra-
tion polarization cannot be applied in those cases. For
that reason, the proposed study focuses on the rela-
tionship between rejection of monovalent ions and
boron in protonated and deprotonated forms. In this
study, the degree of rejection of boron, sodium, and
conductivity has to be compared at different operating
values of pH.

2. Experimental part

The pilot system was equipped by spiral element,
Woongjin Chemical RE4040-BE, which was installed on
the third-pass RO, where thin films of composite poly-
amide membranes were used (CSM RO Catalogue
[19]). Total membrane area as 47.4m> with six ele-
ments and with effective membrane area 7.9m” per
element were assembled within the pressure vessel.
Normalized permeability ranged from 3.4 to 5.6 m>/
m?-h-bars; operating pressure varied from 5.3 to 8.5
bars. Permeate after the second RO pass entered the
third one after pH adjustment. The permeate, after the
second RO pass, was characterized by the following
values, conductivity within the range from 53 to
160 uS/cm, (salinity based on the evaluation of con-
ductivity ranges from 3.27 E—4 to 1.12 E—4mol/):
Concentration of sodium ranges from 3.7 E—4 to 1.52
E-4mol/] (see Table 1 for experimental data). The
pilot system was located at Al-Mirfa site (UAE). Sim-
plified fragment of the flow diagram of the pilot plant
was shown in Fig. 1.

The primary experimental curves of boron, salinity,
and pH were received during the pilot study (see
Fig. 2). ICP technique was used for analysis of
samples.

3. Discussion of the results and comparison with
existing published data

Boron exists in the form of boric acid [H3BO3] and
deprotonated borate ion [H,BOj3]". Boric acid behaves
as a weak Lewis acid according to the following
equation.
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E-1  |Permeate (RO2) tank > 2/
E-2 Booster pump I L ’@
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Fig. 1. The low-pressure section of the pilot 2plant. The system was equipped by spiral element based on film composite
polyamide with total membrane area-47.4 m”. Manufacturer: Woongjin Chemical RE4040-BE [19].

B(OH), + H,O = B(OH), +H" M

The main components in feed solution are boric acid
[H;BO;], deprotonated borate ion [HZBO3]_1, and
monovalent ions characterizing the level of ionic
strength. As soon as the concentration of boron in sea-
water is around 4.8 mg/L [18], it was accepted that
only mononuclear species B(OOH); and [B(OH),]™' are
present in seawater. The distribution between two
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Fig. 2. Boron, salinity, and pH in the permeate of RO3
(Experiment).

components, boric acid and borate anion, depends on
the dissociation constant of boric acid (pKa), that in
turn depends upon temperature, pressure, pH, and
ionic strength. Boric acid is a weak acid with pKal’ of
8.68 at 25°C in high ionic strength solutions such as
seawater with the first acid dissociation constant
(pKal) of 9.14 at 25°C in a low ionic strength solution.
Apparent first acid constant of boric acid Kal’ is
defined as

O booodooodoo T 14
| i ! ' 3
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Fig. 3. The degree of observed rejection in terms of total
boron concentration and conductivity.
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@ Conductivity rejection_Experiment
A Total boron rejection_Experiment
+ Sodium rejection_Experiment

= == Sodium rejection_Approximation

Degree of apparent rejection (boric acid,
borate , Na & conductivity), dimensionless
o
[o2]

o
}

Fig. 4. The degree of observed rejection of boron and con-
ductivity vs. pH.

~17 fpq+
Kal —_ [H2B03 }{H } (2)
[H3BOs]

The equilibrium constant is defined using the concen-
tration of boron species and the activity of proton.
Since boric acid is weak, it mainly exists in uncharged
form [H3BOj3] in the natural pH range. However, as
pH increases, the fraction of negatively charged
deprotonated borates [HZBO3]71 also increases and
becomes dominant. The concentration of boric acid
and deprotonated borate ion can be expressed as:

_ {H"}
[H3BO3] = [Bz} m 3)

-17 _ Kal
[HZBOS ] = [Bs] {H+} + Ky 4)

Since the second stage of dissociation was ignored, the
total amount [Bs] is equal the sum of boric acid and
deprotonated borate.

Further processing of the experimental data (Figs. 2
and 3) gives us the relation between the degree of
observed rejection of boron and salinity vs. pH
(Fig. 4). The salinity was estimated based on both elec-
trical conductivity and sodium concentration. Their
values vs. pH revealed similar behavior in both cases.
It was shown that the degree of rejection of boron and
salinity (expressed though conductivity and sodium
concentration) remains pH independent in acidic and
neutral range of pH (at pH<8.6), while it changes
sharply within alkaline domain. In particular, boron
rejection (being at the level ~30-33% at pH <8.6) goes
up to 90%, while conductivity rejection reveals oppo-

S. Agashichev and E. Osman | Desalination and Water Treatment 57 (2016) 4701-4707

site behavior, namely it decreases from 95 to 70% (see
Fig. 4).

An impact of pH on boron rejection has been scru-
tinized by many authors.

Experimental data by Hung et al. [2] show that
boron rejection increases as feed pH increases due to
increase of borate fraction. It increases from 70-85% at
pH 7.5 to 90-98% at pH 10. Experimental data [15]
demonstrated the growth of boron rejection from 78%
(at pH 8) to 88% (at pH 8.55). According to the data
submitted by Glueckstern and Priel [20], boron rejec-
tion goes from 75% (pH 7) to 97% (pH 11) and from
87% (pH 7) to 94% (pH 9) for low-pressure brackish
water RO and seawater RO, respectively. Therefore,
these published data demonstrate the similar shape of
boron rejection, where the digital values are depen-
dent on the type of membrane, operating temperature,
process characteristics, etc. The degree of boron rejec-
tion remains pH invariant within the acidic and neu-
tral range of pH, (normally at pH<8.6), while it
changes sharply within an alkaline domain. Examina-
tion of existing published data on this topic, however,
has revealed some disputable statements such as lack
of meaningful relationship between transport of boric
acid, borate, and monovalent ions [1,16,17].

4. Conclusions

Unlike the existing published data, this study indi-
cates an obvious relationship between the rejection
characteristics of monovalent ions [Na], boric acid
[H3BOs], and deprotonated form of borate [H2B03]71
Having analyzed the pilot data and profile behavior
(see Fig. 4), the following conclusions have be drawn:

(1)  The degree of rejection of boron and salinity
(expressed though conductivity and sodium
concentration) remains pH invariant in acidic
and neutral range of pH (at pH <8.6), while
it changes sharply within the alkaline
domain. In particular, boron rejection (being
at the level ~30-33% at pH <8.6) goes up to
90%, whereas conductivity rejection reveals
opposite behavior, namely it goes down from
95 to 70%.

(2) It can be concluded that a low-pressure RO
process based on membrane Woongjin Chemi-
cal RE4040-BE can be recommended for
boron elimination on the stage of post-treat-
ment.

Since the considered case is characterized by multifold
difference between the concentration of target compo-
nent (e.g. boron) and the component that controls the
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level of salinity and ionic strength (e.g. monovalent
ions), it should be noted that existing methods suitable
for analysis of monocomponent concentration polari-
zation cannot be applied in this case. The data
received in this pilot study can be used for further
quantitative analysis of concentration polarization con-
jugated for monovalent ions, boric acid, and deproto-
nated form of borate.
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