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ABSTRACT

Two commercial nanofiltration (NF) modules and one tight ultrafiltration module (with
molecular weight cut-off of 20 kDa) were assembled to two integrated membrane systems to
investigate comprehensively the NF efficiency of seawater softening. The effect of increasing
NF permeate recovery (Ryg) by recirculation and dosage of chemicals on the observed and
the real NF separation performance, concentration polarization extent was evaluated. The
results showed that under both HCl acid and antiscalant dosage condition (termed as
Scheme 1II), the superior softening performances with 87.7-93.5% of the observed and
88.5-93.9% of the real total hardness removals were achieved at constant inlet cross-flow
velocity of 0.05 m s pressure of 2.02-2.67 MPa, temperature of 21-22°C, and NF retentate
recycle ratio (R,) of 1.69-37.16. The Ca**, Mg**, and SO3~ ionic concentrations and the total
hardness value in NF permeate with Ry at 65%, and NF permeate flux at 6.24 L m>h™" in
Scheme II were only around 176, 84, 45, and 798 mg L~!, which was much lower than that in
typical SWRO feed streams, and indicated that NF90-4040 (termed as NF1) membrane under
chemicals dosage yielded a relatively high efficiency of seawater softening.

Keywords: Nanofiltration; Integrated membrane system; Seawater softening; High NF
permeate recovery; Concentration polarization

1. Introduction

Water softening, which refers to the removal of
hardness due to the presence of certain ions includ-
ing calcium, magnesium, and other metal cations
(e.g. iron(Il) and manganese(Il)) from water, can help
to alleviate problems caused by hard water, such as
hindering of laundering processes and scale buildup

*Corresponding author.

in hot water pipes and heater [1,2]. Conventionally,
hardness can be removed by ion exchange
resins containing sodium/potassium, which can be
displaced by calcium/magnesium. The disadvantage
of this process is that total dissolved salts increase as
a whole in the water as the ion exchanger releases
two sodium ions for every one calcium or magne-
sium ion captured. It also consumes the salt brine
that is used for regeneration, which is unbeneficial
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to treat seawater, brackish water, and other
hardness-enriched water [2,3].

In contrast, membranes offer a possible way to
solve the above-mentioned problems. Nanofiltration
(NF) is a relatively new membrane technology and
more recently development in the filtration field. NF
membrane is typical with molecular weight cut-off
(MWCO) of 300-1,000 Da and lower operating pres-
sure of 0.4-3.0 MPa [4-8]. In regards to both the size
of separated species and pressure involved, NF has an
intermediate position between ultrafiltration (UF) and
reverse osmosis (RO). In addition, NF membranes in
contact with solution are also charged due to the
dissociation of surface functional groups or adsorption
of charge solute, which affect membrane separation
performance for inorganic salts [9,10]. Both the
molecular sieving mechanism and electrostatic effects
are the major factors which affect the transport of
charged solutes through the membrane [9,11]. As a
consequence, NF has a unique separating characteris-
tic of preferentially rejecting divalent or multivalent
ions which are the main sources to cause hardness
mineral deposition in seawater desalination. For this
reason, NF separating process has been recognized as
a key technology to be suitable for seawater softening
prior to desalination processes by RO, multistage
flash, and multiple effect distillation, oilfields water
injection and oily waste reusing processes.

In the past few years, great efforts have been made
in improving the NF performance and the efficiency
of seawater softening. Drioli et al. [12] investigated the
utilization of NF for the removal of hardness and most
multivalent ions, and concluded that the recovery fac-
tor of a coupled NF-RO seawater desalination system
was 10-12% higher than that of a SWRO plant based
on conventional pretreatment. Su et al. [13] studied on
seawater NF softening technology for offshore oilfield
polymer solution preparation and found that with the
properly selected NF membrane, which could keep
more than 90% removal rate for Ca®* and Mg?*. Bader
[14] adopted NF module to provide nearly sulfate-free
seawater to oil fields in treating seawater from the
North Sea. Nanda et al. [2] evaluated the performance
of ESNA1 and EDA NF membranes for seawater
softening at various feed pH values. However, these
above-mentioned studies were partly related to high
NF permeate recovery (Ryg) in two or three stages.
When didn’t take the amplification effect into account
in those processes, the Ryr for single element were all
lower than 50%.

Recovery is one of the key design parameters
which determines the scale and cost of a seawater
membrane separation system [15]. Higher water recov-
ery will result in smaller installation size of the sep-
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aration system and less capital and operating costs.
Therefore, efforts must be taken to increase Ryg in
seawater NF softening process. The process during
Rnr  increasing always associates some operating
parameters or softening performance variation in dif-
ferent degrees. Hasson et al. [16] conducted NF
experiments for seawater softening, and found that
under same operating conditions of applied pressure
of 3.1 MPa, the permeate recovery at the reduced feed
flow rate of 20.2 L h™' was 46% compared to only 30%
when the feed flow rate was increased to 34.6 Lh™".
Su et al. [17] applied NF400-8040 membrane in the
dual-stage NF system to soften seawater, and found
that the decrease in Ry for the first stage from 47.2 to
39.2% and for the second stage from 23.8 to 15.1%
accompanied by an increase in the influent flow rate
from 5,300 to 8,700 L h ™.

However, one of the critical factors in applying
seawater NF softening process must be taken into
account is the concentration polarization (CP) effect
[18]. Because CP increases the transmembrane osmo-
tic pressure, which results in the decrease in driving
pressure, as well as permeate flux, and hence causes
the degradation of softening performance. Previ-
ously, reports showed that there was a significant
difference between measurement and calculation for
the more highly concentrated electrolyte solution
[19,20]. Freger et al. [19] compared the observed flux
and the calculated flux based on a correction model,
to show that for a salt concentration lower than 4%
(w/v), predictions agreed with the measured values,
but for more concentrated solutions (>9% (w/v)),
the observed flux was 1.3 times larger than the
predicted flux. Capelle et al. [20] also found that for
a high salt concentration (10% (w/v)), experimental
results could no longer be explained in terms of
osmotic pressure correction. Nevertheless, rare
research focused on the CP effect on seawater NF
softening performance.

In this study, the treatment alternatives were cov-
ered by two integrated membrane systems (IMSs) with
two commercial NF modules and one tight UF module
(with MWCO of 20 kDa). The comprehensive pilot-
scale performance of seawater softening was evaluated
under chemicals addition conditions at Yellow Sea of
China. Therefore, NF membrane seawater softening
performance was evaluated by combing Rnr factor
and CP effect in the alternative pilot-scale UF—NF
trains. The results obtained in this study are expected
to build deeply and completely understanding of NF
seawater softening effect, and find the optimum
operating conditions that are specific to the given
membranes, feed water, and as high as possible of
Ry value.
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2. Material and methods
2.1. membranes

One tight commercial hollow fiber UF membrane
module of polysulfone (PS) was used and the MWCO
of which was 20 kDa. NF experiments were performed
using two tight types of commercial spiral-wound
membrane modules named NF90-4040 (termed as
NF1) and BDX-N90-4040 (termed as NF2), supplied by
Dow Filmtec and Beidouxing membrane Co. Ltd,
respectively. Based on the manufactures’ data sheet
and literature [21,22], the characteristics of the mem-
brane modules are summarized in Table 1.

Hydrochloric acid (analytical reagent) and one com-
mercial antiscalant, Polyamino Polyether Methylene
Phosphonate (PAPEMP) from Shandong Taihe Water
Technologies Co. Ltd, China, were used to illustrate the
present approach of evaluating and comparing chemi-
cals dosage effectiveness in NF softening processes.

2.2. Experimental setup and procedure

An appropriate seawater pretreatment approach
should provide feed water with low value of turbidity
and Silt Density Index (SDI) continuously and stably
for NF membrane. Compared with conventional pre-
treatment process, UF technology has many advan-
tages, such as consistent and high quality of filtrate
independent of raw seawater quality, simplicity of
operation, and maintenance [23]. Therefore, UF was
selected as the pretreatment technology of NF, and the
NF performance of seawater softening by increasing
Rnr in UF-NF IMS was investigated comprehensively.
The flow diagram of the IMS with a capacity of
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Fig. 1. Flow diagram of the integrated UF-NF system for
seawater softening.

3-5m>d™" is depicted in Fig. 1. The pilot study was
conducted at Qingdao Jiaozhou Bay, the Yellow Sea of
China.

Raw seawater was firstly pumped through car-
tridge sand filter to the UF module, the UF filtrate
was further pumped to NF module to obtain NF
softening product water. All water sources, such as
UF concentrate and backwashing water as well as par-
tially NF retentate, were collected and drained to the
sea via the injection tank on site.

Before each sampling, at least 2 L solution was dis-
charged to assure sampling accuracy. The data includ-
ing operating pressure and flow rate in feed water,
retentate and permeate for UF and NF membranes per
20 min were recorded. After each run, NF membrane
was flushed three times using deionized water for
20 min at pressure of 0.65 MPa and cross-flow velocity
of 0.068 m s™' to recover membrane flux.

Table 1

Material characteristics and module details of the membrane system

Items UF NF1 NF2
Manufactory Lanlu Filmtec Bluestar
Module type HF-1500 NF90, 4040 BDX4040N-90
Module configuration Hollow fiber Spiral wound Spiral wound
Membrane materials PS Polyamide Polyamide
MWCO (kDa) 20 0.1 0.1-0.5
Membrane effective area (m?) 8 7.6 7.5

Pure water flux (L m 2h™! MPa™}) 2,419.3 28.8 20.4

Pore size (nm) 10 0.99 1-2

Salt rejection (%) ~0 >85%* >85%"

Range of feed temperature (°) 0-50 045 0-45

Range of feed pH 2-11 3-10 2-11

Range of pressure (MPa) 0-0.2 0-4.1 04.1

Note: The values were obtained under following conditions:

“NF operating pressure 1.0 MPa, feed temperature 25°C, 500 mg L' NaCl solution, the recovery rate 15%.
PNF operating pressure 1.55 MPa, feed temperature 25°C, 2000 mg L' NaCl solution, the recovery rate 15%.
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Table 2

Four different operating conditions

Parameters Scheme I Scheme II Scheme III Scheme IV
Train UF-NF1 UF-NF1 UF-NF2 UF-NF2
Feed pH 7.8 £0.03 5.0 7.8 +0.03 5.0
Addition of acid No HCI No HCl
Concentration of antiscalant (mg L™ 0 10 0 10
Addition of antiscalant No PAPEMP No PAPEMP

A semi-closed loop mode NF experiments were car-
ried out at constant inlet cross-flow velocity of
0.05m s . Desired Ryg could be achieved mainly by
regulating the flow rates of the discharge and the recy-
cling stream of the retentate, respectively. The other
auxiliary measure also adopted in the initial phase is
increasing operating pressure to assist to fulfill the objec-
tive Ryr. A series of Ry including 10, 15, 20, 25, 30, 35,
40, 45, 50, 55, 60, and 65% were chosen, respectively.

Table 2 clarifies the specific operating conditions in
four different schemes for the NF membrane module.
The pH of the feed was adjusted to 5.0 with HCl acid,
and the concentration of the antiscalant in the feed
was kept constantly at 10-mg L™ under antiscalant
addition condition. This relatively high concentration
was chosen in order to reliably and safely increase the
Rnr as much as possible.

2.3. Analysis methods

Samples were collected in polyethylene bottles,
tightly capped and stored at 4°C until analysis. Con-
centration of the main inorganic ions (K, Na”, Ca%*,
Mg?*, CI", and SO3") were measured with a Dionex
ICS-3,000 Ion Chromatography (Dionex, USA); TDS
was calculated as the summation of the concentration
of the main ions; turbidity was measured by turbid
meter LP-2001 (Hanna, Italy); SDI of raw seawater
and UF filtrate was measured by a SDI monitor
(Millipore, America); conductivity was measured by
conductivity meter Orion 145A+ (Thermo, America);
pH was measured by precision acidity meter DELTA
320 (Mettler Toledo, China). Each sample was mea-
sured two times and if the values of the two measure-
ments deviated only slightly, then the average value
was used, otherwise, sample was detected more times
to obtained accepted results. The relative standard
deviation of the measurements was less than 2%.

2.4. Calculated parameters
2.4.1. Basic related parameters

To describe the overall operating conditions for the
NF module, Rngr, NF retentate recycle ratio (R,), and

the permeate flux (J,) were used, as defined in
Egs. (1)-(3), respectively [24]:

Qp
Rap = — 1
NF Q, + On ¢))
Rr = QrZ/er (2)
Iv = er/A (3)

where Q is the flow rate; A is the effective membrane
area; Subscripts p, 1, and 12 refer to the permeate,
retentate, and recycle streams of the NF module.

2.4.2. Concentration polarization and real rejection
parameters

Concentration polarization increases transmem-
brane osmotic pressure, which results in decrease of
effective pressure difference, as well as permeate flux,
and hence causes the degradation of separating
performance. The extent of concentration polarization,
termed as the CP modulus, is the ratio of the solute
concentration at the membrane surface to that in the
bulk brine. CP is determined using Eqs. (4)-(6) [25,26]:

c

cp=2= 4)
Cp

Comi — Cpi o

LB 5)

Chi — Cp,i

B udh 0.4 v 0.17 Chi -0.77 Di
o) ) () (@)@

where CP; is the CP modulus of solute i; ¢, Cpi, Cpi
are the concentrations of the rejected solute i at the
membrane surface, in the bulk brine, and in the
permeate stream, respectively; [, is the permeate flux;
k; is the solute mass transfer coefficient; d; is the
hydraulic diameter of the feed cross-flow channel; D;
is the solute diffusivity; u is the average cross-flow
velocity of the feed channel; p and v are the average
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density and kinematic viscosity of the retentate
stream, respectively.

Due to the effect of CP, solute concentration at the
surface of solute-rejecting membrane is higher than
solute concentration in the bulk solution. The differ-
ence between the experimentally observed rejection
(Robs) and the real rejection (Rye,) must be taken into
account. And they are defined as the following
equations [9,27]:

Rops =121 @)
Cfi

Rreal =1- i (8)
Cim,i

where ¢y, is the concentration of the rejected solute i in
the feed water.

3. Results and discussion
3.1. Pilot test of UF pretreatment

The performance of the UF module with filtra-
tion of cross-flow mode remained stable because of
backwash procedure during the testing period. The
operating parameters for UF unit were optimized
according to our prior work [11] and kept constant
in this test, and the UF filtrate flux and product
water recovery of seawater in this test were kept
constantly at about 150 L (hm?™" and 95% under
0.09 MPa. All SDI;5 values of UF filtrate were below
3.1 and turbidity values were relatively stable at
about 0.01 NTU. It indicates that UF filtrate quality
can meet the demand of NF feed despite the varia-
tion of the raw seawater quality. Table 3 summa-
rizes the characteristics of the NF feed water quality
parameters, such as SDI, turbidity, alkalinity, and
hardness as well as the main ionic concentrations,
which were measured in site.
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3.2. Pilot test of seawater NF softening process
3.2.1. The operating parameters of the NF module

The main operating parameters include operating
pressure, feed temperature, and NF retentate R,.

The variation of operating pressure and feed tem-
perature with Ryr during each scheme is presented in
Fig. 2. On the whole, it could be seen that the operat-
ing pressure increased rapidly in the beginning and
then quite slightly with Ryr when these two low selec-
tivity NF membranes were adopted. For example, a
large (30%) rise in NF operating pressure when Ry
was increased 10-20% in Scheme I was observed, but a
small (3%) rise happened in the period of 20-65%. This
can be explained that, as mentioned earlier, the con-
tributing factor of increasing operating pressure occurs
at first in the Ryr enlargement processes. But the goal
of Ry continues to increase gradually for NF modules
(when Ry larger than 20% for NF1 and 15% for NF2,
respectively) can be achieved through a growing pro-
portion of NF retentate recycled back to the feed water
supply tank. Accordingly, it causes a slight increase in
salt concentration and osmotic pressure of the feed
water. So the operating pressure increases slightly with
Rnr. It could also be seen from Fig. 2 that at the same
RN, there was small discrepancy in operating pressure
values among the four schemes. The operating pres-
sure of Schemes II and IV are slightly higher, which
might be due to the excessive addition of antiscalant
and resulting as foulants to some extent [28]. At the
same time, NF feed inlet temperature showed little
change and ranged between 21 and 24°C because of
the weather changes during the test period.

In the NF module, according to Eq. (2), different
NF retentate R,s would be needed to fulfill the varied
Rnp test. With the increase in Rynp from 10 to 65%,
more and more great proportion of the NF retentate
would be recycled and mixed with the NF feed. The
variation of R, with Ryr at different schemes is shown
in Fig. 3. It could be noticed that the increase in Ry

Table 3

Main parameters of the NF feed water

Parameters Values Parameters Values
Turbidity (NTU) <0.1 K* (mgL™) 363-405
SDI;5 <3.1 Na" (mg L™ 9,260-11,451
TDS (mg L™) 31,527-35,562 Ca* (mg L™ 372-419

Total hardness (mg L™ 3,190-3,480

Total alkalinity (mg L™) 1.95-2.26
CODy,, (mg L) 1.4-2.0
Activity of SiO, (mg L™ 0.36-0.90

Mg** (mg L™ 1,150-1,325

Cl (mgL™ 17,500-19,565
SO (mgL™) 2,100-2,396
pH 7.8 +0.03

Note: The total hardness and total alkalinity according to CaCO; terms.
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from 10 to 65% was accompanied by an increase in R,
from 1.69, 1.37, 0.04, and 0.01 to 37.16, 30.38, 11.21,
and 9.11 in Schemes I-IV processes, respectively. For

inlet cross-flow velocity of 0.05ms™ .
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Schemes II and IV, the acid and antiscalant dosage
induced a significant descent of the R, under the same
Rnr, which implied that with chemicals addition,
smaller R, value can be attained for the same higher
Rnp. Comparatively, for Schemes I and III, where
neither acid nor antiscalant was dosed, under the
same operating pressure, the NF permeate flow rate
decreased, in order to keep the same Ryng, NF recycle
stream flow rate should be increased. Therefore,
higher R, would be needed to achieve the same Rnp.

It could be also seen from Fig. 3 that under the
same RnF, R, values in Schemes I and II were always
much higher than those in Schemes III and IV. The
higher average NF retentate R, values were obtained
in Schemes I and II processes with the increase ratio
of 283 and 269% compared to those in Schemes III
and IV processes, respectively. This phenomenon
could be attributed to the larger difference between
the permeate flux of NFI and NF2. It can be con-
cluded from Egs. (1)-(2) that under the same Rnr and
inlet cross-flow velocity of 0.05m s™' for NF module,
R, is inversely proportional to the NF permeate flow
rate and the flux.

3.2.2. The variation of permeate flux

Trends of NF steady-state permeate flux as a func-
tion of Rnr in different schemes are shown in Fig. 4.
In general, the entire NF permeate fluxes in the four
schemes initially increased sharply and decreased
gradually afterward with the ascending Ryp. For
example, in Schemes III and IV processes as shown in
Fig. 4, when Rnp was evaluated from 10 to 15%, the

25

20 F
=
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= —4— SchemeIl —A— Schemel
S 10}
=
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Fig. 4. Dependence of NF permeate flux on Ryng under

1
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permeate flux increased rapidly from 12.91, 13.21 to
18.99, 20.57 L m>h', respectively. And then this
value decreased gently to 16.82 and 17.69 Lm>h™
when Rnr was evaluated continuously to 65%.

The steady-state permeate fluxes of NF module in
Schemes II and IV were a little higher than the corre-
sponding values in Schemes I and III processes within
the testing range of Rnp. The higher average NF
permeate fluxes were obtained in Schemes II and IV
processes with the increase ratio of 6.5 and 15.8%
compared to those in Schemes I and III processes,
respectively. This phenomenon could be attributed to
the elimination of alkaline scale at low pH [29,30]. The
permeate flux of the NF1 module in Schemes I and 1II
processes were much smaller than the NF2 module in
Schemes III and IV processes. This could be due to the
relative larger difference in membrane properties
existing for the candidate membranes, such as pore
size and MWCO, which can be seen in Table 1.
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3.2.3. The variation of the observed rejection of divalent
ions

The main divalent ions observed rejection by NF
membranes vs. Ryr is shown in Fig. 5. The salt rejec-
tions (calculated with conductivity and TDS, respec-
tively) by NF membranes are also plotted in Fig. 5 for
comparison with the membranes’ selectivity of diva-
lent ions over monovalent ions. It can be seen that the
salt rejection and all the main divalent ions’ observed
rejection by NF membranes increased in the beginning
and then decreased gradually in the testing Rnr range.
For example, when Ryr increased from 10 to 65%, the
rejection of Ca®*, Mg®*, SO3~, conductivity, and TDS
increased at first from 69.23, 95.04, 98.69, 64.87, and
66.78% to 70.62, 96.21, 98.97, 69.07, and 72.28%, and
then decreased finally to 53.15, 92.62, 97.86, 44.17,
and 45.89%, in Scheme I process, respectively. By
contrast, at Scheme III, an ascending of Ryg from 10 to

(©) 100 ——— T
80 | —=— SO0 —e— Mg*
< 4
E —— C2*  —+— TDS
.5 60 | —&— Conductivity
3}
2,
0]
5 40}
o ¢
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151
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NF permeate recovery (%)

Fig. 5. Trends of the observed rejection as function of Rnp ((@) Scheme I, (b) Scheme II, (c¢) Scheme III, and

(d) Scheme IV).
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65% resulted in a rise of the rejection of Ca**, Mg?*,
SOi_, conductivity and TDS at first from 37.47, 40.03,
99.22, 18.08, and 25.69% to 46.21, 43.37, 99.34, 34.47,
and 43.2%, and then decreased finally to 29.06, 31.09,
98.17, 23.01, and 30.22%, respectively. The observed
salt rejection and main divalent ions rejection in
Schemes II and IV were relatively higher than those in
Schemes I and III. This could be explained by the con-
version of HCOj into carbon dioxide, and the com-
plex of Ca** and Mg** ions by antiscalant [31].
Therefore, less amount of divalent ions and HCOj
permeated the membrane, resulting in a relatively
higher observed salt rejection and main divalent ions’
rejections in Schemes II and IV.

It was also noticed that the numerical values
between salt rejection and the main divalent ions
rejection for these two candidate NF membranes are
apparently different. The salt rejection values and the
most divalent ions rejection by NFI membrane were
larger than 40%, especially for SO3~ ion rejection,
which were always kept above 96%. This high diva-
lent ions rejection by NF1 membrane offers a viable
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Fig. 6. Trends of total hardness in NF permeate, and the
observed total hardness rejection as function of Rng ((a)
NF1 and (b) NF2).
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and potential option for seawater softening. But the
capacity of removing the main divalent ions by NF2
membrane is relatively poorer.

3.2.4. The variation of total hardness

Fig. 6 clearly showed that when Ry increased
from 10 to 65%, the removal efficiency of total hard-
ness decreased after an initial increase with Ryg. In
this experiment, it could be obviously found that
under the same Rng, NF1 process yields the higher
total hardness rejection. For example, in NF1 process,
the rejection of total hardness is 85.89 and 87.71% at
the Rnr of 60% in Schemes I and II, while in NF2 pro-
cess, this value is 30.92 and 34.98% in Schemes III and
IV, respectively. Correspondingly, the values of total
hardness in NF1 permeate are much lower than that
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—&— Scheme II, SO, —0— Scheme I, SO,”
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Fig. 7. Dependence of CP of Mg®*, SO, and Ca”* ions on
Ry in the IMS ((a) NF1 and (b) NF2).
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in NF2 permeate at the fixed Rnp. The values of total
hardness in NF1 permeate are all less than
900-mg L', but are all larger than 3,200-mgL™" in
NF2 permeate. It indicates that NF1 membrane yields
a relatively high efficiency of seawater softening.

Applying NF membranes with high rejection
coefficients of scale forming ions, but relatively low
rejection of chloride ion as a pretreatment in seawater
desalination opens the possibility for significant
increase in Rnp. According to the data from Turek
et al. [32], it was found that when the TFC-SR2 KOCH
NF membrane was selected to soften synthetic seawa-
ter solution, higher Ryg of 80% was obtained with
Ca*t, Mgz*, SOﬁ_, Cl', and total hardness rejection of
48.7, 66.9, 90.3, 8.8, and 64.4%, respectively. Compar-
ing TCF-SR2 membrane with mentioned NF1, it can
be observed that NF1 membrane has higher rejection
coefficient of total hardness.
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Fig. 8. Mass transfer coefficient k; of Ca®*, SO;~, and Mg?*
for NF modules with Ryr ((@) NF1 and (b) NF2).
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3.3. CP effect and the real NF separating performance with
Rne

3.3.1. CP of the NF modules

CP is a critical factor that can influence the Ryg.
The variations of CPy+, CPgp2-, and CPrr with Rnp
are shown in Fig. 7.

It was noted from Fig. 7 that the CP modules of
the same divalent ions differed slightly with chemicals
dosage changing than NF membrane-type changing.
In addition, the CP module of each divalent ion in the
seawater NF softening processes differed quite appar-
ently with Ryr.

It could be seen that for all the four schemes, as a
whole, the increase in the Ryp resulted in an increase
in CP modules for NF1 module and a sharp increase
at the initial stage and then a slight decline of CP
modules for NF2 module. According to Egs. (4)-(5), it
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Fig. 9. The variation of the real rejection of SO, Mg®*,
and Ca” ions with Rxr ((a) NF1 and (b) NF2).
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might be explained by two trade-off effects. On the
one hand, the CP module is proportional to solvent
flux and the solute concentration in the bulk stream;
on the other hand, this value is inversely proportional
to the solute mass transfer coefficient and the solute
concentration in the permeate stream. These effects
control the trend of CP modules with Ryg. For exam-
ple, an ascending of Ryg from 10 to 65% resulted in
an ascending of CPgq2-, CPrp+, and CPy,+ from 1.018,
1.008 and 1.054 to 1.021, 1.009 and 1.061 in Scheme I
process, respectively. The relatively larger CPgp-,
CPcp+, and CPye+ occurred in Scheme II process are
mainly due to the higher values of permeate flux at
each fixed Rnr (seen in Fig. 4). However, the experi-
mental data (seen in Fig. 7(b)) implies that the former
effect, especially solvent flux effect, seems to be domi-
nant to control the variation trend of CP modules for
NEF2 membrane in Schemes III and IV processes.

It could also be found that under the same Ryp,
CPyg+ was much relative higher than CPcp:. This
phenomenon can be well interpreted by the larger dif-
ference between the k; of Mg®* and Ca”". It can be
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Fig. 10. Trends of the real rejection of total hardness as
function of Ryr.
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seen from Eq. (6) that under the same operating
conditions and membrane channel geometry, k; varies
with the concentration and diffusivity of ions. On the
one hand, there is little difference between the coeffi-
cient of diffusion of Mg2+ and Ca®", which are
0.96 x 10~ and 1.06 x 107 m*s™", respectively [33]. On
the other hand, the concentration of Mg”* is much
higher than that of Ca>* in NF feed solution. There-
fore, the k; of Mg2+ is much relative lower than that of
Ca?*. The k; of Mg2+, SOﬁ*, and Ca?* calculated
according to Eq. (6) are shown in Fig. 8. It could be
seen that the k; values of Ca®" were 4-5 times than
those of Mg?* in NF softening processes. Therefore,
according to Egs. (4)-(6), under the same Ryg, the
CPyge+ is much relative higher than CPp:.

3.3.2. Real rejection of NF membranes

Fig. 9 compares the real rejection of the main scal-
ing-prone ions (Ca®*, Mg®**, and SOj") calculated
using CP theory during four schemes at Rng values
between 10 and 65%. It can be seen that the SO3~
rejection of all the four schemes was above 95%. How-
ever, for Ca®* and Mg”" ions, the rejection varied
greatly from one scheme to another. Higher rejection
of Ca** and Mg?", a large proportion of which exceed
60% were observed in Schemes I and II processes.

The effect of Ryr on the real rejection of total hard-
ness is presented in Fig. 10. It could be seen from
Fig. 10 that the real rejection of total hardness in the
four schemes decreased with Rng when it was kept
above 20%. The real rejection of total hardness by NF1
membrane (in Schemes I and II processes) was rela-
tively stable, and varied only slightly with Rnp. A
highest real rejection of total hardness was observed
in Scheme II process. Table 4 presents the divalent
ions composition in feed, retentate streams, and on the
membrane surface of NF element with Ryg at 60% in
Scheme II process. It is worth noting that the Ca**
Mg®*, and SO} ions concentrations and the total
hardness value in NF1 permeate are only around 176,
84, 45, and 798 mg Lfl, which are much lower than

The composition of NF feed, permeate, and retentate with Ryg at 65% in Scheme II

Concentration (mg L™")

Conductivity (ms cm™) Ca** Mg** SO~ TDS Total hardness
NF feed 42.6 411 1,296 2,293 34,981 6,564
NF retentate 43.8 426 1,373 2,438 36,011 6,930
NF membrane surface - 432 1,406 2,505 - 7,089
NF permeate 225 176 84 45 17,805 798
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that in typical SWRO feed streams, and indicates that
NF1 membrane under chemicals dosage yields a
relatively high efficiency of seawater softening.

4. Conclusions

The softening performance of NF membranes was
evaluated by combing Ryg factor and CP effect in
treating raw seawater in four different schemes, lead-
ing to the outcomes listed below:

(1) The pilot-scale test reveals that under the condi-
tion of adding acid and antiscalant, the superior
softening performance with 87.7-93.5% of the
observed and 88.5-93.9% of the real total hard-
ness removals were achieved by NF1 mem-
brane at constant inlet cross-flow velocity of
0.05 m s~!, operating pressure of 2.02-2.67 MPa,
temperature of 21-22°C and R, of 1.69-37.16.
Under these conditions, a Ryg, and permeate
flux ranged from 10%, 597 L m2h! to 65%,
6.93 L m™> h™! were obtained.

(2) The acid and antiscalant dosage induced a sig-
nificant descent of the R, under the same Ryp,
which implied that with chemicals addition,
smaller R, value can be attained for the same
higher Ryp.

(3) Under the same operating condition, the k;
values of Ca®* ion were 4-5 times than those of
Mg** ion in NF modules, which leads to the
relatively higher CPy;,»- than CPcp:.

(4) The Ca?", Mg2+, SOAZ[ ions concentrations and
the total hardness value in NF permeate with
Rnr at 65% in Scheme II are only around 176,
84, 45, and 798 mg L™!, which are much lower
than that in typical SWRO feed streams, and
indicates that NF1 membrane under chemicals
dosage yields a relatively high efficiency of
seawater softening.
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Nomenclature

CF — concentrate factor, (—)

C; — concentration of species i, (mol m°)

CP — concentration polarization module, (-)

dy, — hydraulic diameter, (m)

D; — solute diffusion coefficient, (m?s™!)

ko — the dissociation equilibrium constant of HCOy,
-)

ki — mass transfer coefficient, (m s 1)

pH — the measured retentate water pH, (-)

Q —  flow rate, (Lh™Y)

R — salt rejection, (-)

R, — recycle ratio, (-)

u — the cross-flow velocity in the flow channel,
(ms™

Rng — NF permeate recovery, ()

Rieal real rejection, (—)

Rops — observed rejection, (—)

P — density of the fluid, (kg m3)

v — kinematic viscosity, (m”s™")

Subscripts

b —  bulk

i — species i

m — on membrane surface

p — permeate

rl — retentate stream

r2  — recycle stream
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