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The effects of scale inhibitor ATMP in water on nanofiltration
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ABSTRACT

As a kind of advanced water purification technology, nanofiltration (NF) has been widely used in
the treatment of water. In the NF process, scale inhibitor such as aminotris (methylenephosphonic
acid) (ATMP, Hatmp, H L) is commonly added to control scale deposition. However, the impact
of ATMP on the separation performance of NF has up to now been unknown. In this study, the
impact of ATMP on calcium ion (Ca*) rejection rate and permeate flux of NF 270 membrane were
investigated by permeate experiments with different ATMP concentrations. The results showed that
ATMP had a significant impact on Ca*" rejection rate, as well as the feed pH. Both a local minimum
in rejection rate and a slight maximum in permeate flux appeared at 10 mg-L" ATMP, corresponding
to the feed pH about 5.5, which may be close to the isoelectric point (IEP) of membrane. When ATMP
concentration was below 8 mg-L"and above 10 mg-L™, increasing ATMP concentration would both
dramatically enhance Ca** rejection rate. The main mechanism affecting the performance of NF was
electrostatic effect caused by ATMP rather than its chelation effect. Our work demonstrated that in
addition to the scale inhibition effect, ATMP in water also had a certain impact on the performance
of NF membrane, especially for treating low alkalinity water (contain hardness and SOj ), and
aminotris (methylene phosphonic acid) (ATMP, H.atmp, H.L) is preferred to avoid precipitation and
improve NF softening and desalination performance.

Keywords: Nanofiltration; Calcium ion; Rejection rate; Permeate flux; pH; Aminotris (methylene-
phosphonic acid)

1. Introduction brackish groundwater softening, removal of heavy metal
ions and pretreatment of seawater desalination, etc [6-8].
Separation by NF membranes occurs primarily due to
size exclusion and electrostatic interactions. For uncharged
molecules, sieving or size exclusion is the main reason for
separation; for ionic substances, sieving and electrostatic
interaction are the causes of separation. For all applications,
membrane surface and pore charge characteristics play an

NF membranes have properties in between those of
ultrafiltration (UF) membranes and reverse osmosis (RO)
membranes [1]: ® Ithas a molecular weight cut-off ranging
from 200~1000 Da [2]; @ The operation pressure is low and
usually less than 1.0 MPa, which is more energy-efficient
than RO [3,4]; ® It offers better rejection performance than
UF for treating water containing small molecule substances important role in the transport of water and solute mole-
or 1ons [5]. In shp rt, NF has significant advantages, mgk— cules through the membrane [9]. For polyamide membranes
ing it very promising in the treatment of water including such as NF 70, 90, 200 and 270 membranes, which possess
dissociable carboxylic and amine groups [4,5]. The feed
pH can change the properties of these membranes surface
*Corresponding author. charge and pore size, as well as that of solution chemistry
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and therefore can affect the membrane separation efficiency
[10-13].

In the process of NF, scaling is a very common problem.
A widely used technique for controlling scale deposition is
an application of chemical inhibitors [14,15]. As an effective
scale inhibitor, ATMP is widely used in the NF process [16].
However, the impact of ATMP on the separation perfor-
mance of NF membranes was still not well investigated.

This paper describes an investigation on the impact of
different ATMP concentrations on Ca*" rejection rate and
permeate flux by permeate experiments, and the chelation
effect and electrostatic effect by ATMP were also discussed.
Hopefully the experiment results would be useful for prac-
tical engineering application of NF.

2. Materials and methods
2.1. Chemicals and materials
2.1.1. Chemicals

All chemicals used were of analytical grade except
for ATMP. ATMP (molecular weight 299 Da) is an indus-
trial product with a content of 50% (Aladdin Industrial,
China). Calcium chloride (CaCl,) and ATMP were used for
the preparation of the feed water. The pH was adjusted by
10% sodium hydroxide (NaOH) or 10% hydrochloric acid
(HCI). The chemicals used to measure Ca* concentration
were: Calcium carbonate (CaCO,); 1% methyl red reagent;
10% ammonia solution; ethylene diaminetetra (acetic acid)
disodium salt, Na,H,edta-2H,O (C, H,,N,O,-Na,2H,0);
Ammonia-ammonium chloride buffer solution (pH = 10.0)
and Chrome black T. The deionized water used in this study
was prepared by RO.

2.1.2. NF membrane

The NF membrane used in this study was labeled NF
270 membrane, manufactured by Dow Company (USA). It
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is a semi-aromatic polyamide membrane with pore radius
about 0.4 nm [17,18], and it is a “loose” NF membrane char-
acterized with low sodium chloride (NaCl) rejection rate
and high pure water permeability [19].

2.2. Membrane set-up and filtration test
2.2.1. Membrane set-up

The experimental set-up is schematically described in
Fig. 1. Basically, it has seven parts: feed tank, permeate tank,
retentate tank, pump, membrane test cell, pressure gauge
and pressure regulating valve. Membrane test cell was
made by Nitto Denko (Japan), with a size of 21 cm x 8.5 cm
x 6.5 cm and the effective area of 81.6 cm?.

2.2.2. Filtration test

ATMP was added to the 3 mmol-L" CaCl, solution to
achieve the ATMP concentration of 0, 4, 8, 10, 12, 16 and 20
mg-L7, respectively. After that, the solution was stirred for
30 min, and then was let to equilibrate for 24 h before exper-
iment starts. Before each filtration test, 2 L CaClL, and ATMP
solution was added into the feed tank. Also, a new mem-
brane coupon (81.6 cm?) was loaded into the cell. Initially,
both permeate and retentate circulated back to the feed tank
for 10 min to maintain the feed concentration constant, and
then, permeate and retentate were collected separately for
10 min. For all filtration tests, the operating pressure and
the feed temperature were controlled at 0.55 MPa and about
20°C, respectively.

Ca** concentration was determined by EDTA titration
and permeate volume was measured by a cylinder. The pH
was monitored by a pH meter (PHS-3C, INESA Scientific
Instrument CO., Itd, China) and temperature was observed
by a thermometer. The rejection rate of Ca** was calculated
according to Eq. (1):

Rejection rate(%)=(1-C, / C;)x100 1)

P
—
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Pump

—
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Feed tank
(L)

Fig. 1. Membrane testing set-up.

Valve 2 @R
R$enta¢e
Membrane L
X = = 7 test cell
Membrane

CP
Retentate tank
Permeate tank



X. Han et al. / Desalination and Water Treatment 160 (2019) 9-13

where C is the concentration of Ca** in permeate (mg-L™);
C, is the concentration of Ca** in feed (mg-L™).
Permeate flux was calculated according to Eq. (2):

_W
AXt

where ] is the permeate flux (L-m™=h™); V, is a permeate vol-
ume change within 10 min (L); A is membrane area (m?); ¢
is filtration time (h).

J @

3. Results and discussion
3.1. Impact of ATMP concentration on membrane performance

Fig. 2a demonstrates that ATMP concentration had a
significant impact on Ca** rejection rate. On the whole, the
rejection rate increased obviously with ATMP concentra-
tion increasing. However, a very interesting phenomenon is
that, a local minimum in rejection rate (Fig. 2a) and a slight
maximum in permeate flux (Fig. 2b) appeared at 10 mg-L"!
ATMP. When ATMP concentration was below 8 mg-L"and
above 10 mg-L7, increasing ATMP concentration would
both dramatically enhance Ca** rejection rate (Fig. 2a).

It is known that ATMP molecule contains three active
phosphate groups (-PO,H") offering three potential react-
ing sites with Ca?* [20], which could have an impact on the
membrane performance. Moreover, ATMP is a hexavalent
acid, which could cause the feed pH to drop. From Fig. 2, we
can see that the feed pH dropped from 6.83 to 4.12 with the
ATMP concentration increasing from 0 to 20 mg-L™. The feed
pH was about 5.5 at 10 mg-L™ ATMP, which may be close
to the isoelectric point (IEP) of membrane. This is in a good
agreement with Manttéri et al., who reported that this mem-
brane has an IEP between pH 5.0 and pH 6.0 by measuring
the zeta-potential of NF 270 membrane [21]. However, Lin et
al. [22] showed that the IEP of NF 270 membrane is near pH
4.0. The difference may be caused by different solution sys-
tems [23] and measurement errors [21]. It is clear that changes
in feed pH can cause changes in electrostatic effects. Accord-
ingly, two mechanisms caused by ATMP are plausible: che-
lation effect (Section 3.2) and electrostatic effect (Section 3.3).
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3.2. Chelation effect by ATMP

In order to further investigate the chelation effect on
Ca® rejection rate, a series of experiments were carried
out with the feed pH 5.5 (close to the IEP of membrane), as
shown in Fig. 3. The results showed that Ca?* rejection rate
increased slowly and permeate flux was almost unchanged
with ATMP concentration increasing. ATMP is known to
form compounds with Ca* such as CaH,L-, CaH,L*> and
CaHL?* (L represents ATMP) [24,25]. At higher pH (about
pH 9) and in the presence of a large excess of calcium,
ATMP could form two insoluble salts: Ca,(atmp) 3H,0 and
Cay(atmp), 5H,O [26,27]. However, insoluble salts should
not be formed in this experimental system (pH = 5.5, [Ca**]
=3 mmol-L" and [ATMP] = 0-20 mg-L™) according to [27].
It is obvious that the molecular size of chelates (Ca-ATMP
complexes) is much larger than that of free calcium ions,
which could lead to an increase in the space steric hindrance
[28-30] and finally result in an increase in the rejection rate
[31,32]. However, our experimental results demonstrated
that the chelation effect by ATMP was small. According to
chemical equilibrium, ATMP and calcium ions mainly form
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Fig. 3. Chelation effect on Ca*rejection rate and permeate flux
at the feed pH 5.5.
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Fig. 2. Impact of ATMP concentration on membrane performance and feed pH.
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complexes of a mole ratio of 1:1, so 20 mg-L™ ATMP (0.07
mmol-L™?) could only combine 0.07 mmol-L" Ca? from
totally 3 mmol-L present in the solution (c.a. 2.33%) [27],
which is in a good agreement with our experimental results.

3.3. Electrostatic effect caused by ATMP

In order to investigate the electrostatic effect on Ca* rejec-
tion rate, comparative experiments were carried out with 4
mg-L ATMP (a) and without ATMP (b) (blank) at the same
conditions, bearing different pH ranging from 3 to 10 and the
results are illustrated in Fig. 4a and Fig. 4b, respectively.

It can be seen from Fig. 4a that Ca*" rejection was the
lowest and permeate flux was the highest at around pH 5.5
(close to the IEP). The similar appearance has been reported
by Childress and Elimelech [9] and Qin et al. [33]. When the
pH dropped from the IEP to lower values, the amine func-
tional groups on membrane surface could protonate (H* +
solid — C(O) - NH- « solid - (C(O) -~ NH,*-) and resulted
in more positive charge, which has been demonstrated by
measuring zeta-potential [21]. In this case, electrostatic
repulsion was generated between Ca’* and membrane sur-
face charge, which led to high rejection rate. When the pH
shifted from the IEP to higher values, the carboxyl groups
on membrane surface could deprotonate (solid - COOH —
solid — COO") and resulted in more negative charge, which
caused the electrostatic attraction generate between Ca*
and membrane surface charge. In the latter case, Ca** rejec-
tion rate declined slowly with the rise of feed pH, as shown
in Fig. 4b, which was agree with Chen [34]. It should be
noted that the solubility (Q = 3 x 10™) of Ca* and OH~
in this experiment was smaller than the solubility prod-
uct constant (K = 4.7 x 107%). Therefore, no insoluble solid
Ca(OH), formed in this experiment.

However when ATMP was added, Ca** rejection rate
increased slightly and the permeate flux declined slightly
with the rise of feed pH, as shown in Fig. 4a. This results
may be attributed to two mechanisms: 1) ATMP and Ca*
could form insoluble solids (Ca,L_,,) in the presence of a
large excess of calcium. At pH above 9.0, almost all ATMP
molecules exist in the system as insoluble solid form [27].
Therefore, the insoluble solids were capable to accumulate
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on the membrane surface; 2) Bridging effect of free Ca*
[35], which associates the CaH,L-, CaH,L*> and CaHL* (L
represents ATMP)with a small number of =COO- groups on
the clean membrane surface, and this could lead to the pore
size of the membrane reduced. Both of the above situations
caused an increase in rejection and a decrease in permeate
flux. But ATMP could still achieve the goal of scale inhibi-
tion by getting adsorbed onto the nuclei and thus blocking
the active growth sites, or by effectively reducing the num-
ber of the nuclei [36].

It can be seen that when using ATMP as a NF scale inhib-
itor, attention should be paid to pH control, espec1ally for
water with low alkahmty(contam hardness and SO4 ), and
acid type ATMP (H,L) is preferred to avoid precipitation
and improve NF softening and desalination performance.

4. Conclusion

In this study, permeate experiments were conducted
with different ATMP concentrations in the 3 mmol-L~ CaCl,
solution to study the impact of ATMP on the separation per-
formance of NE. The results showed that ATMP had a sig-
nificant impact on Ca?* rejection rate, as well as the feed pH.
Alocal minimum in rejection rate and a slight maximum in
permeate flux appeared at 10 mg-L' ATMP, corresponding
to the feed pH about 5.5, which may be close to the isoelec-
tric point (IEP) of membrane. When ATMP concentration
was below 8 mg-L"and above 10 mg-L™, increasing ATMP
concentration would both dramatically enhance the Ca*
rejection rate. The main mechanism affecting the perfor-
mance of NF was electrostatic effect caused by ATMP rather
than its chelation effect. These results indicate that ATMP in
water could have a certain influence on NF separation per-
formance, especially for treating low alkalinity water, and
acid type ATMP (H,L) is preferred to avoid precipitation
and improve NF softening and desalination performance.
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