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A B S T R A C T

On the West Coast of South Africa, there is an abundance of brackish groundwater. Reverse Osmosis membrane
systems are used to make the borehole water fresh. Unfortunately, the salts that are removed from the water,
precipitates on the membrane surface, thus, decreasing the overall process efficiency. In this study, the use of
Zn2+ ions as an anti-scalant was investigated in terms of feasibility in the treatment of brackish water influent.
Experimental tests were conducted on a bench scale unit, followed with a pilot plant thereafter. Three com-
mercial membranes were exposed to natural groundwater scaling. The first, commercial anti-scalant treatment,
second, anti-scalant treatment with Zn2+ ions and the third, untreated. The results, after a period of close to
5 months, showed that the flux of the membranes treated with commercial (32.78 L·m−2·h−1) and zinc
(30.80 L·m−2·h−1) ions anti-scalant was higher than the untreated membrane flux (25.56 L·m−2·h−1), which
decreased continuously.

1. Introduction

Reverse Osmosis (RO) has emerged as one of the promising large-
scale processes for the economical removal of salts from seawater and
brackish water, due to high volumes of fresh water needed in many
parts of the world for agricultural, industrial and domestic use [1–3].

However, several studies have reported inorganic fouling of RO

membranes, called scaling, as a major concern in water purification
processes [4–7]. Scaling occurs when minerals constituents of the feed
water precipitate on the surface of the membrane [6,8,9] after they
have reached a state of saturation [10,11]. Both mechanisms, partici-
pate in the scaling process [3]. Various studies have shown that ionic
constituents in feed water in desalination processes may combine under
suitable conditions to form salts as CaCO3, CaSO4, Mg(OH)2, BaSO4,
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CaSO4·2H2O, SiSO4, SiO2 and more which are known as slightly soluble
and scales forming salts [3,4,6,11]. Simulated brackish water has a silt
density index (SDI) range between 1.0 and 1.6, indicating membrane
scaling potential [7,12]. It is known that scale formation impairs the
performance of RO processes as it affects the salt rejection, the
permeate flux as well as the membrane lifespan [3,10]. The scale for-
mation mechanism generally takes place in two crystallization path-
ways: heterogeneous and homogeneous. Heterogeneous crystallization
is when precipitation takes place at the surface of the membrane, and
homogeneous crystallization is when precipitation takes place in the
bulk solution [3]. The acidification of feed water; use of anti-scalants
(AS); chemicals; control of RO system operating conditions; as well as
the softening of feed water, are the techniques used, to prevent scaling
[6]. Precipitation on the membrane surface can be prevented by using
effective anti-scalant [11,13]. These anti-scalants consist of a single
component or a mixture of components which has the molecular weight
in the ranges between 1000 and 3500 g/mol [14]. It disrupts the for-
mation of precipitates in one of three ways, namely: threshold inhibi-
tion; crystal modification and dispersion [13]. The use of anti-scalant
for targeted water conditions can assist with RO system performance
and reduce cost by minimizing frequent membrane cleaning and re-
placement [14].

Metallic ion impurities, notably Zn2+, can hinder CaCO3 pre-
cipitation from hard water and alter the crystal morphology
[12,13,15,16]. Zn2+ causes a substantial increase in induction time and
causes the formation of CaCO3 in the aragonite form rather than the
calcite form. Therefore, Zn2+ can potentially be used as anti-scalant for
brackish feed water [15], where CaCO3 is the main potential scalant.
The main advantages of using Zn2+ are that it can be conveniently
dosed (e.g. as CueZn alloy); is environmentally friendly; much lower
running cost; the availability of Zn2+ metal; cheap Zn2+ generation and
minimal waste disposal. Furthermore, the product water meets the
drinking water criteria with an upper limit of 5 ppm [12]. In this study,
the aim was to assess the use of anodic Zn as an anti-scalant and
compare it with a commercially available anti-scalant chemical, in the
scaling of RO membranes when treating brackish water.

2. Materials and methods

2.1. Laboratory tests on the scaling inhibition

2.1.1. Chemicals
Analytical grade calcium chloride (CaCl2), magnesium sulfate

(MgSO4) and Sodium hydrogen carbonate (NaHCO3) were obtained
from Merck. Anti-scalant phosphonic acid (H2O3P+) (Vitec 3000) was
obtained from Avista Technologies. In the preparation of synthetic
brackish water, the mass of various compounds are presented in Table 1
where it was used per 100 L of solution ([9,12,15]). All solutions were
prepared with purified MilliQ water.

2.2. Experimental procedure

2.2.1. Zn2+ ions generation using a bench scale electrochemical cell
Zn2+ ions were generated through the electrolytic cell with filtered

water. The cell had two nodes; the first connected to the ampere meter
and the second connected to the stainless steel metal immersed into the
beaker to complete the circuit. The outlet node of the ampere meter was
connected to the zinc metal immersed into the beaker as shown in
Fig. 1. Zinc metal was used as a source of zinc ion. A multi-parameter
ion specific meter was used to measure the Zn2+ ions in the solution.

2.2.2. On-line Zn2+ ion generation on Lab scale RO system
Experiments were conducted in a continuous flow SEPA CF II

membrane element cell (Fig. 2). Experiments were conducted at flux
ranges between 26 and 30 L·m−2·h−1, ambient temperature and applied
pressure of 10 bar. The membrane used was a high rejection thin film
composite (TFC) polyamide spiral wound RO membrane (Filmtec XLE
4040) cut into flat sheets. Membrane characteristics are shown in
Table 2 below.

The experimental system was operated as shown in Fig. 2. The la-
boratory tests consisted of three parts; the first of which the membrane
performance was tested with raw synthetic brackish water, followed by
raw synthetic brackish water spiked with a chemical anti-scalant and
lastly, when the membrane performance was tested with raw synthetic
brackish water in which Zn2+ ions was dosed constantly. The Zn2+ ions
were generated by using an electrolytic cell. The inhibition effective-
ness of Zn2+ ions was assessed by comparing membrane flux decline J
(L·m−2·h−1), at various experimental run conditions. The salt rejection
R (%) was monitored to evaluate membrane stability. The permeate
flux and salt rejections were calculated using Eqs. (1) and (2) respec-
tively:

=
×

J V
A T (1)

= ×R
C C

C
100f p

f (2)

where V, A and ΔT are the volume of permeate (L), the effective area
of the membrane (m2) and the interval time (h) respectively. In Eq. (2),
Cf (μS/cm), and Cp (μS/cm) are the feed conductivity and permeate
conductivity respectively.

2.3. RO pilot plant

The pilot plant consisted of three TFC polyamide RO membrane

Table 1
The composition of the synthetic brackish water [9].

Description/(unit) Concentration

CaCl2 (g/L) 0.61
MgSO4 (g/L) 0.05
NaHCO3 (g/L) 0.51
TDS (g/L) 1.140
pH (–) 7.96
Temp. (°C) 22–24
LSI (–) 0.750
SDI range [7,12] 1.0–1.6

Stainless 

electrode 

Zinc 

electrode 

Fig. 1. Zn2+ ions generation through the electrochemical cell [15].
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modules (Filmtec XLE 4040), in parallel, which was subjected to dif-
ferent running conditions. The first membrane was subjected to only
raw feed with no anti-scalant chemical supplements; the second was
treated with feed dosed with commercial anti-scaling chemical and the
third was treated with Zn2+ ions. The Zn2+ ions were generated by use
of an electrolytic cell. Raw brackish water that underwent a primary
treatment sedimentary process was used as the feed to the pilot plant
(Fig. 3). The permeate conductivity and flow rates of the above-men-
tioned membranes were recorded.

2.4. Analytical method — cell

Foulants deposited on the membrane surface after scaling experi-
mental runs were characterized by Leo 1430VP scanning electron mi-
croscopy (SEM). Membrane samples were cut and sputter-coated with
gold prior to capturing of SEM images. Optical microscopy (OM) was
additionally conducted to confirm that scaling has occurred on the
surface of the membrane.

3. Results

3.1. Effects of electrochemical cell current on Zn2+ generation

Preliminary experiments were conducted to assess the effects of
voltage and current density on the generation of Zn2+ ions. From the

results obtained in Fig. 4 (Left), when the voltmeter is set at 2 V it can
be seen that the zinc ions generation increases as the current density
decreases with time. This could be explained by the fact that, at high
current, zinc ions tend to deposit on the stainless steel electrode and
that generates impurities which are detrimental to zinc ion generation
[15]. The generation of zinc ions was not constant with time because of
the fluctuation of the current during the operation.

It is further noticed that zinc ions generation decreased with an
increase in voltage, and no Zn2+ ions were generated at 6 V as shown in
Fig. 4 (Right). This could be due to oxidation reaction occurring that
caused the deposition of zinc on the stainless steel electrode hence,
impeding the electrolytic process of zinc generation [15].

3.2. Effect of anti-scalant on RO membrane performance

3.2.1. Effect of Zn2+ ions generation voltage on membrane performance
Effects of Zn2+ ions generation voltage was further related to

membrane performance. Fig. 5 below shows averages of permeate flux
and salt rejections after 120 min of experimental runs. Different flux
values were obtained for the three voltages applied. It can be seen that
the permeate flux decreases with an increase in voltage. The highest
permeate flux of 29 L·m−2·h−1 was obtained at the lowest voltage of 2 V
and at a Zn2+ ions concentration of 0.2 ppm. The result shows that
change in Zn2+ ions voltage generation did not affect the membrane
salt rejection.

3.2.2. Comparison between Zn2+ ions and ZnSO4 effects on membrane
performance

Two different procedures for a Zn2+ ion generation were tested.
Firstly, zinc ions were generated by dosing ZnSO4 into the feed tank.
Secondly, Zn2+ ions were generated online using a voltaic cell in the
system. Zn ions were automatically generated as the salt dissolved in
water. Fig. 6 shows the effects of these two procedures on the perfor-
mance of the membrane with time.

It can be observed during the ZnSO4 experimental run in Fig. 6
(left), that the flux increased with an increase of ZnSO4 concentration.

Table 2
TFC RO membrane characteristics (Dupont.com, 2017).

Parameter (unit)

Feed water concentration, TDS (mg/L) 2600
Feed water pressure (bar) 6.9
Recovery rate (%) 15
Water pH (–) 2–11
Salt rejection (%) 99.0
Product flow rate (m3/day) 0.750

Bag filter (5 micron)

Bag filter (1 micron)

RO Membrane treated with Zinc ions

RO Membrane with no treatment

RO Membrane treated with Anti-scalent

Feed pump High pressure pump

Electrolytic Cell

Anti-scaling
Chemical

P-19

Brine pumped to
evaporation
ponds

Permeate
pumped

to fresh water
tanks

Feed from
sedimentary
process

Fig. 3. Process flow diagram of a pilot plant [15].
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The flux at a concentration of 2 ppm and 4 ppm was 17.6 and
26.4 L·m−2·h−1, respectively. The difference in flux was due to the
ZnSO4 hydrolyzing to sulfate ions as it dissolved in water; which further
precipitated calcium; magnesium and other insoluble ions in sulfate
salts [17]. In Fig. 6 (right), flux and rejection are demonstrated during
Zn2+ ion generation. The highest flux of 29.01 L·m−2·h−1 was obtained
at 0.2 ppm concentration of Zn2+ ions generated using 2 V. The salt
rejection of 99% was not influenced by the concentration of ZnSO4 or
Zn2+ ions generated, thus, showing membrane stability.

3.2.3. Effects of anti-scalant concentration on membrane performance
A gradual decrease in permeate flux was observed during the

operational period of all experimental runs, as can be seen in Fig. 7
(left), where two different feed solution concentration of Zn2+ ions
0.075 ppm and 0.120 ppm; no anti-scalant; commercial anti-scalant
(Vitec 3000), were used. This decline in flux was due to the deposition
of particulates followed by the build-up of scale formation on the
membrane surface.

The molecular deposition of these dissolved particles and ions at the
membrane surface create a locally concentrated layer. Due to the re-
latively high local concentration, this accumulation tends to reduce the
permeate flux through the membrane and hence resulting in a more
significant flux decline [18]. However, the flux decline could also be
due to an increase in ionic concentration and osmotic pressure during
the RO process. The flux decline of the membrane with a dosage of
Zn2+ ions was lower compared to the operation of the membrane
without antiscalant. This showed that Zn2+ ions had the ability to
suppress scaling through physico-chemical interactions with pre-
cipitating species [10]. Trace amounts of Zn2+ ions can substantially
inhibit the nucleation rate of calcium carbonate crystallization by in-
ducing increases in nucleation times. Thus, the crystal structures of the
calcium carbonate formed, changed to aragonite instead of calcite.
[19]. The flux decline of the membrane with commercial anti-scalant
was reduced to just 5%. The initial flux decreased until it reached the
point where it stabilized (after 2 h). This was because the anti-scalant
was added at this point. The anti-scalant enhanced the flux rate im-
mediately, and then, the flux rate remained at steady state for the re-
mainder of the experimental time. Limited flux decline was noted after
adding the anti-scalant. This is explained by retardation or prevention
of the onset of surface crystallization or extremely slow growth of salt
crystals on the membrane surface caused by the anti-scalants [12,20].
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Fig. 4. (Left): Zn2+ generation at different voltages and current densities; (Right): average Zn2+ generated for each experimental run.
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3.2.4. Evaluation of anti-scalant on the pilot plant
The pilot plant was operational for close to 5 months (3600 h)

(Fig. 8). During this period, the performance of the membranes was
closely monitored. The pilot plant consisted of three similar mem-
branes, each subjected to different operating conditions, namely, a
membrane treated with commercial anti-scalant, a membrane treated
with a concentration of zinc ions not exceeding 20 μg/L (0.02 ppm) and
an untreated membrane.

The permeate flux of the membrane treated with commercial anti
scalant had the highest value of 32.78 L·m−2·h−1 after 5 months. The
membrane treated with zinc ions closely followed this value with a flux
of 30.8 L·m−2·h−1. These two membranes performed very well under
the conditions and showed no signs of rapid scaling or a sharp decline
in the permeate flux. However, the flux for all the membranes lowered
significantly, after 30 days, due to raw feed water shortage, which re-
sulted to a reduced inlet feed flow rate to the plant for the rest of the
experimental period. The untreated membrane performed the worst of
the three membranes with a flux value of 25.56 L·m−2·h−1. When the
trend of this membrane was studied it was seen that the permeate flux
showed a sharp decline suggesting that the membrane surface is rapidly
scaling leading to a loss of permeate quality and permeate flux.

3.2.5. Scale control cost analysis of the two anti-scalant methods
Comparing scale control cost between the two anti-scalant meth-

odologies were investigated. Table 3 shows the cost estimation of the
two anti-scalant over the five-month operational period. The cost of
Vitec 3000 as reported by Goldie et al. [15] is R 0.40/kL of feed water
treated. For the 5 months period (3600 h) 5834.07 kL were treated.
When estimating the cost involved with the membrane treated with
zinc ions, the electricity cost of the zinc ion generated was considered.
The average current and potential difference over this period were
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Table 3
The cost estimate of the two anti-scalant methods.

Anti-scalant

Vitec 3000 Zinc ions

Cost per L of feed treated (R) 0.4 –
5 months energy consumption (kWh) – 14.29
Amount of water treated (kL) 5834.07 5834.07
5 months cost (R) 2333.63 16.89
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0.557 A and 7.14 V, respectively. The power calculated for the Zn ions
generation (dosing) was 14.29 kWh. With an electricity rate of
R1.1820/kWh [21], the cost of R16.89 was estimated.

3.2.6. Scaling analysis using scanning electro-magnetic (SEM)
SEM analysis was conducted on the shell and core sides of three thin

film composite (TFC) polyamide (PA) Reverse Osmosis (RO) mem-
branes to evaluate the scaling of RO membranes in the presence of the
two different anti-scalant. Fig. 9 shows the presence of deposits in-
dicating that scaling occurred. This can be explained by the different
mechanisms that include ion pairing, as well as the formation of ag-
gregates and crystals [6]. With the addition of anti-scalant, different
agglomeration structures were observed at various surface positions on
the membranes. This could be attributed to the gathering of salts [22].
However, scale deposits tend to cover the entire region of the mem-
brane used with no anti-scalant, especially on the core side of the
membrane. SEM images of the surface of the membrane treated with
commercial anti-scalant showed that the deposits were distributed
evenly on the core side than on the shell side. This indicated that the
membrane surface at the shell side had fewer deposits. Furthermore,
the remaining deposit sizes were smaller than the ones on the untreated
membrane. The minimal presence and smaller deposits sizes of grown
crystals suggested that the mechanism of scale control by anti-scalant
was mainly by the inhibition of crystal nuclei. Thus Zn2+ ion solution

performed well as an antiscalant in removing the scaling from the
surface as a good inhibitor [23].

SEM images from the surface of the membrane treated with Zn2+

ions showed that the deposits were more prevalent than the deposits in
the case of the membrane treated with the commercial anti-scalant.
This means the Zn2+ ions eliminated less scaling crystals than the
commercial anti-scalant.

3.2.7. Scaling analysis using optical microscopy (OM)
Fig. 10 shows optical microscopy images of scale samples (a) to (d),

taken at the feed side of the membranes. Though qualitative in nature
they do show scaling took place. The used membranes images showed a
dark (brown/black) layer on the surface. These dark spots became more
apparent and pronounced on the untreated membrane sample, in-
dicating that scaling was more severe.

4. Conclusions

The main findings of this study were as follows:

• The Zn2+ ions generated in the electrolytic cell were at a maximum
concentration at a potential difference of 2 V.

• The bench-scale RO cell results confirmed the observations achieved
with the SEM images. The flux and rejection of a membrane sample

Fig. 9. SEM images of scaled membranes, (a) & (d) untreated; (b) & (e) Zn2+ ions; (c) & (f) commercial antiscalant. Bottom: A membrane support layer; Top:
membrane polyamide selective layer.

Fig. 10. Comparison of scale formation deposit of (A) virgin membrane, (B) untreated membrane, (C) zinc ions treated membrane and (D) Vitec 3000 treated
membrane.
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treated with the commercial anti-scalant were higher than mem-
brane samples treated with Zn2+ ions and untreated membrane
sample, although the Zn2+ improved anti-scaling as well.

• Scaling of the membrane in the pilot plant with raw brackish water
was lowest with the commercial anti-scalant, followed by the use of
Zn2+ ions.

• SEM analysis and OM analysis were able to show the morphological
changes on the surface of the membranes, compared to an untreated
membrane. It also showed that the commercial anti-scalant was
more effective than Zn2+ ions, as fewer deposits were observed on
the membrane surface. Images of the membrane surface treated with
the anti-scalant showed that the deposits were distributed evenly on
both the active and support layers sides of the membrane. However,
deposits on the active layer side were more pronounced.

• The introduction of zinc ions delayed the crystal growth on the
membrane surface and results in stability in permeate flux.
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