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ARTICLE INFO ABSTRACT
Keywords: Silica scaling is one of the major scaling challenges in Reverse Osmosis (RO). The safe operation
Membrane fouling practice is to keep the silica concentration below 150 mg/L in RO concentrate. This study ad-

Reverse osmosis
Silica scaling
PHREEQC

dresses the effects of divalent cations such as calcium and magnesium on silica scaling in a
seawater RO installation used as a pretreatment to Eutectic Freeze Crystallisation (EFC). Results
showed that in the absence of antiscalant and divalent cations a sustained silica concentration of
approximately 280 mg/L in concentrate is possible without declining membrane permeability. At
a higher concentration of divalent cations, the membrane permeability decreased. Membrane
autopsy and analysing destructed membrane showed a relatively low magnesium and a high
calcium concentration on the membrane after adding divalent ions into the solutions. It is
concluded that in absence of divalent cations and without antiscalant the limits of 150 mg/L silica
can be extended to 280 mg/L for 6-8 h.

1. Introduction

Safe and clean water is in short supply across the globe. Reverse osmosis (RO) offers a solution to the water shortage because it
offers an excellent barrier against source water constituents. Depending on the type of water that is to be treated, RO can be categorised
in sanitary RO, brackish water RO (BWRO), and seawater RO (SWRO). Sanitary RO is typically used to treat waters with a salinity
under 1000 mg/L TDS (total dissolved solids), BWRO for waters with salinities between 1000 and 12000 mg/L TDS, and SWRO for
waters with salinity higher than 12,000 mg/L TDS. This makes sanitary RO suitable for treatment of fresh water or tap water, BWRO for
treatment of brackish groundwater, and SWRO for treatment of seawater, concentrate of BWRO or concentrate of SWRO [1,2]. For
instance, application of BWRO in green houses widely occurs in many countries where horticulture is an economic pillar, such as the
Netherlands. In the western part of the Netherlands, about 30% of required water for horticulture is provided by BWRO using brackish
ground water. It is predicated that in the coming years the usage of BWRO will increase due to significant and rapid climate change,
and population increase. This increases the necessity of finding techno-economic solutions to (i) reduce the membrane scaling, which is
the main fouling mechanism in BWRO, and (ii) to prevent environmental damages that can occur as a consequence of discharging
concentrate into the ground by inland installations [3].

Concentrate disposal is the most significant environmental consideration for inland BWRO facilities. Common methods for
handling RO concentrate include discharge to surface water, discharge to the sewage system, using an evaporation pond, evaporation,
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Nomenclature and abbreviations

Chemical formula Name

Calcium
Magnesium
Silicon
Bromide
Chloride
Potassium
Sodium
Iron
Manganese
Phosphate
Sulphate
Silica
Aragonite
Barite
Calcite
Chalcedony

Mg3Sis0Os(0OH), Chrysotile
CaMg(CO3)> Dolomite
Cas(PO4)30H Hydroxyapatite

Quartz

Mg,Si307-50H:3H,0 Sepiolite
Mg38i401 Q(OH)2 Talc

Abbreviation

TCF Temperature correction factor for water viscosity
EFC Eutectic freeze crystallisation
RO Reverse osmosis

CCRO Closed-circuit reverse osmosis
MTC Mass (in this study water) transfer coefficient
Jw Water flux

NDP Net driving pressure

Qp Permeate flow

EC Electrical conductivity

— pH

T Temperature

Tact Actual temperature

Tref Reference temperature

P¢ Feed pressure

P. Concentrate pressure

P, Permeate pressure

¢ Osmotic pressure in feed

Tp Osmotic pressure in permeate
T Osmotic pressure in concentrate
Amem Effective area of membrane

eutectic freeze crystallisation (EFC) and deep well injection [4]. Choosing the proper method to deal with concentrate depends on the
concentrate quality, site location characteristics, system recovery, available facilities at the location, and local regulations. Evapo-
ration ponds provide an economic solution for concentrate treatment in hot, arid areas with inexpensive land available. In this method,
concentrate is pumped into large ponds and water slowly evaporates via direct solar energy. The simplicity of this process reduces
maintenance and operating costs and reduces energy input [5]. In addition, the produced salt can be used in industry. The evaporation
ponds are normally constructed in the remote area to reduce the effects of possible pollution transferred by the wind.

Deep well injection is frequently used to dispose the concentrate by inland sites. In this method, concentrate is injected down a deep
well into a confined aquifer which is not connected to any adjacent fresh or brackish water aquifers [4,6]. However, the environmental
regulations are becoming stricter using deep well injection as a result of the unknown effects of concentrate on the target aquifer. One
of the measures to reduce these unknown effects is to avoid dosing of antiscalant. However, this limits the recovery of BWRO to 50% or

less and increases the energy consumption for producing the same amount of water.
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Evaporation and/or EFC is recommended for concentrate treatment when treatment methods such as evaporation ponds and deep
well injection are not feasible. These techniques consume vast amounts of energy, and in order to be economically efficient need
pretreatment processes to minimise the volume and maximise the salt concentration of their feed. To prepare the BWRO concentrate as
feed for these techniques, the installation has to work at the highest possible recovery and (or alternatively) thicken the concentrate
before these techniques using SWRO. Furthermore, when SWRO is applied, the highest possible recovery is desirable in order to reduce
the concentrate treatment costs. To increase the efficiency of these techniques and obtain products (salts) of a high purity, no anti-
scalant should be added into the water during the RO process(es).

As the recovery rate increases, the magnitude of concentration polarisation increases, and membrane scaling can occur. Unde-
sirable consequences of scaling include a decline in membrane flux (water production), deterioration in product water quality by
increased salt passage or increased operating pressure to maintain flux with a subsequent increase in energy costs.

Scaling is the primary fouling mechanism in BWRO operating at high recovery and treatment of its concentrate. Biofouling and
particulate fouling are less important in BWRO because of the anaerobic conditions of groundwater (in most cases), natural and
artificial screens before the RO, and the fact that groundwater is directly fed to the BWRO installations in aerobic conditions. The
absence of microorganisms and particles in the feed water of BWRO results in the absence of these substances in the concentrate. Thus,
reducing the concentrate volume depends on the concentration of dissolved ions, types of ions present in concentrate, type of
membrane, and operational conditions.

The current research provides experimental data on the silica scaling in SWRO when used for reducing the concentrate volume of
BWRO and preparing it as the feed to the EFC/evaporator for optimal efficiency. That is interesting because typically silica is not
considered a compound of high scaling in SWRO because (i) seawater contains silica of less than 20 mg/L with an average of 4-5 mg/L
[1,5] (ii) typical recovery of SWRO installation is rather low (about 30-50%).

2. Background

Silica can be found in many different forms and it is influenced by a variety of factors including temperature, pH, metal ions such as
strontium, potassium, sodium, aluminium, and iron, and ionic strength [7,8]. The soluble form of silica is initially monomeric, as it
contains only one silicon atom [9], and is called monosilicic acid.

The silica dissolution involves a chemical reaction or hydrolysis in an excess of water [10]:

Si0, + 2H,0 — Si(OH), @

Many studies are performed on the silica solubility in water at temperatures between 0 and 100 °C. A solubility of 70 mg/L is
reported for anhydrous nonporous amorphous silica at 25 °C, and a solubility of 100-140 mg/L for the common forms of silica [10].
Kempter et al. [8] reported a solubility of 6 mg/L for crystalline silica and 180 mg/L for amorphous silica.

Monosilicic acid, which is a weak acid, remains in the monomeric state for long periods in water at 25 °C as long as the con-
centration is below 2 mM (around 300 mg/L), but usually polymerises rapidly at higher concentrations due to the condensation re-
action [10-12]. It polymerises by dehydration to form Si-O-Si anhydride bonds (dimer from) and, as a result, respectively dimers (two
subunits linked) and oligomers (a finite number of subunits linked) are formed [13]. Finally, colloidal polymers and particulate silica
will be formed. The dimerisation reaction is shown below.

Si(OH), + OH™ — SiO(OH),” + H,0 (2)

SiO(OH),” + Si(OH), — (OH),SiOSi(OH), + OH™ [Dimerization| 3)

In the literature it is shown that each type of membrane reacts differently with silica. RO is typically suitable for removing dissolved
silica and ultrafiltration for colloidal silica. Depending on whether the polymerisation of silica occurs on the interface (surface) of the
membrane or in the bulk solution, the silica fouling can be classified into respectively precipitation fouling or scaling and particulate
fouling. Scaling occurs when monomeric silica polymerises at the membrane surface, and therefore scaling is enhanced by a high
rejection of dissolved silica by the RO membrane. Particulate fouling of silica occurs as a result of silica colloids accumulating after they
are formed in the bulk solution and at the membrane surface. Therefore, ultrafiltration is typically used to remove non-reactive silica.

Because removing silica scaling from RO membrane surface is not possible with current cleaning mechanisms and without
damaging the membrane, it is preferred to prevent silica scaling. The conventional method to control silica scaling system is by
operating the RO system at low recovery and limiting the silica concentration to less than 150 mg/1 as SiOy [14]. The industrial
guideline suggests a maximum concentration of 120 mg/1 as SiO in the concentrate flow at 25 °C [14]. By dosing of a dedicated
antiscalant against silica scaling, the system can operate with a silica concentration up to 300 [mg/1SiO-] [8,15,16]. However, dosing
antiscalant reduces the purity of salts produced by EFC/evaporators when these techniques are applied to treat the RO concentrate
with an ensuing decrease in the salts value.

Moreover, the pressure retarded osmosis process is more susceptible for silica scaling. Wang et al. [16] reported that silica scaling
during the pressure retarded osmosis process can occur at a concentration as low as 10 mg/L. They found that the precipitation and
deposition of silica mainly occurred at the interface between the rejection layer and the support layer. They showed that low pH using
an acidic draw solution can be an effective method for silica scaling control.

The scaling mechanism of silica remains difficult to understand. Kempter et al. [17] investigated the adsorption and the formation
of silica scale on RO-membrane surfaces by means of time-resolved atomic force microscopy. Results show that the first step of silica
precipitation without additives is the formation of colloidal particles in the range of 20-30 nm in the bulk solution which deposit onto
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the membrane surface. Over time, the surface is densely covered with SiO, particles. Tong et al. [18] investigated the relationship
between membrane surface properties and silica scaling in RO. They showed that the rate of silica scaling was independent of both the
membrane hydrophilicity and the free energy for heterogeneous nucleation, but depended on the membrane surface charge. Their
results show that positively charged membranes significantly facilitated silica scaling, whereas a more negative membrane surface
charge leads to reduced scaling.

Tong et al. [18] suggested that deposition of positive species on the membrane can enhance silica scaling. This finding is confirmed
by Sheikholeslami et al. [9]. They state that the formation kinetics of polymeric silica from monosilic acid is catalysed by hydroxide
ions, accelerated by the presence of salts such as CaCl2 and MgCl2, and influenced by the pH. Calcium can stimulate the formation of
filterable silica (size >0.45 pm) in low concentration silica solution and magnesium can stimulate the formation of filterable silica
polymers in high silica concentration [19,20].

Presence of other ions such as aluminium in feed water of RO can also enhance the silica scaling. The use of aluminium sulphate
(alum) coagulation prior to reverse osmosis (RO) was investigated by Gabelich et al. [21]. They showed that the coagulation process
with alum causes membrane fouling. This resulted from the reaction of soluble aluminium with ambient silica (H4SiO2) and forming
kaolinite within the RO unit. Lunevich et al. [22] explain that the presence of aluminium on silicate species has three effects: (i)
aluminium ions connected to silicate, (ii) aluminium ions forced rearrangement of species into smaller groups, and (iii) it is likely that
some silicate species precipitated as aluminium silicate. Their study also suggests that sodium ions prevent silica deposition on the
membrane surface.

While the presence of aluminium is of high importance for the formation of silica scaling, it is not considered in this study since the
original water used in this experiment was groundwater in which no aluminium was detected. Most naturally occurring aluminium
compounds have very low solubility between pH 6 and 9. Therefore, dissolved forms rarely occur in natural waters in concentrations
exceeding 0.01 mg/L [23].

Compared to aluminium, there is a higher chance that calcium and magnesium occurring in groundwater together with silica.
Typically, hardness scaling (mainly calcium and magnesium) is considered reversible whereas silica and silicate scaling as irreversible.
Silica scaling, in the light form, can be removed from the membrane by using ammonium bifluoride, but redissolving silica in the
severe form will damage the membrane [15,24]. When both the hardness ions and silica are present in water, silica scaling can be
enhanced. Koo et al. [12] found that an increase in calcium and magnesium concentration resulted in the increase of the polymeri-
sation rate of silica. Sheikholeslami [9] et al. reported that the Ca/Mg ratio did not affect the solubility limit of the silica but influences
the rate of polymerisation.

Separate measures should be taken to prevent or reduce the scale formation of salts formed due to the hardness ions or silica.
Kempter et al. [17] showed that within 24 h experiment virtually no polymerisation occurs up to 400 mg/L initial silica in hard water
(28° German hardness), temperature of 40 °C, pH 7, and without any additives. Above the supersaturation level of 400 mg/L, an
immediate precipitation occurs. In RO systems operating at pH above 9, hydroxide of cations such as calcium, magnesium, strontium,
potassium, and sodium are capable of undergoing reaction with silica [14,25]. Among the resulting products, magnesium silicate
scaling (MgSiOs3) is more likely to scale the membrane, which is dense, and strenuous to be removed [26]. Although commonly referred
to as MgSiO3, magnesium silicate is hypothesised to be present in water treatment systems as a result of a multistep process resulting in
a mixture of a variety of chemical species containing magnesium and silica [14]. The first step is the formation of magnesium hy-
droxide (Mg [OH]5). The hydroxide salt reacts with monomeric silicate anion and/or polymeric silica to form magnesium silicate [26].

The formation of silica scaling species can be mitigated by removing silica ions or the hardness ions from the feed water of RO.
Silica removal techniques include dosing lime, or dosing coagulants such as aluminium or iron, electrocoagulation, adsorption, ion
exchange, and seeded precipitation [27]. However, the most common pretreatment method in water and wastewater treatment is to

X
s
i 4
@oncentratelor Feed container RO 3) @
existing RO
SWRO
O3 ———
I

Fig. 1. Experimental setup. Concentrate of the current RO passed through a cation ion exchange column (IEX). The produced softened water by IEX
was used as the feed to RO in the experimental setup. During the operation at constant feed composition, permeate and concentrate are recirculated
back into the feed container. During the concentration mode, the permeate was discharged into the sewage. Flows: (1): Concentrate of existing RO
= effluent of IEX, (2): effluent of IEX = feed to RO in experimental setup, (3): permeate of RO, (4): concentrate of RO.



A.H. Haidari et al. Water Resources and Industry 27 (2022) 100171

apply ion exchange softeners to remove hardness ions and pH-increase to alleviate silica scaling. Additionally, it is possible to reduce
the pH and consequently risks of calcium and magnesium scaling.

The literature only reveals limited information regarding the effects of calcium and magnesium on silica scaling in RO without
using antiscalant, particularly in combination with ion exchange softeners.

The current study aims to investigate the scaling potentials of the RO installation at a high silica concentration without using
antiscalant, and in the absence of divalent hardness cations. To this aim, the concentrate from a BWRO installation, which was directly
applied on groundwater, is collected, passed through an ion exchange column, and fed to a SWRO. In addition, the effects of increasing
the concentration of calcium and magnesium on the formation of silica complexes are investigated. This is performed by stepwise
increase of the concentration factor of the feed water of the SWRO. This study contributes to an efficient treatment of industrial brine
containing silica, magnesium, and calcium as well as understanding the role of hardness ions in initiation of silica scaling in SWRO.

3. Material and methods

Fig. 1 shows a schematic view of the experimental setup. The concentrate of an existing BWRO system (1) was passed through a
cation Ion Exchange column (IEX) filled with Amberlite-IRC747 (Dupont) resins to remove multivalent cations such as Ca®" and Mg2+
and Fe®*. The effluent of IEX was collected in a tank, after which it was fed to SWRO (SWC2540 from Hydranautics) as a means to
decrease its volume and prepare it to be used by the EFC unit.

The concentrate was collected on the same day in six IBC tanks of each 1000L from a brackish groundwater RO system operating at
recovery of around 50% without adding any antiscalant. An IEX column filled with Amberlite-IRC747 was used to remove the hardness
ions from the concentrate. Amberlite-IRC747 resin has a macroporous structure. Its polystyrenic matrix, cross-linked with divinyl-
benzene, contains amino-phosphonic groups. The chemical nature of these groups is such that they form complexes with metal ions.
According to the manufacturer, this resin features high operating capacity for calcium, and is especially useful when treating brine. The
softened effluent of IEX (2) entered a 3 m® container and was used as the feed water for the RO in the setup. SWC2540 from
Hydranautics was used to thicken the effluent of IEX. SWC2540 is an SWRO membrane and made of composite polyamide membrane
with a minimum slat rejection of 99%. At pH 7, the membrane zeta potential is —21.2 mV [28]. The initiation of scaling was predicted
by measuring the mass transfer coefficient (MTC) at a constant flux (15 L/h.m?) and a constant element recovery (8%).

Three experiments were performed during which the parameters for determining the membrane’s MTC were measured at a specific
feed concentration and in several steps for a period of about 8 h. To maintain constant feed composition during this 8-h trajectory,
permeate and concentrate streams of RO were recirculated back into the feed tank while the temperature was kept constant using a
cooling spiral. After the constant feed composition process, permeate was discharged and the feed solution was allowed to build up a
higher concentration. Next, the experiment was continued with a new concentration (Fig. 2).

The solution diffusion model, one of the theories that describe the transport of mass through the RO membranes, describes the
performance of a perfect, non-defected membrane. At given conditions, the membrane MTC remains constant until fouling occurs, i.e.,

Conductivity in the feed container of RO2
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Fig. 2. Two modes were used during each experiment: constant feed composition mode and concentrating mode. During the constant feed
composition mode, the permeate and concentrate were recirculated back into the feed tank to keep the feed composition constant and during the
concentrating mode, the permeate is discharged to increase the concentration of ions in the solution.
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MTC indicates the membrane permeability for water. MTC is based on the membrane characteristics such as the thickness and porosity,
and can be estimated by using Equation (4) [16,29]. Jy, is the water flux, Q, is the permeate flow, Apen, is effective membrane area,
MTC is the membrane mass transfer coefficient, TCF is temperature correction factor, and NDP is net driving pressure [30].

0, x TCF

MTC=—"—"——F7—
¢ Apem X NDP

4

In the solution diffusion model, the transport of solute and solvent are independent of each other. The flux of solvent through the
membrane is linearly proportional to the effective pressure difference across the membrane.

Q, _ MTC x NDP

Jo=
Aem TCF

5

NDP is a measure of available driving pressure to force the water from the feed-concentrate channel to the permeate channel. Thus,
NDP is the difference between the transmembrane pressure (AP) and the transmembrane osmotic pressure (Ax) [29].

P+ P, .
NDP = APfAﬁ:(f; "*P,,)*(L;E‘fﬁp) 6

Osmotic pressures are calculated using electrical conductivity instead of actual concentration of ions. To this end, the temperature
correction and two conversion factors are used; one empirical conversion factor is used to convert the electrical conductivity to the
Total Dissolved Solids (TDS), and another one is used for the conversion of TDS to the osmotic pressure (Equation (7)) [30].

273 + Tm)

=EC X factor (EC — TDS) X factor (TDS
T factor (EC - ) X factor ( —>7) X <273 T

Before each experiment, the system was operated with demineralised water for about 24 h to recover the initial MTC. Membrane
cleaning and operating of membrane at constant conditions (feed concentration, temperature, and flux) ensure that MTC changes only
with the membrane fouling, i.e., in the given conditions MTC can be used as an indicator of membrane fouling.

Table 1 represents the effluent of cationic IEX, i.e., the initial feed concentration in each experiment. The initial conditions (Table 1)
are not exactly the same in all experiments because the IEX capacity decreases in time. Consequently, the value of Ca?>* and Mg?*
concentration is lowest in experiment 01 and highest in experiment 03. It can be seen that during the concentration mode, the con-
centration of all ions including calcium and magnesium increases.

Additionally, we inspect the membrane visually, destructed the membrane and analysed the results, and used a model to investigate
the reason of MTC decrease; whether it is because of membrane fouling, and to determine the nature of fouling. The visual inspection is
performed with the electronic microscope. Since the visual inspection does not reveal any information about the nature of fouling, two
equal-sized membrane pieces from different locations are cut and destructed. Thereafter their elemental ions are determined and
compared. Information from the destruction method gives only local information about the detected ions found, but not about the type
of scaling. Therefore, a geochemical model, PHREEQG, is used to calculate the saturation indexes. The saturation indexes are used to
make a prediction about the type of scaling on the membrane surface. More detailed explanation about the methods used in this study
can be found in the results and discussion section.

4. Results and discussion
4.1. Permeate water

No divalent ions or silica were detected in the RO permeate. The salinity of permeate increased at the higher thickening factors. The
highest measured EC in permeate was 1380 uS/cm. That is mainly caused by the presence of sodium, chlorite, and species of inorganic

Table 1
Concentration of the feed water of the experiment (concentrate of a brackish water RO treated with IEX).
Description Unit Experiment 1 Experiment 2 Experiment 3
EC pS/cm 16,300 16,230 15,200
pH - 8.9 7.6 6.8
T °C 21.0 20.7 21.7
SiOy mg/L 47 53 60
Br- mg/L 17 19 18
CaZt mg/L 0.43 7 50
Cl™ mg/L 6216 5400 6027
K" mg/L 97 119 Not measured
Mgt mg/L 0.16 29 74
Na* mg/L 4027 3158 3322
Fe’* mg/L <0.1 <0.1 <0.1
Mn>*" mg/L <0.1 <0.1 <0.1
PO,* mg/L 7.44 4 0.76
50,% mg/L 2 2 2
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carbon.

4.2. MTC

MTC can be used as an indication tool for determining the initiation of membrane fouling. To determine the initiation of membrane
fouling, we performed experiments with SWRO and used the obtained results to calculate the MTC. The calculated MTC’s are presented
in Fig. 3, Fig. 4, and Fig. 5. The initial water composition for each experiment is mentioned in Table 1.

MTC starts at different values in each figure (Figs. 3, Fig. 4, and Fig. 5), because of the different thickening factor of feed solution in
the recirculation mode. As explained, MTC is calculated using the measured EC of solution, which is caused by an inaccurate calcu-
lation of the osmotic pressure. However, during each recirculation mode the salt concentration remains constant and therefore the
osmotic pressure in each recirculation mode remains the same. This means that if no fouling occurs, the MTC in each recirculation
mode should not change, i.e., a straight horizontal MTC line indicates no fouling and/or scaling.

Figs. 3 and 4 show that the MTC decline was not significant up to thickening factor five (CF = 3.5) indicating that no detectable
fouling or scaling occurred in experiment 1 and experiment 2. These graphs show a slight decrease of MTC at higher thickening factor.

Contrary to experiment 1 and 2, Fig. 5 shows a rapid decrease of MTC at CF = 3.5 in experiment 3.

Fig. 6 compares the MTC of three membranes. The graph shows that the MTC decreases due to the increase in concentration of
calcium and magnesium. While not significant, there is an MTC-decrease in experiment 02 compared to experiment 01. The MTC
decrease becomes remarkable in experiment 03 when the concentration of calcium and magnesium are respectively 50 and 74 mg/L in
the initial state. The decrease of MTC indicates the initiation of membrane fouling. By a continued membrane process, scaling of
membrane occurs. Discontinued processes such as closed-circuit reverse osmosis (CCRO) [31,32] can offer a solution to postpone the
scaling. This type of process can further reduce the concentrate volume further until it meets the criteria needed in order for it to be
treated by the final processes such as EFC and evaporation.

At the given conditions, the MTC decrease is typically the result of membrane fouling. To have visual evidence if the membrane is
fouled, autopsy was performed on each membrane. First, the unravelled membrane is scanned with the naked eye, then, the suspected
parts (to fouling) are identified, and finally, are inspected under an electron microscope. Fig. 7 shows a very small part of the
membrane (L = 65 pm x b = 50 pm) under the electron microscope. The figure shows that the diameter of the largest observed fouling
spot was about 15 pm.

The nature of the fouling/scaling could not be determined, neither by the MTC figures (Figs. 3, Fig. 4, and Fig. 5) nor by the
observation of fouling under the microscope (Fig. 7). Therefore, two pieces of membrane (b =10 cm by h = 10 cm) from the element in
experiment 03 were destructed by hydrofluoric (HF) in the laboratory and under standard protocols (ASTM D6357). Table 2 shows the
concentration of elements achieved form destructing the membrane coupon. Coupon 01 was obtained from a part of membrane that
seemed to be fouled and Coupon 02 from a part which seemed glassy compared to other parts of the membrane.

The results from Table 2 show that respectively sulphur, silicon and calcium have the highest concentration. The high sulphur (s)
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Fig. 5. Mass transfer coefficient (MTC) with a Ca?* concentration of 50 mg/L and a Mger concentration of 75 mg/L (Mg”/CazJr = 1.5) (Exper-
iment 03).

concentration is originated from the membrane material itself because the support layer of most polyamide membrane is made of
polysulphide. Expectedly, the concentration of silica in Coupon 02 (with a glassy part inside) is higher than Coupon 01. This is an
indication of the local silica scaling on the membrane. The higher calcium concentration in Coupon 01 could be an indication of local
calcium precipitation.

In another attempt to determine the type of fouling, PHREEQC is used to detect which substances could cause the MTC declination.
PHREEQC is a computer program designed to perform a wide variety of aqueous geochemical calculations and processes in natural
waters or laboratory experiments [33]. It has different database models, one of which has to be used based on the input data and
purpose of the modelling. One of these databases called “PhreeqC”, which uses ion-association and Debye Hiickel expressions to
account for the non-ideality of the aqueous solutions. This type of aqueous model is adequate at low ionic strength but may break down
at higher ionic strengths (in the range of seawater and above). In sodium chloride dominated systems, such as this study, the PhreeqC
database is reliable at higher ionic strengths [34].
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Fig. 7. Small part of membrane where the fouling was visible observed at different magnitude (A = x2000, B = x5000 and C = x10000) under an
electron microscope.

Table 2

Detected elements from destruction of the membrane coupons.
Chemical element Symbol Amount [pg/cm?]

Coupon 01 Coupon 02

Barium Ba <0.05 <0.05
iron Fe 0.41 0.73
copper Cu 0.66 0.13
molybdenum Mo <0.05 <0.05
zinc Zn 0.28 1.3
Silicon (Silica) Si 28 (60) 100 (214.29)
Calcium Ca 1.7 0.061
Magnesium Mg 0.09 0.12
Phosphor P <0.05 <0.05
Sulphur S 140 110

Table 3 shows the input values for the PHREEQC simulation, which is a dataset of four samples from the RO concentrate in
experiment 03 at concentration factors 1, 2.51, 3.06, 3.28 and 3.49. The temperature and pH used for simulation are measured during
the experiments while the ion concentration is analysed with ion chromatography (IC) after the experiments. Most of the ions are more
concentrated after a concentration step. But the increase is lower than expected from the concentration factor. The reason for these
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lower values is twofold: ions are not rejected 100% by the membrane and pass to the permeate side of the membrane. This is mainly the
case at higher concentrations and for monovalent ions. The other reason is that ions are transformed into the solid precipitate. The
PHREEQC output includes different parameters among which saturation index (SI) that determines, which scaling can be formed on
the membrane.

Fig. 8 illustrates the SI variations by increasing the concentration factor. For the ease of visibility, salts with low saturation index are
removed from Fig. 8. Based on the results from Fig. 8, three important groups of species could be distinguished.

(1) species that have only silica molecules in their chemical formulations such as chalcedony, quartz and silicic acid (SiOz(a)). The
SI value of this group increases by increasing the CF up to CF = 3.28 and then decreases by further increase.

(2) Species with magnesium and silica in their chemical formulation such as sepiolite and talc. The SI values of this group show a
fast increase with the increase of the CF. In the last concentration step, the SI does not further increase indicating the start of
scaling. This is confirmed by the results found by Amjad et al. [26]. They found that among hydroxides of cations, the mag-
nesium silicate scaling (MgSiO3) is more likely to scale the membrane and more strenuous to be removed when precipitated
because of their dense structure.

It is observed that talc has a very high supersaturation, but the SI increases with each concentration step. Only the last concen-
tration step shows a constant SI indicating that the ions for this salt are no longer accumulating and scaling occurs. This agrees with the
MTC-decrease at the highest concentration of experiment 03.

Furthermore, the SI of seplolite does not further increase at the last concentration step. So also, this silica component will be scaling
in this experiment.

(3) It appears that, no calcium-silica precipitates were formed during the experiment. However, dolomite which is composed of the
calcium, magnesium, and carbonate is a possible scaling component.

5. Conclusions

The main aim of this study was to determine the effects of calcium and magnesium in silica scaling of reverse osmosis (RO). The
effects of other ions such as aluminium and iron are not considered in this study. This is mainly because the original groundwater did
not contain aluminium. The concentration of iron approximated 3 mg/L in this water which was reduced to <0.1 mg/L after the IEX
and virtually zero before the SWRO. In fact, in the absence of any antiscalant, no membrane mass transfer (MTC) decrease was
observed up to a silica concentration of 280 mg SiOy/L at low concentration of calcium and magnesium, indicating no membrane
fouling. This is, of course, only valid for the timeframe where each experiment is conducted (about 8 h).

Increasing the calcium and magnesium concentration resulted in the decline of mass transfer coefficient (MTC) by the membrane.

Analysing different membrane coupons from the experiment with a sudden decrease in MTC showed a high concentration of silica
on some parts of the membrane and calcium on the other parts. Simulation with PHREEQC software and results from membrane
destruction pointed out that the formation potential of magnesium-silica species is higher than calcium-silica species at the given
conditions and confirmed the findings of previous studies. However, the related mechanisms should be more widely investigated. The

Table 3
The input data used for PHREEQC. The samples are collected during the third experiment at different thickening factors (CF = 1, 2.51, 3.06, 3.28 and
3.49).

Description Sample Name

Name Symbol Unit Sample CF1 Sample CF3.1 Sample CF4 Sample CF4.6 Sample CF5
Concentration factor based on EC TF - 1 2.51 3.06 3.28 3.49
pH pH - 7.5 7.5 7.6 7.9 7.9
Average Temperature T °C 20.9 22.3 22.4 229 23.3
Boron B mg/L 0.97 1.46 1.52 1.60 1.62
Barium Ba mg/L 0.12 0.12 0.20 0.21 0.21
Bromine Br mg/L 18.2 323 35.3 37 37.5
Calcium Ca mg/L 50.2 22.2 42.3 29 25.5
Copper Cu mg/L 0.06 1.59 0.34 0.47 0.5
Potassium K mg/L 118 216 226 245 249
Lithium Li mg/L 0.24 0.62 0.61 0.70 0.73
Magnesium Mg mg/L 73.5 160 164 151 141
Manganese Mn mg/L 0.07 0.07 0.12 0.12 0.11
Phosphate PO, mg/L 0.76 2.64 1.28 1.34 1.30
Sulphate SO4 mg/L 2.13 11.7 25.6 29 29.2
Strontium Sr mg/L 4.93 6.53 10.8 12 11.6
Zinc Zn mg/L 0.08 0.15 0.10 0.05 0.05
Silicon Si mg/L 27.3 48.9 75.6 58 53.8
Inorganic Carbon C mg/L 900 886 750 713 721
Sodium Na mg/L 3322 7526 7946 9462 10,044
Chloride Cl mg/L 6027 13,656 15,460 18,631 19,858
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Fig. 8. SI (saturation index) value of possible precipitated substances in feed water reservoir at different thickening factors.

current study reveals that silica scaling can be enhanced by magnesium ions, probably by talc and/or sepiolite formation, under
conditions similar to those in this study. It is probably helpful to use the closed-circuit reverse osmosis (CCRO) techniques instead of
continued (conventional) RO to reduce the concentrate volume without enhancing silica scaling. Using of CCRO is the topic of our next
study related to silica.

Our forthcoming follow-up study related to silica addresses the use of the closed-circuit reverse osmosis (CCRO) techniques instead
of continued (conventional) RO to reduce the concentrate volume without enhancing silica scaling. We also advise further investi-
gating the effect of other ions in the water matrix such as sodium, chloride, iron, and aluminium.
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