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ABSTRACT 

An experimental system was developed to assess and rank the performance of 

commercial antiscalants designed to inhibit mineral scale formation on reverse osmosis 

membrane surfaces. The study focused on calcium sulfate dihydrate (gypsum) 

precipitation to illustrate an approach to antiscalant ranking based on their ability to 

retard the observed onset (i.e., induction time) of gypsum crystallization from 

supersaturated solutions. The experimental method consisted of on-line monitoring 

solution turbidity rise and calcium ion concentration decline to signal the onset of 

gypsum crystallization.  Significant differences were found among commercial 

antiscalants with respect to achievable levels of induction time retardation. Moreover, 

antisclant effectiveness with respect to dosage also varied significantly among 

antiscalants. The present approach enables a relatively simple and robust initial screening 

of candidate antiscalants based on their induction time as a function of the applied dose.  
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1.  INTRODUCTION 

Crystallization of sparingly soluble salts such as calcium carbonate (CaCO3) and 

calcium sulfate dihydrate (CaSO4.2H2O) is known to occur when certain surface and 

ground waters are used as the water source in membrane desalination processes. Most 

natural waters contain relatively high concentrations of calcium, sulfate and bicarbonate 

ions. In membrane desalination operations at high recovery ratios, the solubility limits of 

gypsum and calcite exceed saturation levels leading to crystallization on membrane 

surfaces. The surface blockage of the scale results in permeate flux decline, reducing the 

efficiency of the process and increasing operating costs. To avoid scaling difficulties, it is 

essential to restrict the fractional recovery of purified water below a threshold limit at 

which there is a risk of scale precipitation. In view of the economic benefit of high water 

recovery, the effective solubility limits of scaling salts, and hence the allowable water 

recovery, are usually extended by antiscalant treatment. 

 Chemicals for water treatment have been in use for more than a century, however, 

the first record of chemicals applied for calcium sulfate scale suppression was reported 

by Rosenstein [1]. Subsequent studies on the use of chemical additives for inhibition of 

mineral salt crystal formation have demonstrated the efficiency of various 

polyelectrolytes on retardation of crystal growth [2-13]. During the past two decades, 

new generations of antiscalants (AS) have emerged commercially, in which the active 

ingredients are mostly proprietary mixtures of various molecular weight polycarboxylates 

and polyacrylates. Optimal molecular weights have been reported in the range of 1,000-

3,500 [14]. According to Weijen and Rosmalen [6], other polyelectrolytes including 
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polyphosphonates and polyphosphates have also been applied successfully with certain 

types of feed waters.  

 It is often stated that antiscalants adsorb onto formed crystals or 

associate/complex with incipient nuclei (or crystals) and that these phenomena govern the 

inhibition of scale formation [15]. The precise mechanism of scale inhibition is not 

clearly understood at this time. However, it is known that in supersaturated solutions of 

sparingly soluble salts, a significant delay in crystal nucleation and subsequent growth is 

observed in response to AS treatment. This delay is referred to as the “induction-time” of 

the system, which occurs at remarkably low “threshold dosages” in the order of 1-10ppm. 

The scale inhibition capability of antiscalants is related to chemical structure, molecular 

weight, active functional groups and solution pH –parameters that have been studied in 

depth by several investigators [6, 16-17]. 

 An important factor in determining the success of surface and ground water 

desalination is the optimization of antiscalant treatment with respect to type and dosage. 

Prior to field testing or even laboratory studies on the performance of RO processes, it is 

important to identify the proper antiscalant to use and the dosage-induction time 

relationship for the expected level of supersaturation. Antiscalants can be ranked based 

on measurements of observed homogeneous crystallization induction time for various 

solution conditions of interest (e.g., composition, pH and temperature). Once candidate 

antiscalants are selected one can then proceed with experimental membrane performance 

analysis to establish optimal dosage requirement. Various methods of determining 

induction time for homogeneous crystallization of mineral salts such as conductivity [13], 

constant composition monitoring through pH control [3,6, 18-20], light scattering through 
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transmittance and absorbance studies [21] have been proposed in literature. Induction 

time studies have also been conducted whereby a membrane element is fouled in a 

reverse osmosis system [22-23]. Conductivity and constant composition methods detect 

the decline in dissolved ion concentrations. Light scattering techniques involve complex 

laser positioning designs, and turbidity monitoring in flow cells external to the main 

crystallization vessel or in grab samples from that vessel.  

In this report, we report on a robust method of evaluating dose effectiveness and 

gypsum crystallization suppression capability of antiscalants based on homogeneous 

crystallization studies. The approach is based on continuous in-situ monitoring of 

precipitate formation via back-light scattering turbidity probe, with added monitoring of 

dissolved calcium ion concentration to provide a confirmation of the observed induction 

time.  

 

2.  Experimental 

2.1  Reagents and selected antiscalants 

Antiscalants were evaluated using supersaturated model solutions prepared in de-

ionized water. Reagent grade calcium chloride (CaCl2.2H2O), sodium chloride (NaCl), 

magnesium sulfate (MgSO4.7H2O) and anhydrous sodium sulfate (Na2SO4) were 

obtained from Fisher Scientific (Pittsburgh, PA).  Five different commercial antiscalants, 

denoted as “V2000”, “V3000”, “S30”, “S80” and “F260”, were obtained from their 

respective suppliers (Table 1).  “V2000” is a phosphino-carboxylic acid polymer; 

whereas “V3000” is a phosphonate-blend polymer. “S30” and “S80” are both polyacrylic 

acids with a molecular weight of 8,000 and 100,000, respectively, “S30” is fully 
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neutralized as the sodium salt of the polyacrylic acid, and “F260” is a polycarboxylic 

acid.  Ethylenediamine-tetraacetic acid (EDTA), supplied by Fisher Scientific 

(Pittsburgh, PA) was used as cleaning agent for the crystallizer vessel components, 

turbidity probe and calcium electrode.   

 

2.2  Experimental Set-up 
 

The experimental system designed to assess the performance of antiscalants, with 

respect to their retardation of potential gypsum crystallization, is based on on-line 

measurements of calcium potential and turbidity in a well-mixed 600 ml crystallization 

beaker (Figure 1).  Mixing was accomplished using a stirring plate (1150049S, Fisher 

Scientific, Pittsburgh, PA) and a 2” octagonal teflon-coated magnetic stir bar with the 

rpm measured using a laser stroboscope (Extech 461825, Extech Instruments 

Corporation, Waltham, MA).  Turbidity was monitored using a back-light scattering 

turbidity probe (Analite 90o) along with a turbidity meter (Analite 160) both 

manufactured by McVan Instruments (Mulgrave, Australia).  Calcium concentration was 

measured using a calcium-specific electrode (Orion 97-20 BN, Orion, Beverly, MA) 

connected to an Accumet model 15 pH meter obtained from Fisher Scientific (Pittsburgh, 

PA). The analog signals from the above meters were conditioned through a (Dataforth 

SCM5830, Tucson, AZ) and then recorded via a computerized data acquisition system 

(5500 MF, American Data Acquisition Corporation, Woburn, MA).  Continuous on-line 

measurements of solution turbidity and calcium ion potential in the stirred crystallization 

vessel served to signal the onset of gypsum crystal nucleation.  We note that the Ca2+ 

electrode required a stabilization time of about 30 minutes in highly concentrated Ca2+ 
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solutions; therefore, calcium depletion measurements with the calcium electrode were 

appropriate for conditions for which the induction time was less than the electrode 

equilibration time.  In contrast, response time for the turbidity probe was essentially 

instantaneous, allowing accurate determination of induction times even for the shortest 

induction times of several seconds.  Reproducibility errors for measured induction times 

from the turbidity meter were in the range of +5%. 

  

2.3 Antiscalant Ranking Methodology 

Experiments were carried out with “model solutions” prepared from reagent grade 

chemicals dissolved in de-ionized water (Table 2).  The model solutions were based on a 

reference solution (Table 3) that mimics the typical composition of agricultural drainage 

water from the Buena Vista Water Storage District (BVWSD) in the California San 

Joaquin Valley [24] with a TDS level of 5250 at pH 7.7.  Chemical equilibrium 

calculations indicate that the reference solution is at a saturation level (S.I) of 0.50 with 

respect to calcium sulfate dihydrate.  It is interesting to note that desalination of such feed 

water to achieve 75% recovery and 95% salt rejection, as would be required for 

agricultural irrigation, would lead to a brine (i.e., concentrate) stream that is higher in 

concentration than the feed by a factor of about 3.8. Such a brine stream would become 

concentrated by a factor (hereinafter termed CF) of 2.56 relative to the feed/reference 

solution in Table 3. In preliminary studies, the onset of homogenous crystallization of 

gypsum (in a stirred beaker) was observed at a concentration factor of CF=3.05 only after 

an induction period of about 10 hours.  Given this long induction time, at the above CF 

level, it was more efficient to evaluate and rank antiscalant effectiveness for BVWSD 
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water at a higher CF value to shorten the experimental time. Accordingly, for the 

BVWSD water, CF=5 and CF=6 (S.I values of 3.63 and 4.70 respectively) were selected 

such that the induction time was less than 1 hour for these antiscalant-free solutions.  

 Prior to each experiment, the turbidity probe was thoroughly cleaned in a 

sonicator with a 0.03M EDTA solution at pH 11 for a period of 0.5 hours.  For each 

crystallization induction time determination two starting solutions were prepared.  

Solution #1 was prepared at CF=10 with all the required salts except for calcium 

chloride. Solution #2 contained only calcium chloride at a level of CF=10.  For example, 

for the CF=5 solution, 200 mL of solution #1 was transferred to the 600mL beaker.  The 

calcium electrode and turbidity probe were then carefully placed in the beaker so that the 

bottom of each probe lined up at a distance of 4 cm from the bottom of the crystallization 

beaker and the centers of the two probes were about 1.5 inches apart. Once the system 

was aligned, the rotational speed of the magnetic stirrer was adjusted to 800 rpm and data 

acquisition was initialized.  Solution #2 was then added to the 600 mL beaker, pouring 

along the wall in order to avoid entrainment of air bubbles.  The selected antiscalant was 

subsequently added to the solution mixture at exactly 1 minute after the addition of 

solution #2.  The dual probe system was then covered with a black box to eliminate stray 

light.  When the two probes were used, data collection continued until the Ca2+ potential 

reached its steady state value during the post-precipitation period. When the turbidity 

meter was used alone to monitor the progress of crystallization, the experiments were 

carried out until a turbidity level reached about 1000 NTU.   

 It was found that, over the course of several months of experiments, the 

membrane-sensing element contained in the calcium electrode degraded with usage and 
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thus had to be frequently replaced. In contrast, the turbidity probe was relatively easy to 

clean between experiments.  Antiscalant evaluation with the turbidity meter alone was 

sufficient.  Therefore, the calcium electrode was utilized primarily to confirm the 

reliability and accuracy of the turbidity measurements.  It is also noted that when 

information regarding the kinetics of crystallization is desired the calcium electrode could 

provide a direct measure of the rate of calcium depletion . 

 

3.  RESULTS AND DISCUSSION 

 Crystal nucleation begins early in the crystallization process when a solution is at 

a sufficiently high supersaturation as illustrated in Figure 2a for a solution at CF=5 with 

antiscalant F260 at dosage of 1ppm. The calcium potential measurement shows, after an 

initial electrode stabilization period, a slow calcium concentration (or potential) decline 

that parallels the increase in turbidity. There is clearly an “observed” crystallization 

induction period identified at the point of rapid decrease in calcium ion potential (due to 

calcium ion depletion) and sharp rise in turbidity (due to precipitation).  The observed 

crystallization induction time as identified from either calcium potential or turbidity 

measurements were consistent.  

The induction time, tind, can be estimated from the turbidity-time curve (Figure 

2a) by fitting a line to the linear portion of the rapid crystallization region, and further 

extrapolating that line to the time axis. The point of intersection thereby identifies the 

induction time (Figure 2a).   The induction time can also be obtained by determining the 

point of slope discontinuity from the calcium potential-time curve, and by further 

projecting a line from that point perpendicular to the time-axis (Figure 2a).  When the 
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transition of calcium potential from Region I to Region II (Figure 2b) is gradual, the point 

of slope discontinuity is determined by the intersection of two lines fitted to the two 

regions in the neighborhood of the observed crystallization induction time; the observed 

induction time in this case is also determined by projecting a perpendicular line from the 

point of intersection to the time-axis (Figure 2b).  

The onset of gypsum crystallization occurs at a longer induction in the presence 

of antiscalants. This behavior is illustrated in Figures 3a and 3b for two different 

antiscalants (1ppm) at two different supersaturation levels (CF=5 and CF=6). These 

results further demonstrate that the turbidity and calcium potential measurements are 

consistent indicators of the onset of crystallization. Additional check of the current 

approach was performed by comparing the observed gypsum crystal induction time 

reported by He et al. [20] with the present approach for a CaCl2-Na2SO4-NaCl solution, at 

an initial saturation index of 3.02 with respect to calcium sulfate dihydrate. The present 

method yielded an induction time of 763 seconds, an excellent agreement with the value 

of 761 seconds reported by He et al [20]. 

Gypsum crystallization suppression capability of the different antiscalants can 

vary considerably as illustrated by the turbidity-time curves shown in Figure 4 at 

antiscalant dosage of 1ppm. The observed crystallization induction times can vary by 

more than an order of magnitude depending on the specific antiscalant used (Table 4).  

These crystallization times are much longer than the expected average convective 

residence time in an RO or NF membrane operation. One should be cautioned, however, 

that the above results should not be taken to suggest that these antiscalants are therefore 

likely to be of similar effectiveness when used in an RO or NF process. In a membrane 
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processes, the residence time of fluid near the membrane surface (in the concentration 

polarization layer) is longer than the average convective residence time. Moreover, 

surface scaling is impacted by heterogeneous crystallization (i.e., at the membrane 

surface) and thus surface crystallization is likely to occur at lower supersaturation levels 

relative to homogeneous crystallization [24]. Therefore, it is important to stress that 

observed homogeneous crystallization induction times (Table 4) are most appropriate as 

indicators of the relative effectiveness of different antiscalants. 

Antiscalant effectives is also a function of dosage and this dependence can be 

ascertained from crystallization turbidity or calcium potential plots at different antiscalant 

dosages. As shown in the sample results of Figures 5a-5c, higher antiscalant dosage leads 

to longer observed crystallization induction time.  As the antiscalant dosage is increased, 

the region of slow turbidity rise is more extended and at higher turbidity, suggesting that 

there may be significant concentration of antiscalant-bound crystals prior to the onset of 

rapid crystallization. The dependence of crystallization induction time on antiscalant 

dosage, for the three antiscalants in Figure 5, is provided in Figure 6. For the range of 

antiscalant dosages tested (0.25-3 ppm) the efficiency of crystallization retardation 

(indicated by a longer induction time) increased with antiscalant dosage. It should be 

noted that the antiscalant dosage, as specified in the present study, was on a volume basis, 

for the manufacturer supplied liquid formulations. It would be preferable to base 

antiscalant performance ranking on the mass content of the active ingredients in such 

formulations. Clearly, identification and quantification of the active ingredients by 

antiscalant suppliers would help establish true antiscalant effectiveness, especially since 

formulations contain varying concentrations of inhibiting agents (Table 1).  Finally, the 
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screening of antiscalants based on via homogeneous crystallization induction time should 

consider the range of feed water chemistry and operating temperatures, followed by 

optimization of the selected candidate antiscalants, with respect to dosage, based on 

membrane flux decline performance studies.  

 

4.  CONCLUSION 

An experimental approach to ranking antiscalant effectiveness in retarding 

mineral salt crystallization was demonstrated based on the dual use of turbidity and 

calcium potential measurement.  The observed crystallization induction times identified 

from either calcium potential or turbidity measurements were found to be consistent. The 

results demonstrate a significant difference in retardation of crystallization induction 

depending on the antiscalant type, as well as marked differences in antiscalant 

effectiveness with respect to the applied dosage. The present approach of evaluating 

antiscalants, with respect to their retardation of crystallization induction time, should 

allow rapid screening of antiscalants for membrane desalination applications.  
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Table 1. Properties of antiscalants used in the present study 

       
AS 

Sp. Gravity 
(20/20°C) 

Solids, 
% 

Mw,ave Viscosity 
(cps) 

Comment 

     S30 1.34 44-46 8 000 1300 @ 23°C Low Mw polyacrylic 
acid, fully neutralized 
as the sodium salt 

     S80 1.14 35 100 000 880 @ 23°C High Mw polyacrylic 
acid 

  V2000 1.1-1.2 20 3300-3900 10 @ 25°C Phosphino-carboxylic 
acid 

  V3000 1.15-1.25 20 206, 299 2.5 @ 25°C Phosphonate-blend 
    F260 1.15-1.165 33-37 N/A N/A Aq. Solution 

containing 
polycarboxylic acid 

 

 

Table 2. Composition of model solutions at CF=5 and CF=6 

CONCENTRATION (M) SALT 
CF=5 CF=6 

CaCl2 0.070 0.084 
MgSO4 0.015 0.018 
Na2SO4 0.040 0.048 
NaCl 0.170 0.204 

 

Table 3. Concentration of major ions present in the reference solution(a) 

CONCENTRATION ION 
(mg/L) (mol/L) 

Cations  
Na+ 1150 0.05 
Ca+ 555 0.01 

Mg2+ 60.7 0.0025 
Anions  

Cl- 2010 0.06 
SO4

2- 1020 0.01 
pH 7.7 

TDS (mg/L) 5250 
(a) Concentration of major ions in agricultural drainage water  

from the Buena Vista Water Storage District [Source:24] 
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Table 4. Crystallization induction time for selected antiscalants and model solutions(a) 

Antiscalant (b) CF(c) Crystallization 
Induction 
Time (hr) 

5 0.6 Reference Soln 
(No AS) 6 0.2 

5 11.8 S30 
6 2.1 

S80 5 1.7 
5 8.5 F260 
6 1.5 

V2000 5 20.6 
V3000 5 1.7 

(a) Model solution concentration as given in Table 2 
(b) All crystallization induction times were determined for an antiscalant dose of 1ppm 
(c) Concentration factor (CF) is with respect to the reference model solutions (Table 3) 
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Figure 1. Dual probe system for antiscalant ranking 
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Figure 2(a). Turbidity and calcium potential for supersaturated model solution (CF=5) 

dosed with antiscalant F260 at 1ppm dosage, (b) Calcium potential for supersaturated 

model solution (CF=5) dosed with F260 at 0.25ppm dosage 
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Figure 3. Comparison of gypsum scaling threshold response to antiscalant treatment in 

(a) CF=5 model solution; and (b) CF=6 model solution (1ppm of S30 and 1ppm of F260; 

Temperature=20°C) 
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Figure 4. Comparison of antiscalant effectiveness in retarding gypsum crystallization 
(Model solution CF=5, Antiscalant dose=1ppm) 
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Figure 5a 
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