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ABSTRACT 

       Water chemistry plays an important role in 

fouling kinetics and morphology. This work 

investigates the influence of zinc cations in potable 

water, specifically the kinetics of crystallisation and 

their effect on the fouling layer during the operation 

of a batch steam generator system and a once-

through flow system. The kinetics of precipitation in 

the batch crystalliser were examined, based on the 

change in concentration of the foulants while the 

fouling resistance approach was used in the flow 

system. Morphological testing was carried out using 

Scanning Electron Microscopy, Powder X-ray 

Diffraction, and Energy dispersive X-ray. The 

findings showed that the rate of precipitation of 

calcium carbonate decreases with the increase in 

zinc ions, until reaching the zinc carbonate 

supersaturation in the water due to water 

evaporation. In terms of morphology, co-

precipitation of zinc carbonate was observed at high 

zinc concentrations. As a result, a double effect was 

observed where zinc both retarded and enhanced 

fouling over time. The fouling rate in the flow 

system decreased as the concentration of zinc 

increased. Zinc ions were found to have a significant 

influence on the morphology of deposit minerals. 

Moreover, the surface deposition of zinc salts 

increased with the solution content of zinc.  

INTRODUCTION 

The presence of simple metal ions or complex 

ions in water may pose an inhibitory impact on the 

nucleation and growth process of mineral scale 

crystals. Scale is the formation of unwanted solid 

minerals onto the heat transfer surfaces and bulk 

solutions, for example inside the piping system, in 

valves, heat exchangers etc. In household 

appliances, a composite scale of different minerals 

(CaCO3, MgCO3 and CaSO4) might form due to the 

presence of a variety of ionic species in potable 

water. The understanding of surface deposition and 

bulk precipitation from potable water in domestic 

appliances is a real challenge for consumers and 

manufacturers. 

 At very low concentrations, cationic additives 

like magnesium, copper, zinc, lead, manganese, 

nickel, and iron could adsorb onto the active growth 

positions on the precipitate particles [1]. Zinc is 

present in potable water and surface water at a 

concentration of up to 15 mg/L. The main sources of 

zinc in potable and surface water are leached or 

discharged from steel production by-products (slag) 

or coal-fired power station waste [2]. 

Water treatment devices use a scale reducer 

made of elemental zinc which may corrode, leading 

to the release of zinc cations (Zn2+) into the water. 

For almost the first time, Coetzee and Howell [3] 

reported the inhibitory impact of zinc on scale 

formation. They use three types of physical water 

treatment methods with low concentrations of Zn2+. 

The inhibitory impact of zinc ions on the bulk 

precipitation of scale particles has been reported in 

a few other studies such as Zachara, et al. [4] who 

emphasized rapid adsorption of Zn2+ on calcite 

(hexagonal calcium carbonate) according to the 

exchange of Zn2+ and ZnOH+ with surface-bonded 

Ca2+. However, it has been also confirmed that Zn 

can react with carbonate ions, forming ZnCO3 

crystals, which enhance the heterogeneous 

nucleation [5, 6].  

In some household devices, steaming is a 

common practice, leading to unavoidable mineral 

scaling from potable water. The role of zinc in the 

crystallisation fouling of inorganic minerals during 

a steaming process or water boiling has received 

inadequate attention. During a steaming process, the 

supersaturation of different inversely soluble 

minerals is affected by both temperature change and 

the evaporation of water.  

 In this work, the effects of zinc ions on the 

crystallization fouling in the bulk solution and the 

heated surface from potable water were investigated 

during the steaming process using two unique 

experimental setups to mimic different household 

appliances. A batch configuration can be seen in 

kitchen kettles and small boilers, while the flow 

system is dominant among household devices such 

as central heating. 

Varying concentrations of Zn2+ were used (0 to 

15 mg/L) to examine the impact on the fouling 

kinetics and scale particle morphology during the 

steaming process in both setups. The bulk 

crystallisation of the zinc minerals was studied using 

spectroscopic analysis. The surface deposition was 
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examined on an aluminium surface using a fouling 

resistance approach and deposits mass.  

  

MATERIALS AND METHODS 

Batch crystalliser system  

The first part of the experiments was conducted 

using a batch crystalliser in which the precipitated 

scale particles in the bulk fluid and on the solid 

surface can be evaluated, as shown in Figure 1. For 

bulk precipitation kinetics, the turbidity of the 

solution and concentration of ionic zinc were 

quantitatively measured. The solution content of 

Zn2+ was measured as a function of time, following 

an accurate sampling procedure. Also, as the heat 

was constantly supplied, the bulk temperature 

increased with time. The solution supersaturation, 

with respect to mineral salts was reduced with time 

in such a closed system. This unique setup was 

developed for mimicking a batch evaporation 

process in both domestic and industrial systems. 

 
Figure 1. Representation of bulk precipitation in the 

experimental vessel. 

The setup consists of a 1000 mL borosilicate glass 

beaker, hot plate (Heidolph), Pt1000 thermocouple 

(ThermoScientific), and metallic samples. The test 

specimen was constructed of stainless steel 316L 

(SS31603) for minimizing the potential of corrosion 

product formation. 

 

Once-through flow system 

In this setup, the inorganic fouling of the heat 

transfer surface associated with partial water 

evaporation was studied during pool boiling. This 

setup was an open system where a once-through 

flow was adopted. Figure 2 illustrates the schematic 

of surface deposition under the conditions used in 

the present experiments. The schematic diagram of 

the experimental apparatus is shown in Figure 3. It 

consists of a solution tank, peristaltic pump, test 

flow cell, sample heating system, data acquisition 

system and waste tank. This once-through flow 

system was adopted to avoid any reduction in the 

saturation state which may result from solution re-

circulation. 

Aluminium alloy 1050A (Al ≥ 99.5%) was used to 

fabricate the test specimen which was chosen as it is 

one of the most common materials used in 

constructing heat transfer surfaces in household 

appliances. The influence of the resistive fouling 

layer on the heat transfer was evaluated using 

fouling resistance. The design details of the test flow 

cell, dimensions of test specimens, method of the 

fouling resistance calculation, data acquisition 

system and the experimental procedure are reported 

in our previous work Al-Gailani, et al. [7].  

 

 

 
Figure 2. Schematic of surface deposition in the once-through flow system. 
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Figure 3. Configuration of the once-through flow system. 

 

The flow cell was designed to obtain a fully 

developed laminar flow on the tested aluminium 

surface at an average flow rate of 8 mL/min. The 

surface temperature was maintained At a constant 

100 ⁰C, under atmospheric pressure. The test 

specimen surface was ground with silicon carbide 

paper (1200 grit) and then polished with a diamond 

suspension (0.5 μm) to obtain an arithmetical mean 

roughness of 22.4 – 31.2 nm.  

Test solutions  

The base test solution used in both systems is 

commercially-available bottled water (Evian® 

Natural Spring Water) with a pH of 7.2. It has been 

chosen for its hardness due to 307 ppm of CaCO3, 

which is almost the same as potable water hardness 

in some areas of the south of the United Kingdom. 

The composition of the base solution is listed in 

Table 1. The main test solutions were prepared by 

adding Zinc sulphate monohydrate ZnSO4.H2O 

(Sigma Aldrich, Min. 99.9%) to the base solution to 

produce solutions of 5, 10, and 15 mg/L of zinc.  

 

Table 1. Composition of the base solution. 

Ionic species mg/L 

Ca2+ 80.0 

Mg2+ 26.0 

Na+ 6.5 

K+ 1.0 

Si4+ 15.0 

HCO3- 360.0 

SO4
2- 14.0 

Cl- 10.0 

NO3- 3.8 

Dry residue at 180ºC 345.0 

 

For the crystallisation fouling in the batch system, at 

specific time intervals, 1 mL of the test solution was 

taken from the test vessel. The solution volume was 

mixed with 9 mL of a quenching (KCl/polyvinyl 

sulfonate) solution to prevent further precipitation 

[8].  

Surface and solution characterisation 

At the end of the experiment, the weight of the 

metallic sample was evaluated, and the surface 

deposits were characterised. While the 10 mL 

solution samples were used to assess the bulk 

concentration of cations (Ca, Zn, Na, Mg, K and Si) 

by Flame Atomic Absorption Spectrophotometer 

(AAS) (Agilent Technologies, Model: 240FS AA, 

USA). Besides the AAS samples, an aliquot of 10 

mL was taken at the same time intervals for the 

turbidity measurements conducted using a DR-890 

Colorimeter (CAMLAB). The deposit morphology 

was examined using a Philips X’Pert X-ray 

diffractometer (PXRD) (X’Pert MPD, Cu anode x-

ray source, Netherlands) and a Carl Zeiss EVO 

MA15 Scanning Electron Microscope. Samples 

were coated with iridium (Ir) at a thickness of 10 nm 

using sputter coating to avoid charge build-up on a 

sample surface. Energy dispersive X-ray (EDX) 

elemental analysis was used to determine the 

composition of scale particles. 

 

RESULTS AND DISCUSSION 

Fouling crystallisation in the Batch system  

The effect of Zn2+ on the bulk crystallisation of 

inorganic minerals from potable water was studied. 

Figure 4a displays the profile of Ca2+ concentration 

during heating of the zinc-containing potable water 

from room temperature to boiling under atmospheric 

pressure. In the zinc-free solution, the content of 

Ca2+ decreases at a temperature of ~57 °C after 5 min 

of heating. The time taken for Ca2+ (induction time) 

to reduce is prolonged as the Zn2+ content increases. 

On contrary, the concentration of Ca2+ increases to a 
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maximum point due to water evaporation with 

temperature increase. This maximum point in the 

Ca2+ concentration profile represents the 

supersaturation of CaCO3 with respect to 

temperature and solution volume. However, it 

decreases when attaining the required 

supersaturation for the scale to precipitate. The Zn2+ 

in solution complexes with the carbonate fouling 

species, increasing the energy barrier of the 

crystallisation reaction [9-11]. It has been reported 

that zinc may react with CO3- resulting in the 

formation of stable ZnCO3, competing with Ca2+ [5]. 

 

 
 

 
Figure 4. (a) Ca2+ concentration profile and (b) 

Zn2+ concentration profile, during water heating for 

different ZnSO4 concentrations. 

 

The sharp reduction in the Ca2+ concentration for 

cases with Zn2+ indicates that zinc inhibition has 

ended. The AAS analysis in Figure 4b shows that 

Zn2+ concentration in the solution decreases with 

temperature and time. It is expected that the Zn2+ to 

increase due to the evaporation of water as the 

temperature increases. The zinc ions are involved in 

reactions with the fouling species for the formation 

of zinc minerals or inhibiting precipitation of other 

minerals. Forming a complex with HCO3-, CO3- and 

Ca2+ might be the case in the first period of heating 

(<85 °C) [9]. However, for steeper depletion in Zn2+ 

(>85 °C), the crystallisation of ZnCO3 occurs [12]. 

 

The results of the Ca2+ profile at different zinc 

concentrations were interpreted into the 

crystallisation induction time, as shown in Figure 5a. 

The time taken for the first visible crystal to appear 

in the bulk solution, the induction time, increases 

exponentially with an increase in zinc content in the 

water. This confirms that zinc during the initial 

period of heating forms a complex with the fouling 

species, preventing the crystallisation reaction [13].  

 
 

 
Figure 5. (a) Crystallisation induction time and (b) 

solution turbidity, for different Zn concentrations. 

Figure 5b illustrates the solution turbidity as a 

function of time for various concentrations of Zn2+. 

The solution turbidity increases with time for all 

solutions. However, the turbidity of the high Zn2+ 

solutions (10 and 15 mg/L) is the lowest at the later 

stages of heating. The turbidity measurement 

indicates the solution cloudiness caused by the 
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suspended particles of scale. As the density of the 

ZnCO3 is 2x that of CaCO3, the ZnCO3 crystals tend 

to precipitate faster than CaCO3 or MgCO3 [14] 

resulting in less turbidity. 

 

The effect of Zn2+ on the scale morphology is 

presented in SEM and PXRD analysis in Figures 6a, 

6b and 7. The SEM observations in Figure 6 show 

that the deposits with no zinc mostly comprise 

needle-like aragonite (Orthorhombic CaCO3). 

However, at 15 mg/L mineral deposits transform 

into lumpy crystals which are attributed to the 

precipitation of ZnCO3. The presence of ZnCO3 as 

smithsonite was confirmed by PXRD analysis, as 

shown in Figure 7. A small peak corresponding to 

ZnO is also observed.  
 

At high concentrations, Zn2+ interacts with HCO3- or 

CO3- to form zinc inversely soluble salts such as 

[Zn(CO3)2]2-, Zn₅(CO₃)₂(OH)₆ and ZnCO3 [6]. These 

minerals co-precipitate with other minerals such as 

CaCO3 and MgCO3. Some minerals like 

[Zn(CO3)2]2- are more likely to act as a site for other 

mineral nucleation and growth. The precipitation of 

zinc minerals retards the heat transfer as it adds more 

insulation to the surface.  

 

 
Figure 6. SEM images of (a) the precipitated scale 

with no Zn in water and (b) with 15 mg/L Zn2+. 

 
Figure 7. XRD diffractogram of bulk precipitate in 

presence of 15 mg/L zinc (A: aragonite, C: calcite, 

and Ss: Smithsonite). 

Fouling crystallisation in the once-through flow 

system  

 

The effect of the free zinc ion has been investigated 

on the composite crystallisation fouling from 

potable water. The findings show the thermal 

fouling resistance drops as the concentration of Zn2+, 

as shown in Figure 8a. It also illustrates that Zn2+ 

concentration is also capable of affecting the 

induction time. The asymptotic fouling resistance 

was reduced by half when the Zn2+ concentration 

increased by 15 mg/L (Figure 8b). The exponential 

decay of asymptotic fouling resistance refers to the 

decreasing inhibition efficiency of zinc. It has been 

reported that the nucleation of CaCO3 is inhibited by 

Zn2+ with a concentration starting from 0.02 mg/L 

[15]. For the same range, the mass of deposits 

decreased by 25.3 mg.  

 

Figure 9a shows an exponential growth relationship 

between the asymptotic fouling resistance and the 

scale mass. However, this relationship may indicate 

variation in the physical properties of the fouling 

crust such as density, thermal conductivity and 

porosity. As mentioned earlier, the Zn2+ exhibits a 

pronounced impact on the induction period. The 

scaling induction time increased from 78 to 426 

minutes when the Zn2+ concentration raised from 0 

to 15 mg/L, as displayed in Figure 9b. The presence 

of  Zn2+ in a solution suppresses the nucleation and 

growth of scale particles through the complexation 

with the foulants [9-11, 16]. Another inhibition 

mechanism, the high frequency of adsorption of 

Zn2+ at the nuclei sites may mitigate the nucleation 

rate [17]. 

 

On the other hand, the co-precipitation of zinc 

carbonate (ZnCO3) and hydrozincite 

(Zn₅(CO₃)₂(OH)₆) crystals may occur at a Zn2+ 

concentration greater than 6 mg/L [5, 6, 17]. The 

morphology investigations show that the Zn2+ has 

changed the structure of deposits, as displayed in the 
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SEM images in Figure 10. In the absence of zinc, the 

deposits from potable water comprise loose needle-

like aragonite particles. However, smooth flat 

islands are found distributed on the flower-like 

aragonite when 10 mg/L is added to the test solution. 

At a concentration of 15 mg/L, the formed crystal 

structure completely changed. This morphology 

might be resulted from aragonite crystal poisoning 

with Zn2+ and/or co-precipitation of zinc deposits.   

    

 
Figure 8 (a) Thermal fouling resistance of scale on the 

aluminium surface and (b) surface mass gain and 

asymptotic fouling resistance, for different contents of 

zinc in water. 

Figure 11 shows the elemental analysis (EDX) of the 

fouling layer for the three tested concentrations. The 

zinc content of deposits increased from 4.54 wt% to 

16.68 wt% as the Zn2+ concentration in the solution 

increased from 5 to 15 mg/L proving the interaction 

between Zn2+ and mineral scale particles. It has been 

emphasised by Glasner and Weiss [6] that the 

carbonate complex [Zn(CO3)2]2- acts as a nucleation 

site for CaCO3 crystals. The affinity of Zn2+ to the 

carbonate ions is found greater than Ca2+. Therefore, 

the combination between Zn2+ and CO-
3 is more 

likely at high concentrations of Zn2+ forming 

[Zn(CO3)2]2-, Zn₅(CO₃)₂(OH)₆ or ZnCO3 on the heat 

transfer surface.  

     

 
Figure 9. (a) Thermal fouling resistance as a function 

of scale mass and (b) crystallisation fouling induction 

time for different concentrations of zinc in water. 
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Figure 10. SEM image for deposits on aluminium surface for different concentrations of TOC; (a) no Zinc, (b) 

[Zn2+] = 10 mg/L and (c) [Zn2+] = 15 mg/L

  

 

 

 
Figure 11. EDX elemental analysis of the deposits on aluminium; (a) [Zn2+] = 5 mg/L, (b) [Zn2+] = 10 mg/L and 

(c) [Zn2+] = 15 mg/L. 

 

Heat Exchanger Fouling and Cleaning – 2022

ISBN: 978-0-9984188-2-7; Published online www.heatexchanger-fouling.com



8 

 

CONCLUSION 

In the present work, the influence of Zn ions in 

potable water on the kinetics of precipitation and the 

structure of the scale particles were investigated 

using a unique batch system associated with the 

steaming process. Moreover, the fouling rate and 

morphology of the fouling layer on a heated surface 

in a once-through flow system were examined. By 

using a batch steam generator system, the findings 

showed that the presence of Zn2+ reduces the 

consumption rate of Ca2+ during potable water 

heating. The induction time of CaCO3 crystallisation 

was prolonged as the content of Zn2+ increased. 

Analysis of Zn2+ concentration as a function of time 

refers to Zn2+ consumption either in complexation 

with other foulants or in the crystallisation reaction 

to ZaCO3. The presence of ZnCO3 as a smithsonite 

was confirmed by PXRD analysis. Zn2+ in scaling 

potable water also affects the morphology of the 

precipitates, changing from fine needles to lumps.  

   

The fouling resistance approach and deposits mass 

were used to evaluate the influence of zinc on the 

deposition of the inorganic minerals on the 

aluminium surface in the open system. The results 

exhibited that the fouling resistance decreases with 

the increase of the Zn2+ concentration. In terms of 

fouling morphology, the size of particles reduces 

significantly due to the impact of  Zn2+ on the crystal 

growth. Moreover, the EDX findings showed that 

the fouling layer content of zinc increases with a 

solution concentration of Zn2+ confirming the 

deposition of zinc minerals. 
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