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1 ABSTRACT
2
3 The disposal of saline effluent in the dairy industry is subject to increasingly strict regulatory requirements. In 

4 this work, eutectic freeze crystallization (EFC) was investigated as a mechanism for the simultaneous separation 

5 of salts and ice in a typical saline effluent, namely salty whey. Experiments were conducted using salty whey 

6 samples collected from a dairy processing facility. The eutectic point of the salty whey was determined using 

7 differential scanning calorimetry and was found to be lower than that of NaCl solutions (–24°C for salty whey vs. 

8 –21 °C for aqueous NaCl solutions). Crystallization experiments were then used to construct the phase diagram 

9 of this dairy stream under equilibrium conditions. The change in cation composition in the supernatant at the 

10 eutectic temperature was measured as a function of time and showed that pure NaCl salts and ice formed within 

11 five minutes after this temperature was reached. The energy consumption of this process was estimated to be 

12 ~120 kWh/tonne for salty whey, which is comparable to that for conventional thermal crystallization of brine. 
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14 1. INTRODUCTION
15
16 Salt is a key component within dairy manufacturing, both as a result of the natural mineral levels in 

17 milk but also as sodium chloride directly added during cheese making [1]. For example, sodium 

18 chloride is added to the cheese curd to lower the water activity within the curd, when making semi-

19 hard or hard cheeses such as Cheddar or Colby. Only about 35-50% of the added salt is retained in the 

20 curd. The excessive moisture is expelled from the curd during salting and pressing processes, together 

21 with a significant amount of the added salt, forming salty whey. Salty whey is one of several effluent 

22 streams generated by the dairy industry that is subject to increasingly strict regulatory requirements 

23 for disposal, due to the increase in agricultural water usage and local land degradation caused by 

24 sodium leaching. Thermal evaporation and membrane processes are commonly employed to reduce 

25 the volume of these effluent streams and to improve their quality before discharge [2].

26 Salty effluents are of low economic value and so any separation process should be performed at 

27 minimum cost. The saturation concentration of NaCl in water is 35 wt% at ambient temperature and 

28 varies little as this temperature changes [3]. This means that a large amount of water must be removed 

29 for evaporative crystallization from these effluents to occur, making this a costly approach. Freeze 

30 concentration processes have been developed as an alternative in the food and beverage 

31 manufacturing industry [4-6] as well as in the desalination industry [7, 8], to remove water in the form 

32 of ice. Such an approach can be more energetically favourable as the enthalpy of freezing is much 

33 lower than the enthalpy of evaporation (e.g., ΔHfus = 334 J/g and ΔHvap = 2265 J/g for water). In 

34 particular, eutectic freeze concentration (EFC) is an emerging technology that operates at the eutectic 

35 temperature of the solution to enable simultaneous separation of saline solutions into ice and salt [9], 

36 with advantages of energy reduction, high salt purity and an absence of additional chemicals [10]. EFC 

37 can overcome the limited temperature sensitivity of sodium chloride to crystallization and the high 

38 energy demand of evaporation, by reaching saturation at a lower concentration (23.3 wt%) at the 

39 eutectic temperature. 

40 A typical phase diagram for a salt-water system is shown in Figure 1. When an unsaturated solution is 

41 cooled from point A to the temperature corresponding to its concentration on the ice line, ice begins 

42 to form in the now saturated solution. A further decrease in temperature causes the system to become 

43 more concentrated due to the crystallization of ice and to eventually reach the eutectic point, the 

44 lowest possible temperature of crystallization. At this point, crystalline salt structures and ice crystals 

45 form separately and can be separated due to the large density difference between ice (0.92 g/cm3) 

46 and salts (e.g NaCl 2.17 g/cm3). In a batch process, this can be observed when stirring is turned off [9]. 

47 In a continuous process, two extra separators are required, one to process the ice slurry and wash the 
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48 ice with recycled pure water, and another to wash the salt with a saturated solution [11, 12].

49

50
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58

59 Figure 1: A typical phase diagram for aqueous salt solutions showing the Eutectic point [13]. (Copyright 
60 2012, with permission from Elsevier.)

61

62 A life cycle assessment comparing EFC and evaporative crystallization indicated that EFC processes 

63 have great potential to reduce the energy consumption and carbon footprint of the crystallization 

64 units [14]. It was found that the EFC process consumes 6-7 times less energy when compared to 

65 evaporative crystallization for a 4 wt% model solution of sodium sulphate [14]. Van der Ham et al. [9] 

66 found that EFC could reduce the energy required to recover sodium nitrate (from 35 wt% aqueous 

67 solution) and copper sulphate (from 12 wt% aqueous solution) by 30% and 65%, respectively, 

68 compared to multi-step evaporation. Randall et al. [15] also demonstrated that EFC could convert 97% 

69 of  the liquid to pure water, calcium sulphate (98.0% purity) and sodium sulphate (96.4% purity), when 

70 processing the brine stream generated by a reverse osmosis process (i.e., reverse osmosis 

71 concentrate) from the mining industry. EFC has been commercialised by a number of companies 

72 internationally. Cool Separations (The Netherlands) have developed single stage EFC that can handle 

73 multi-component systems and multi-stage EFC that can crystallise out the specific salts in sequence 

74 by operating a series of crystallisers at different temperatures. Other companies include Eskom (South 

75 Africa), PROXA Water (South Africa) and Prentec Pty Ltd (South Africa). 

76 Salty whey from cheese manufacturing plants comprises a high concentrations of sodium chloride (50-

77 70 wt% of the total solids [16]), with a small amount of organic matter such as milk sugar and organic 
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78 acids, as well as divalent salts such as calcium phosphate (2.5-5 wt% of total solids [16]). The 

79 composition of the fresh salty whey sample collected in this study is shown in Table 1. 

80 In Australia, salty whey is typically managed in evaporation lagoons where water is naturally 

81 evaporated. However, the construction of further evaporation ponds in some areas is now banned 

82 due to environmental impacts from land degradation, odour and dust [2]. In this work, eutectic freeze 

83 crystallization of salts and ice from fresh salty whey samples collected from a dairy factory is carried 

84 out using a well-insulated crystallization reactor. The fresh salty whey samples are also allowed to 

85 evaporate naturally to achieve a concentration factor of 2, mimicking the brine present in the 

86 evaporation lagoons. The phase diagram, composition of supernatant and salts, as well as the energy 

87 demand for processing fresh salty whey and concentrated salty whey samples are investigated. To the 

88 best of our knowledge, this is the first study performed to demonstrate the applicability of EFC 

89 technology in processing saline effluent from the dairy industry.

90

91 2. EXPERIMENTAL

92 2.1 Materials

93 Solutions of different concentrations of sodium chloride (99.7%, AR Grade, Chem-supply Australia) 

94 were prepared in the laboratory for method validation. Salty whey samples were collected from a 

95 dairy processing facility in Victoria, Australia, after ultrafiltration (UF) was used to recover the protein. 

96 These samples are therefore referred to as salty whey (UF permeate). The composition of the salty 

97 whey (UF permeate) was typical of that commonly found in a dairy processing facility [16]. Some salty 

98 whey samples (UF permeate) obtained from a dairy company were naturally evaporated at room 

99 temperature to double the total solids content, mimicking evaporation in an evaporation pond. The 

100 pH of these concentrated samples decreased by 1 pH unit, due to the conversion of some lactose by 

101 lactic acid bacteria, as would also occur naturally in an evaporation pond. The decrease in pH caused 

102 some residual proteins to precipitate. The concentrated salty whey samples were thus filtered using 

103 a 0.22 µm Polyethersulfone (PES) filter before being processed in the crystalliser. This is referred to as 

104 evaporated and filtered (E&F) salty whey. The E&F salty whey was also diluted from 30% to 16% to 

105 study the effect of partial organic removal using the PES filter. Table 1 below shows the composition 

106 of the raw, concentrated and diluted salty whey samples.

107

108
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109 Table 1: General characteristics and composition of salty whey (UF permeate), evaporated and 
110 filtered salty whey (E&F Salty Whey) and diluted E&F salty whey (Dil-E&F Salty Whey).

Description Unit
Salty Whey 

(UF Permeate)

Evaporated & 
Filtered* Salty Whey 

(E&F Salty Whey)

Diluted# E&F Salty 
Whey

(Dil-E&F Salty Whey)

Conductivity mS/cm 132 ± 3 171 ± 3 137 ± 3
pH - 5.13 ± 0.04 3.94 ± 0.03 ND 

Total Solids % 14.7 ± 0.1 30.2 ± 0.2 16.0 ± 0.1
Ash % 10.8 ± 0.7 19.9 ± 1.3 10.6 ± 0.7

Organic Matter % 3.9 ± 0.6 10.3 ± 1.5 5.4 ± 0.8
Na g/L 41.4 ± 1.2 77.7 ± 2.3 44.3 ± 1.3
K g/L 1.39 ± 0.05 3.21 ± 0.13 1.64 ± 0.06

Mg g/L 0.14 ± 0.01 0.29 ± 0.01 0.14 ± 0.01
Ca g/L 1.52 ± 0.05 2.43 ± 0.08 1.17 ± 0.04
P^ g/L 0.74 ± 0.03 1.23 ± 0.05 0.99 ± 0.04

* Prepared by evaporation of salty whey (UF Permeate) at 30 ± 5 °C followed by filtration with by 
0.22-micron PES (Polyethersulfone) filters
# Dilution factor: 2
^ Phosphorus (P) is present as phosphate ions. Chloride ions (not determined) are the primary 
anions in the sample with a similar molar concentration to that of sodium [16].
ND: Not determined

111

112 2.2 EFC Reactor 

113 A crystallization reactor of 1 L (Optimax 1001 Mettler Toledo) was used to study the freezing process 

114 (Figure 2). The reactor can be operated from –30 °C to 180 °C, using a reactor jacket with an ethylene 

115 glycol and water mixture as the circulated cooling medium. The temperature was recorded using a 

116 temperature probe, while a calorimetric probe (OptiMax™ HFCal) was used to measure the heat flow 

117 between the reactor and the jacket.  A focused beam reflectance measurement (FBRM) sensor was 

118 used to collect estimates of the particle size within a range ranging from <10 µm to ~1000 µm. It should 

119 be noted that rather than a particle diameter, the FBRM measures a chord length, which is defined as 

120 the distance between the two edges of a particle through which the beam passes [17]. Heat flow 

121 calorimetric information was used to estimate the specific heat capacity of the sample, which was 

122 performed by the built in program within the iControl™ Software.

123 Reactor volumes of 600 – 900 mL were used for each experiment. The reactor temperature was 

124 lowered to the desired temperature at a rate of <0.15 K/min. An overhead stirrer was used to agitate 

125 the samples within the reactor. For temperatures greater than –18 °C, a stirring speed of 300 rpm was 

126 used, while 800 – 1000 rpm was used for lower temperatures to ensure adequate mixing of the 
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127 solution-crystal mixture. 

128 Two different approaches were used to construct the phase diagram of both the NaCl-H2O system and 

129 the salty whey system. In the first approach, the temperature of solutions of different concentration 

130 was lowered until crystallization occurred, while the reactor and jacket temperatures and the 

131 corresponding particle size counts were monitored. The crystallization temperature was determined 

132 from a rapid change in the jacket temperature as the latent heat is dissipated from the system when 

133 crystallization occurs. This was confirmed by a sharp increase in the chord length counts detected by 

134 the FBRM at this temperature (see Section 3.2). The crystallization temperature was then plotted 

135 against the initial total solids concentrations to form the phase diagram.

136 In the second approach, solutions of a specific concentration were cooled in a stepwise manner, with 

137 samples of the supernatant taken within 5 minutes of a specific reactor temperature being reached. 

138 At each temperature, the stirrer was paused for 30 seconds to allow ice crystals to float to the top 

139 and/or salt crystals to settle in the reactor, so that a clear supernatant could be obtained from the 

140 middle section of the reactor. Once the reactor had reached the estimated eutectic temperature ( –

141 21 °C for NaCl solutions and  –24 °C for salty whey) it was held at this temperature for 60 minutes 

142 before a final supernatant sample was collected. The total dissolved solids concentration in the 

143 supernatant was determined and was used to construct the phase diagram.

144

145 Figure 2: The schematic of OptiMax 1001 crystalliser equipped with temperature, heat flow and FBRM 
146 sensors (left); and a photo of the crystalliser without showing the water bath and computers (b). 

147
148
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149 2.3 Analysis

150 Differential Scanning Calorimetry (DSC 8500, PerkinElmer) was used to determine the eutectic 

151 temperature. The samples were sealed in aluminum pans, while an empty pan was used as reference. 

152 The samples were held at 25 °C for 5 minutes to stabilise the initial heat flow. A temperature scan 

153 from 25 °C to –80 °C was then conducted using a linear scanning rate of 3 K/min, after which the 

154 samples were heated to 25 °C at the same scanning rate.

155 Total dissolved solids and total ash were determined as per Australian Standards AS 2003.1.1 and AS 

156 2003.1.5.  The aqueous phase samples were weighed before drying at 110 °C overnight in an oven to 

157 evaporate all moisture. The total dissolved solids was determined from this mass balance. After 

158 weighing, the dried samples were further charred in a furnace at 650°C for more than 12 hours until 

159 samples turned white. Organic matter was calculated as the difference between the total dissolved 

160 solids and total ash content. In pure sodium chloride solutions, the total dissolved solids concentration 

161 refers to the concentration of sodium chloride. In salty whey solutions, the total dissolved solids 

162 include the organic matter and the total salts (ash) in the system, inclusive of sodium chloride and 

163 other salts such as calcium phosphate. Further, Inductively Coupled Plasma Atomic Emission 

164 Spectroscopy (ICP-OES 720ES, Varian) was used to determine the concentrations of sodium, potassium, 

165 calcium, magnesium and phosphorus within the ash.

166

167 3. RESULTS AND DISCUSSION
168 3.1 Eutectic Temperature

169 DSC thermograms were used to determine the eutectic temperature. The technique was initially used 

170 with pure sodium chloride to validate the method and determine its precision. Figure 3 (a) shows the 

171 DSC thermograms of a 13.8% NaCl solution, which is indeed consistent with the literature [18, 19]. 

172 The first transition temperature T(I) on the cooling curve is the temperature at which ice crystals 

173 appear in the solution. T(II) represents the non-equilibrium crystallization of NaCl from a super-

174 saturated solution, which is much lower than the equilibrium eutectic temperature (i.e. –36°C versus 

175 –21 °C). This is typical behavior observed during cooling of NaCl solutions[18]. During heating, the 

176 transition temperature T(III) represents the true eutectic temperature of NaCl (–20.9 ± 0.2°C) as these 

177 crystals melt, while transition IV is caused by the melting of ice in the sample at ~0°C. 

178

179 Given salty whey contains mostly sodium chloride, the eutectic freeze temperature of salty whey is 

180 expected to be similar to a NaCl-H2O system. Samples of salty whey (UF permeate) and evaporated & 
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181 filtered salty whey were also scanned by the DSC to produce similar thermograms (Figures 3(b) and 

182 (c)). It can be seen that both samples show similar heat flow curves during heating and cooling,  with 

183 the eutectic point of the salty whey samples collected for this study being –23.6 ± 0.3 °C for salty whey 

184 (UF permeate) and –24.2 ± 0.3 °C for  evaporated & filtered salty whey.  

185

186

187
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188

189 Figure 3: DSC thermograms (heat flow vs. temperature) measured during cooling (I and II) from 30°C 
190 to –80 °C and subsequent heating (III and IV) for (a) 13.8% NaCl in water, (b) salty whey (UF permeate) 
191 and (c) evaporated & filtered salty whey. The scanning rate was 3°C/min for both cooling and heating 
192 steps. The eutectic temperatures were determined to be –20.9 ± 0.2 °C, –23.6 ± 0.3 °C, and –24.2 ± 
193 0.3 °C for 13.8% NaCl in water, salty whey (UF permeate) and evaporated & filtered salty whey, 
194 respectively.

195
196 3.2 Phase diagram

197 The phase diagram for the NaCl-H2O system was first validated against the data generated by the 

198 Extended UNIQUAC model to verify the effectiveness and the reproducibility of the experiments.

199 The equilibrium solubility for NaCl-H2O was first obtained by the first approach described in Section 

200 2.2, that of cooling NaCl solutions with known concentration from room temperature to –21 °C in the 

201 crystallization reactor. The formation of salt or ice crystals in the reactor could be identified from the 

202 change of either the cooling profile or the FBRM particle count. As an example, the temperature 

203 profile of the crystallization reactor and the jacket for 18.7 wt% NaCl is presented in Figure 4 (a). It can 

204 be seen that as crystallization occurs, a significant change in the temperature difference between the 

205 reactor and the jacket (Tr-Tj) is detected at 6800 s. This change can be attributed to the formation of 

206 ice crystals, as the additional latent heat released means that the jacket temperature must be lowered 

207 at a more rapid rate to maintain the cooling rate setpoint (0.15 K/min).  This also corresponds to a 

208 sharp increase in the particle size counts at 6800 s due to the presence of ice crystals, as shown in 

209 Figure 4 (b). The reactor temperature at which the significant changes in (Tr-Tj) and the particle size 
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210 occur is the crystallization temperature (i.e., –15 °C for 18.7 wt% NaCl). These experiments were 

211 repeated for a range of NaCl concentrations and the corresponding crystallization temperatures were 

212 plotted against these concentrations to form the equilibrium solubility line in the phase diagram (black 

213 circles in Figure 5). 

214

215
216 Figure 4: Temperature profile of the reactor (a) and counts of particles of various size (in µm) within 
217 the reactor (b) during the crystallization of NaCl (18.7 wt%) using the OptiMax 1001 crystalliser. (Tj: 
218 Jacket Temperature; Tr: Reactor Temperature). Crystallization occurs at 6800 s on the timeline.
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219  
220 Figure 5: Phase diagram of the NaCl-H2O system. The crystallization temperatures of NaCl solutions of 
221 different concentrations, determined using the first approach detailed in Section 2.2 are plotted as 
222 black circles. The concentration of NaCl at different reactor temperatures, cooling from room 
223 temperature at initial concentrations of 13 wt% (blue diamonds) and 18 wt% (green squares) was 
224 estimated using the second approach detailed in Section 2.2. The phase diagram generated based on 
225 the Extended UNIQUAC model is shown as the dashed line.

226

227 A second approach to develop the phase diagram was to measure the total solids concentration in the 

228 supernatant. As shown in Figure 5, NaCl solutions of 13 wt% and 18 wt% were cooled from room 

229 temperature to –20 °C. Samples of the supernatant were collected from the middle of the reactor at 

230 different reactor temperatures, after the stirrer was paused to allow ice to float to the top of the 

231 mixture. The total dissolved solids concentration in these supernatant samples was determined and 

232 was plotted against the corresponding reactor temperature in the phase diagram. Data generated 

233 from both approaches are in agreement with the phase diagram for the NaCl-H2O system calculated 

234 using the Extended UNIQUAC model (Figure 5), illustrating the effectiveness of either approach in 

235 developing the phase diagram using the Optimax 1001 crystalliser.

236 Salty whey from the dairy processing plant is not available as fresh samples in different concentrations. 

237 As it is a waste effluent, it is also not available in powder form for re-constitution into solutions of 

238 different concentration. Therefore, the second approach was employed as the primary mechanism to 

239 generate the phase diagram for salty whey. In order to determine the total dissolved solids 

240 concentration of the supernatant, supernatant samples of salty whey (UF permeate) at different 
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241 temperatures were collected within 5 minutes after a certain reactor temperature was reached. To 

242 understand if the system was in equilibrium when these samples were collected, the reactor 

243 temperature was also held at specific temperatures for 1 hour. As shown in Figure 6, within the 

244 experimental error of the total dissolved solids concentration measurements and the variation of the 

245 reactor temperature, it can be regarded that system equilibrium is achieved within the first five 

246 minutes.

247  
248 Figure 6: Total dissolved solids concentrations in salty whey (UF permeate) 5 min and 60 min after 
249 the reactor temperature was reached. Lines are drawn to guide the eye.

250

251 The phase diagram for salty whey was successfully constructed using this approach (Figure 7). Fresh 

252 salty whey (UF permeate) samples (~15 wt%) and the concentrated and filtered salty whey sample 

253 (~30 wt%) were cooled from room temperature to –24 °C. Total solids concentration in the 

254 supernatant for salty whey (UF permeate) increased from 14.8% ± 0.1% to 29.1% ± 0.2%, as ice crystals 

255 formed in the reactor during the cooling process. Conversely, during the cooling process of the E&F 

256 salty whey sample, salt crystallization occurred, leading to a decrease in total solids concentration in 

257 the supernatant. The cooling curve from the fresh salty whey (UF permeate) samples forms the ice 

258 line (as defined in Figure 1), while the curve obtained from the E&F salty whey samples is the solubility 

259 line (as defined in Figure 1) of salty whey.  
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260 It is noted that the data points for salty whey samples scatter slightly near the eutectic temperature 

261 in Figure 7, although within the measurement sensitivity of both parameters. This is probably because 

262 complete crystallization of the small quantities of calcium phosphate present in the solution can take 

263 up to 168 hours (i.e. 1 week) [20]. To validate the phase diagram, the freezing curve for the diluted 

264 E&F salty whey samples was also determined. The resulting ice line is consistent with that of the 

265 original salty whey permeate (Figure 7). This also means that natural evaporation of salty whey in solar 

266 ponds, which only concentrates the brine, would have little influence on the thermal properties in the 

267 process of eutectic freeze concentration.

268 It should be noted that the current refrigeration systems (ammonia based) in the dairy industry have 

269 the capacity to provide a cooling temperature of no lower than –20°C [7]. Hence, if spare cooling load 

270 is available within the dairy processing facilities, one of the immediate opportunities for ice/water 

271 recovery from salty whey could be considered at a temperature higher than the eutectic temperature 

272 (e.g., –15°C), where up to 40% of water (from 13%TS at >0°C to 21%TS at –15°C, see Figure 7) can be 

273 recovered as pure frozen water during a freeze concentration process. 

274

275  
276 Figure 7: Phase diagram of aqueous sodium chloride solution, salty whey (UF permeate), E&F salty 
277 whey and diluted E&F salty whey. Lines are drawn to guide the eye.

278 At the eutectic temperature, a complete separation of ice and salt crystals was not visually observed 

279 with the current reactor setup. This is because an ‘ice jacket’ (i.e., scaling) formed around the inner 

280 wall of the reactor. This scaling layer covered the limited observation window of the Optimax 1001 
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281 reactor and hence did not allow observation of such phenomena. Preliminary information on the size 

282 of crystals during the freezing process, was however obtained by Focused Beam Reflectance 

283 Measurement (FBRM).  At different solution stirring speeds, the particle size distribution varies (Figure 

284 8). The low stirring speed (Figure 7 A and C, 300 rpm) was only used for reactor temperatures above 

285 –18 °C. At –18°C, the NaCl-H2O system has a broad distribution of crystals (Figure 7 A, median chord 

286 length: 25 microns), while the salty whey system produced a bimodal distribution with crystals of 

287 chord length 7 microns and 20 microns (Figure 7C). To allow the reactor temperature to go below –

288 18°C, the stirring speed was then raised to overcome the increased heat transfer resistance caused by 

289 both the thick ‘ice jacket’ formed around the inner reactor wall and the increased viscosity of the 

290 solution/crystal mixture. At high stirring speeds, air bubbles were inevitably introduced in the system 

291 hence a clear particle size distribution could not be obtained. It can be seen, however, that the salty 

292 whey system produces smaller crystals (5-20 microns) than the NaCl-H2O system (~100 microns). The 

293 100-micron particles in the NaCl-H2O system were produced probably because the system 

294 temperature was allowed to go beyond its eutectic point (–24°C vs –21°C). 

295

296   
297 Figure 8: Chord length distribution of crystals for NaCl solutions and salty whey at –18°C and –24°C 
298 at different stirrer speeds.

299 The composition of salt crystals created one hour after the eutectic temperature is reached was also 

300 determined indirectly from the changes in the supernatant composition. As seen in Figure 9 , for both 

301 the salty whey (UF permeate) and the E&F salty whey samples, the ratio of Na/K decreases, whereas 

302 the ratios of Ca/K and P/K remain constant at the eutectic temperature. This indicates that the crystals 
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303 formed at the eutectic temperature are sodium salts. This is consistent with the very slow kinetics for 

304 calcium phosphate precipitation at low temperatures, as shown in our previous study [10]. Industrial 

305 scale EFC processes separate the crystals and supernatant continuously as ice and salt crystals are 

306 formed [13, 21]. This implies that potentially pure sodium chloride salt and clean water can be 

307 simultaneously recovered from salty whey using a eutectic freeze concentration process, leaving a 

308 residual effluent that is more concentrated in calcium phosphate.

309

310 Figure 9: Molar ratio of calcium, phosphorus and sodium to potassium in the supernatant for (a) 
311 salty whey (UF permeate) and (b) evaporated and filtered salty whey samples at 0 and –24 °C.

312
313 3.3 Energy consumption

314 The energy consumption of a continuous EFC process processing 5 wt%, 15 wt% and 30 wt% NaCl, as 

315 well as 15 wt% and 30 wt% salty whey, was estimated using the energy analysis approach reported by 

316 Van der Ham [9]. It is assumed that the process separates continuously sodium chloride salts from 

317 water, with 100% recovery and no heat loss in the system. The theoretical minimum energy 

318 requirement for an ideal EFC process was calculated as the sum of the energy requirement for cooling 

319 the feed to the eutectic temperature and the cooling required to achieve the phase changes to solid 

320 ice and salt. 

321 The sensible heat required to cool the solution from 20 °C to its eutectic temperature was determined 

322 based on the specific heat capacity of sodium chloride and salty whey presented in Figure 10. The 

323 specific heat capacity of 26.3 wt% sodium chloride and salty whey (15% and 30%) was estimated using 

324 the calorimetric probe (OptiMax™ HFCal). Both literature data and the measured values show very 
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325 small variations in the heat capacity with respect to temperature. The cooling requirement for ice and 

326 salt formation was estimated based on the enthalpy of crystallization/formation of ice (6.012 kJ/mol) 

327 and sodium chloride dihydrate (6.8 kJ/mol, averaged from values reported in Drebushchak and 

328 Ogienko [22],  Verbeek [23]  and Swenne [24]). 

329 As shown in Figure 11, the minimum energy required is similar between pure NaCl solutions and salty 

330 whey with the same total solids concentrations, since salty whey contains primarily NaCl. Increasing 

331 the salty whey concentration from 15wt% to 30wt% reduces the energy demand by 11% (from 125 

332 kWh/tonne feed to 111 kWh/tonne feed). This is due to the reduced latent heat required to generate 

333 ice crystals as there is less water present, as well as the lower specific heat capacity of solutions at 

334 higher concentrations (Figure 10). The estimate from the ideal case presented in Verrbeek [23] for 5 

335 wt% solution is slightly higher, because Verrbeek took into consideration the washing of ice and salt 

336 downstream in a wash column and a belt filter.  For optimized thermal brine concentrator-crystalliser 

337 systems, >80 kWh/m3 feed (<65,000 ppm, equiv. to ~6 wt%) is required [25] which is a little less than 

338 that presented in Figure 11. It should be noted that EFC is still an emerging technology and 

339 improvement in process design and energy integration could result in enhanced energy efficiency in 

340 the future.

341
342 Figure 10: Specific heat capacity of NaCl solutions of different concentrations reported in the literature 
343 by Chen [26] and that of 26.3 wt% NaCl and salty whey samples measured in this work using the 
344 calorimetric probe (OptiMax™ HFCal). Lines are drawn to guide the eye.
345
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346

347
348 Figure 11: Theoretical minimum energy required for processing one tonne of different brine solutions 
349 by EFC with 100% water and NaCl recovery. Data for the 5 wt% NaCl ideal case is reported by Verbeek 
350 [23].

351

352 4. CONCLUSIONS
353

354 Fresh salty whey samples collected from a dairy processing facility in Victoria, Australia were used to 

355 construct the solid-liquid phase diagram of salty whey under equilibrium conditions. The eutectic point 

356 of salty whey was found to be at –24°C, lower than that of NaCl solutions (–21 °C). The temperature-

357 total solids concentration relationship is similar, however, to that attained for these aqueous sodium 

358 chloride solutions. Pure NaCl salts and ice were formed within  5 minutes after the eutectic 

359 temperature was reached, as determined by monitoring the changes of cation composition in the 

360 supernatant at the eutectic temperature. The lower eutectic temperature makes it difficult for 

361 eutectic freeze crystallization to be operated with ammonia-based refrigeration systems and hence 

362 simple freeze crystallization at –15oC may be more attractive. The energy consumption of the eutectic 

363 freeze crystallization process was estimated to be in the range of 111 to 125 kWh/tonne for salty whey 

364 samples (15 wt% and 30 wt%). This energy demand could potentially be reduced through energy 

365 integration with onsite refrigeration processes. The energy requirement for cooling the dairy brine 

366 solutions to their eutectic point is in the same order of magnitude as that for using conventional 
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367 thermal brine concentrators and crystallisers (80 kWh per tonne feed).

368
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439 Tables
440

441 Table 1: General characteristics and composition of salty whey (UF permeate), evaporated and 
442 filtered salty whey (E&F Salty Whey) and diluted E&F salty whey (Dil-E&F Salty Whey).
443

444

445
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446 Figure Captions
447
448 Figure 1: A typical phase diagram for aqueous salt solutions showing the Eutectic point [13]. 
449 (Copyright 2012, with permission from Elsevier.)
450 Figure 2: The schematic of OptiMax 1001 crystalliser equipped with temperature, heat flow and 
451 FBRM sensors (left); and a photo of the crystalliser without showing the water bath and computers 
452 (b).
453 Figure 3: DSC thermograms (heat flow vs. temperature) measured during cooling (I and II) from 30°C 
454 to –80 °C and subsequent heating (III and IV) for (a) 13.8% NaCl in water, (b) salty whey (UF 
455 permeate) and (c) evaporated & filtered salty whey. The scanning rate was 3°C/min for both cooling 
456 and heating steps. The eutectic temperatures were determined to be –20.9 ± 0.2 °C, –23.6 ± 0.3 °C, 
457 and –24.2 ± 0.3 °C for 13.8% NaCl in water, salty whey (UF permeate) and evaporated & filtered salty 
458 whey, respectively.
459 Figure 4: Temperature profile of the reactor (a) and counts of particles of various size (in µm) within 
460 the reactor (b) during the crystallization of NaCl (18.7 wt%) using the OptiMax 1001 crystalliser. (Tj: 
461 Jacket Temperature; Tr: Reactor Temperature). Crystallization occurs at 6800 s on the timeline.
462 Figure 5: Phase diagram of the NaCl-H2O system. The crystallization temperatures of NaCl solutions 
463 of different concentrations, determined using the first approach detailed in Section 2.2 are plotted 
464 as black circles. The concentration of NaCl at different reactor temperatures, cooling from room 
465 temperature at initial concentrations of 13 wt% (blue diamonds) and 18 wt% (green squares) was 
466 estimated using the second approach detailed in Section 2.2. The phase diagram generated based on 
467 the Extended UNIQUAC model is shown as the dash line.
468 Figure 6: Total dissolved solids concentrations in salty whey (UF permeate) 5 min and 60 min after 
469 the reactor temperature was reached. Lines are drawn to guide the eye.
470 Figure 7: Phase diagram of aqueous sodium chloride solution, salty whey (UF permeate), E&F salty 
471 whey and diluted E&F salty whey. Lines are drawn to guide the eye.
472 Figure 8: Chord length distribution of crystals for NaCl solutions and salty whey at –18°C and –24°C 
473 at different stirrer speeds.
474 Figure 9: Molar ratio of calcium, phosphorus and sodium to potassium in the supernatant for (a) 
475 salty whey (UF permeate) and (b) evaporated and filtered salty whey samples at 0 and –24 °C.
476 Figure 10: Specific heat capacity of NaCl solutions of different concentrations reported in the 
477 literature by Chen [26] and that of 26.3 wt% NaCl and salty whey samples measured in this work 
478 using the calorimetric probe (OptiMax™ HFCal). Lines are drawn to guide the eye.
479 Figure 11: Theoretical minimum energy required for processing one tonne of different brine 
480 solutions by EFC with 100% water and NaCl recovery. Data for the 5 wt% NaCl ideal case is reported 
481 by Verbeek [23].
482  
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