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Abstract 8 

Reverse Osmosis (RO) membrane process has been commonly used for clarification and 9 

concentration of apple juice processes, due to significant advance in membrane technology, 10 

requirements for low energy and cost, and effective retention of aroma components. In this 11 

paper, a multi-stage RO industrial full-scale plant based on the MSCB 2521 RE99 spiral-12 

wound membrane module has been used to simulate the process of concentrating apple juice 13 

and to identify an optimal multi-stage RO process for a specified apple juice product of high 14 

concentration measured in Brix. The optimisation problem is formulated as a Nonlinear 15 

Programming (NLP) problem with five different RO superstructures to maximise the apple 16 

juice concentration as well as the operating parameters such as feed pressure, flow rate and 17 

temperature are optimised. A simple lumped parameter model based on the solution-diffusion 18 

model and the contribution of all sugar species (sucrose, glucose, malic acid, fructose and 19 

sorbitol) to the osmotic pressure is assumed to represent the process. The study revealed that 20 

the multi-stage series RO process can optimise the product concentration of apple juice better 21 

than other configurations. It has been concluded that the series configuration of twelve 22 

elements of 1.03 m² area improves the product apple juice concentration by about 142% 23 

compared to one element. Furthermore, the feed pressure and flow rate were found to have a 24 

significant impact on the concentration of the apple juice.  25 

 26 

Keywords: Apple Juice Concentration; Spiral-wound Reverse Osmosis; Multi-stage RO 27 

network; Optimisation; Nonlinear Programming. 28 

 29 

1. Introduction  30 

The fruit juice industry concentrates juices to remove excess water, enhance product stability 31 

and reduce transportation costs. Membrane technology is commonly used in various 32 

mailto:I.M.Mujtaba@bradford.ac.uk
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separation and production methods of fruit juices and fermented beverages. Specifically, 33 

reverse osmosis (RO) can be counted as a prominent process in fruit juice concentration due 34 

to its ability to effectively retain the flavour and concentrate the juice without requiring high 35 

temperature and energy consumption (Álvarez et al., 1997; Kozák et al., 2008). Many 36 

experimental studies reported that the process of fruit juice evaporation has a negative impact 37 

on taste compound’s retention by losing a 90% of volatile aroma compounds (Olsson and 38 

Trägårdh, 1999; Pozderovic´et al., 2006). This is why the RO technology was a good 39 

condition in respect of improved production of fruit juice concentration while maintaining 40 

sensory, aroma and nutritional characteristics (Cassano et al., 2007; Jesus et al., 2007). Also, 41 

this process minimises the thermal damage of fruit juice due to using low temperature (4 to 42 

50 °C) operation (Merson et al., 1980; Girard and Fukumoto, 2000). Karlsson and Trägårdh 43 

(1997) counted the membrane technology as a successful separation technique that minimises 44 

the change of aroma compositions in addition to distillation, partial condensation, adsorption, 45 

and fluid extraction processes. The RO process is a well-recognized technique for 46 

concentrating aqueous solutions within a limit of 25 to 30 °Brix (due to the high osmotic 47 

pressure of concentrated apple juices). This is quite below the typical value of 45 to 60 °Brix 48 

gained by the evaporation process but it consumes higher energy (Pepper, 1990; Araujo and 49 

Maciel, 2005).   50 

The concentration of apple juice using the RO process is mainly affected by the sequence of 51 

operating parameters of feed pressure, temperature, and flow rate as reported in many studies 52 

(Álvarez et al., 1997; Sheu and Wiley, 1983: Sheu and Wiley, 1984; Álvarez et al., 1998; 53 

Álvarez et al., 2001). Álvarez et al. (1998) studied the impact of operating pressure and flow 54 

rate on the permeation of apple juice through an individual spiral-wound RO aromatic 55 

polyamide membrane type MSCB 2521 R99. The rejection of aroma compounds was 56 

observed to increase with the pressure and flow rate in the range of considered operating 57 

conditions. Also, Matsuura et al. (1974a) affirmed that low operating temperature of the RP 58 

process can increase the retention of aroma components. Sheu and Wiley (1983) confirmed 59 

that the processing capacity of apple juice concentration is increased due to an increase in the 60 

operating temperature between 20 to 60 °C. Chou et al. (1991) deduced that lowering 61 

operating temperature and maximising the operating pressure (within the permitted limits of 62 

operation) can help to provide a concentrate stream of high-flavour components content and 63 

an acceptable flux. However, Álvarez et al. (2001) concluded that the permeate flux and 64 

aroma rejection are increased because of increased feed flow rate in a single spiral-wound RO 65 

process. Furthermore, the inclusion of the RO process as a first step of different processes in 66 
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fruit juice concentration is considered in a commercial plant coupled with freeze 67 

concentration and/or evaporation. This technology can effectively double the operating 68 

capacity and improve both color and flavour characteristics (Girard and Fukumoto, 2000). 69 

For example, Álvarez et al. (2000) developed an integrated membrane process for producing 70 

apple juice and apple juice aroma concentrates, which involves clarification by 71 

microfiltration, pre-concentration by RO to 25 °Brix, and pervaporation to recover the aroma 72 

compounds and thermal evaporation to concentrate the clarified product from 25 to 72 °Brix. 73 

Matsuura et al. (1975) used a two stage RO process in apple juice concentration process to 74 

increase flavour components recovery. In the first stage, the concentration of fruit juice 75 

sugars is chosen, while in the second stage aroma compounds are recovered by filtering the 76 

permeate of the first stage. In this study, it is concluded that increasing pressure and lowering 77 

the processing temperature during the second stage can enhance the recovery of aroma 78 

compounds. Matsuura et al. (1975) have used the procedure developed by Matsuura et al. 79 

(1974b) to calculate the solute transport parameter for each aroma compound, then the 80 

performance of RO has been investigated utilising their earlier proposed model (Matsuura 81 

and Sourirajan, 1973).  82 

Some combinations of different types of membranes have been suggested for juice 83 

concentration and aroma recovery. A two-stage RO configuration has been used by Walker 84 

(1990) to concentrate orange juice to 60 °Brix while retaining the fresh juice flavour. The 85 

method comprises of three elements in series of high rejection aromatic polyamide hollow 86 

fiber membranes (Stage 1) and two low-rejection membranes in series (Stage 2). The raw 87 

orange juice is fed to Stage 1, while the retentate is fed to Stage 2. Moreover, the permeates 88 

of the two stages are blended and recycled to the feed of Stage 1. This configuration has 89 

lowered the cost of orange juice production in comparison to freeze concentration processes.  90 

Nabetani (1996) tested an integrated series of RO–NF membrane system for concentrating 91 

fruit juice. The feed juice of 10 °Brix is firstly concentrated with RO membranes to 30 °Brix 92 

and the retentate is then concentrated to 45 °Brix in NF membranes. Souza et al. (2013) 93 

tested the integration of the two membrane processes of RO and osmotic evaporation in order 94 

to concentrate clarified camu–camu juice with focusing on the phenolic compounds, vitamin 95 

C, and antioxidant activity of the final product. It is concluded that total solids content 96 

increased from 75 to 288 g kg
-1

 and from 288 to 566 g kg
-1

 using the RO process and osmotic 97 

evaporation respectively. This confirmed the potential of the proposed membrane integration 98 

for camu–camu juice.   99 
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A series configuration of two spiral-wound RO modules is used in the experiments of Araujo 100 

and Maciel (2005) for assessing the performance of two types of commercial polyamide 101 

membranes for concentrating orange juice. The results show that the second module 102 

improves the productivity of orange juice measured in °Brix.  103 

An optimisation based model has been achieved by Kiss et al. (2004) using a series of 104 

different types of membranes including; microfiltration (MF) and RO followed by 105 

nanofiltration (NF). The sugar content in the retentate measured in °Brix and permeate flux 106 

were modelled using the linear regression of experimental data with time, and the model 107 

parameters are estimated using the Stat-graphics 5.1 program. The optimum independent 108 

variables of feed flow rate, trans-membrane pressure and temperature were investigated for 109 

optimum °Brix. 110 

To the best of the authors’ knowledge, there appears to be a gab in the use of an optimisation 111 

of the spiral-wound RO network model for apple juice concentration. There also appears that 112 

the impact of different RO network configurations for concentrating apple juice has neither 113 

been explored nor yet achieved. This paper aims to tackle this precise gap by exploring ways 114 

of maximising apple juice concentration using different RO networks configurations using an 115 

enhanced optimisation technique. This is designed to include a mathematical model of a 116 

spiral-wound RO membrane process and a set of mathematical equations for multi-stage RO 117 

network. The main objective is to identify an optimal RO configuration that can achieve high 118 

apple juice concentration measured in °Brix from a set of different networks. A small-scale 119 

plant of membrane type MSCB 2521 RE99 spiral-wound RO module (Separem, SpA, Biella, 120 

Italy) of 1.03 m² area (used by Álvarez et al., 2002) is used in this study. Validation of the 121 

selected RO network developed is achieved by carrying out a sensitivity analysis of the 122 

operating parameters of the process (feed pressure, flow rate and temperature) on the 123 

performance of the plant. 124 

 125 

2. Modelling of the spiral-wound Reverse Osmosis  126 

The main objective of this section is to develop a mathematical model to predict the 127 

concentration process of apple juice using a spiral-wound membrane module and then 128 

investigate the model equations of a full-scale plant considering the interaction between 129 

several stages of the RO system.  130 
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 131 

2.1 The Assumptions 132 

The following assumptions are made to develop the proposed process model: 133 

1. The solution-diffusion model is used for mass transport through the module. 134 

2. Validity of the Da Costa equation to predict the pressure drop across the membrane.  135 

3. Validity of the film model theory to estimate the concentration polarization impact. 136 

4. The feed osmotic pressure is only caused by all sugar species (sucrose, glucose, malic 137 

acid, fructose and sorbitol) with neglecting aroma compounds.  138 

5. Constant atmospheric pressure on the permeate channel of 101.325 kpa. 139 

6. The underlying process is assumed to be isothermal. 140 

 141 

2.2. Governing Equations 142 

Based on Assumption 1, the solution-diffusion model is valid to predict the water and solute 143 

flux of any sugar species Jw and Js,i (m/s, kmol/m² s) through the membrane as expressed by 144 

(Lonsdale et al., 1965). 145 

𝐽𝑤= 𝐴𝑤 [(
(𝑃𝑓(𝑖𝑛)+𝑃𝑓(𝑜𝑢𝑡))

2
− 𝑃𝑝) − (∆𝜋𝑇𝑜𝑡𝑎𝑙)]                                                                                 (1)                                                              146 

𝐽𝑠,𝑖= 𝐵𝑠,𝑖 (𝐶𝑚,𝑖 − 𝐶𝑝,𝑖)                                                                                                                         (2)    147 

Where 𝑃𝑓(𝑖𝑛), 𝑃𝑓(𝑜𝑢𝑡) and 𝑃𝑝 (kpa) are the inlet feed pressure, outlet feed pressure and a 148 

constant permeate pressure (Assumption 5) respectively. 𝐴𝑤 and 𝐵𝑠,𝑖 (m/ kpa s, m/s) are the 149 

solvent transport coefficient and solute transport parameter of the determined sugar species 150 

for the selected aromatic polyamide membrane type (MSCB 2521 R99) respectively.  151 

Aw was experimentally determined for the spiral-wound module using pure water and 152 

accounts for the pore distribution of the membrane, porosity, and membrane thickness. 153 

Álvarez et al. (2001) introduce the following correlation to show the impact of feed flow rate 154 

and operating temperature on Aw.  155 

𝐴𝑤, 𝑇 
= 9.059𝑥10−7  (

𝑇 

25
)

0.62

(
36.0𝑥105

  𝑄𝑓

400
 )

−0.1447

                                                                (3)                   156 

Where 𝑄𝑓 and 𝑇 (m³/s, °C) are the feed flow rate and operating temperature respectively.      157 

The solute transport parameter 𝐵𝑠,𝑖 for all sugar compounds (sucrose, glucose, malic acid, 158 
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fructose and sorbitol) are assumed constant at 25 °C and determined in a previous work (Al-159 

Obaidi et al., 2017) as reported in Table 1. However, the transport parameter of malic acid 160 

was taken from Malalyandi et al. (1982).  161 

The influence of operating temperature on solute permeability constant can be shown in Eq. 162 

(4) derived by Álvarez et al. (2001).  163 

𝐵𝑠,𝑖 = 𝐵𝑠,𝑖,𝑅𝑒𝑓 𝑒𝑥𝑝0.098(𝑇 −𝑇𝑅𝑒𝑓.)                                                                                                 164 

(4) 165 

Where i represents the particular sugar species under consideration. Bs,i, Bs,i,Ref. and TRef. 166 

(m²/s, °C) are the solute parameter of any sugar compounds at operating temperature (T)  and 167 

the reference temperature (TRef.) of 25 °C.  168 

Souza et al. (2013) confirmed that the juice’s osmotic pressure remained to be the main factor 169 

controlling the mass transfer. Therefore, the model developed assumed that the feed osmotic 170 

pressure is caused by the impact of all species found in sugar. However, the aroma 171 

compounds concentration is very small compared to the sugar compounds in apple juice 172 

(Álvarez et al., 2001). Therefore, the total osmotic pressure ∆𝜋𝑇𝑜𝑡𝑎𝑙 (kpa) will only refer to 173 

the sugar compounds without considering the impact of aroma compounds (Assumption 4). 174 

The total osmotic pressure difference of sugar can be described in Eq. (5).  175 

∆𝜋𝑇𝑜𝑡𝑎𝑙 = (𝜋𝑠𝑢,𝑚 + 𝜋𝑔,𝑚 + 𝜋𝑚𝑎,𝑚 + 𝜋𝑓,𝑚 + 𝜋𝑠𝑜,𝑚) − (𝜋𝑠𝑢,𝑝 + 𝜋𝑔,𝑝 + 𝜋𝑚𝑎,𝑝 + 𝜋𝑓,𝑝 + 𝜋𝑠𝑜,𝑝)           176 

   (5) 177 

Where 𝜋𝑚,𝑖 (kpa) is the osmotic pressure of the sugar species at the membrane wall 178 

concentration 𝐶𝑚,𝑖 (kmol/m³). While, 𝜋𝑝,𝑖 (kpa) is the osmotic pressure at the permeate 179 

channel regarding the sugar species permeate concentration 𝐶𝑝,𝑖 (kmol/m³). Also, the symbols 180 

(𝑠𝑢, 𝑔, 𝑚𝑎, 𝑓 and 𝑠𝑜) denote to sucrose, glucose, malic acid, fructose and sorbitol 181 

respectively. The estimation of the feed osmotic pressure caused by sucrose, glucose and 182 

malic acid is carried out using the empirical equation derived by Nabetani et al. (1992) as can 183 

be seen in Eq. (6). 184 

𝜋𝑠𝑢,𝑚 + 𝜋𝑔,𝑚 + 𝜋𝑚𝑎,𝑚 = −
𝑅 (𝑇+273.15) 

𝑉𝑤
 𝑙𝑛 {

[
(1000−𝐶𝑠𝑢,𝑚−𝐶𝑔,𝑚)

𝑀𝑤𝑤
]−[

(4 𝐶𝑠𝑢,𝑚)

𝑀𝑠𝑢
]−[

(2 𝐶𝑔,𝑚)

𝑀𝑔
]

[
(1000−𝐶𝑠𝑢,𝑚−𝐶𝑔,𝑚)

𝑀𝑤𝑤
]−[

(4 𝐶𝑠𝑢,𝑚)

𝑀𝑠𝑢
]−[

(2 𝐶𝑔,𝑚)

𝑀𝑔
]
} +185 

                                                
𝑅 (𝑇+273.15)  𝐶𝑚𝑎,𝑚

𝑀𝑚𝑎
               (6)  186 

Where 𝑅, 𝑉𝑤 and 𝑀𝑤𝑤 (kpa m³/ K kmol, m³/kmol, kg/kmol) are the gas constant, the molar 187 

volume of water and the molecular weight of water respectively. While 𝑀𝑠𝑢, 𝑀𝑔 and 𝑀𝑚𝑎 188 

(kg/kmol) are the molecular weights of sucrose, glucose and malic acid respectively are 189 
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reported in Table 1. Note, all the concentrations expressed in Eq. (6) are referred to the 190 

concentration of the species at the wall membrane and expressed in (kg/m³). 191 

While, the osmotic pressure caused by fructose and sorbitol is calculated using Eqs. (7)  and 192 

(8) respectively.  193 

𝜋𝑓,𝑚 = 𝑅 (𝑇 + 273.15)  𝐶𝑓,𝑚                                                                                                  (7)  194 

𝜋𝑠𝑜,𝑚 = 𝑅 (𝑇 + 273.15)  𝐶𝑠𝑜,𝑚                                                                                               (8) 195 

Furthermore, the osmotic pressure of any sugar species at the permeate channel is calculated 196 

using Eq. (9). 197 

𝜋𝑖,𝑝 = 𝑅 (𝑇 + 273.15)  𝐶𝑖,𝑝                                                                                                          198 

(9)  199 

Where i represents the particular sugar species under consideration. 200 

The concentration of the sugar and aroma compounds at the wall membrane was estimated 201 

based on Assumption 3, which in turn is based on the validity of the film model theory where 202 

the solvent flux is linked to concentration polarization and mass transfer coefficient, 𝑘 (m/s) 203 

by the following equation: 204 

(𝐶𝑚,𝑖 − 𝐶𝑝,𝑖)

(𝐶𝑏,𝑖 − 𝐶𝑝,,𝑖)
= 𝑒𝑥𝑝 (

𝐽𝑤

𝑘𝑖 

)                                                                                                               205 

(10) 206 

𝐶𝑏,𝑖, and 𝑘𝑖  
(kmol/m³, m/s) are the bulk concentration in the feed channel and the mass 207 

transfer coefficient of any sugar species respectively. 𝐶𝑏,𝑖 is taken as the average value of 208 

feed 𝐶𝑓,𝑖 and retentate 𝐶𝑟,𝑖 concentrations for each sugar species using Eq. (11).  209 

𝐶𝑏𝑖 =
𝐶𝑓,𝑖+𝐶𝑟,𝑖

2
                                                                                        (11)                                                                                  210 

The mass transfer coefficient for any species of sugar compounds 𝑘𝑖 (m/s) is a function of 211 

pressure, concentration, flow rate and temperature, which is calculated using the proposed 212 

equation of Schock and Miquel’s (1987). 213 

𝑘𝑖 = 0.065  (
𝐷𝑖

𝑑ℎ
)  𝑅𝑒𝑚𝑖𝑥 

0.875   𝑆𝑐𝑖 
0.25                                                                                          (12) 214 

Di, Re𝑚𝑖𝑥, 𝑆𝑐𝑖
  and 𝑑ℎ  (m²/s, dimensionless, m) are the diffusion coefficient of any sugar 215 

species, the Reynolds number of the mixture of five sugar compounds, the Schmidt number 216 

of any sugar species and hydraulic diameter respectively. 217 

𝑅𝑒𝑚𝑖𝑥 =
𝜌𝑚𝑖𝑥  𝑑ℎ   𝑈𝑏 

 𝜇𝑚𝑖𝑥
                                                                                                               (13) 218 

𝑆𝑐𝑖 =
𝜇𝑚𝑖𝑥

𝜌𝑚𝑖𝑥  𝐷𝑖
                                                                                                                          (14) 219 
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Where 𝜌𝑚𝑖𝑥 , μmix and 𝑈𝑏 (kg/m³, kg/m s, m/s) are the apple juice density and viscosity and 220 

the average bulk velocity at feed channel respectively.  221 

The apple juice density is calculated as a function of concentration in °Brix  and operating 222 

temperature (Constenla et al., 1989). The inlet and outlet apple juice densities were used to 223 

calculate the apple juice density as indicated in Eqs. (15), (16) and (17).  224 

𝜌𝑖𝑛 = [0.8272 + (0.3471 exp (0.01 °𝐵𝑟𝑖𝑥𝑖𝑛 
)) − (5.479 𝑥10−4 (𝑇 + 273.15)) ]𝑥 103  225 

                                                                                                                                               (15) 226 

𝜌𝑜𝑢𝑡 = [0.8272 + (0.3471 exp (0.01 °𝐵𝑟𝑖𝑥𝑜𝑢𝑡 
)) − (5.479 𝑥10−4 (𝑇 + 273.15)) ]𝑥 103 

           (16) 227 

𝜌𝑚𝑖𝑥 =
𝜌𝑖𝑛+𝜌𝑜𝑢𝑡

2
                                                                                                                      (17) 228 

°𝐵𝑟𝑖𝑥𝑖𝑛 and °𝐵𝑟𝑖𝑥𝑜𝑢𝑡 (kg/m³) denote the inlet and outlet concentration of apple juice, which 229 

are calculated using Eqs. (18) and (19) regarding the total feed and retentate concentrations of 230 

a mixture of five sugar compounds.  231 

°𝐵𝑟𝑖𝑥𝑖𝑛 = 0.09945 (∑  𝐶𝑓,𝑖
𝑛
𝑖=1 )

 
     n represents the total number of sugar compounds            232 

(18) 233 

°𝐵𝑟𝑖𝑥𝑜𝑢𝑡 = 0.09945 (∑  𝐶𝑟,𝑖
𝑛
𝑖=1 )

 
                                                                                                    234 

(19) 235 

For the above two equations, note that  𝐶𝑓,𝑖 and Cr,i are the feed and retentate concentrations 236 

of any sugar species measured in kg/m³ units. 237 

The apple juice viscosity 𝜇𝑚𝑖𝑥 (kg/m s) can be calculated as a function of inlet and outlet 238 

concentrations of °Brix and operating temperature using Eqs. (20), (21) and (22) (Constenla 239 

et al., 1989).  240 

𝜇𝑖𝑛

𝜇𝑤
= 𝑒𝑥𝑝 (

𝐴 °𝐵𝑟𝑖𝑥𝑖𝑛

100− 𝐵 °𝐵𝑟𝑖𝑥𝑖𝑛
)                                                                                                       (20) 241 

𝜇𝑜𝑢𝑡

𝜇𝑤
= 𝑒𝑥𝑝 (

𝐴 °𝐵𝑟𝑖𝑥𝑜𝑢𝑡 

100− 𝐵 °𝐵𝑟𝑖𝑥𝑜𝑢𝑡 

)                                                                                                   (21) 242 

𝜇𝑚𝑖𝑥 =
𝜇𝑖𝑛+𝜇𝑜𝑢𝑡

2
                         (22) 243 

μw is the viscosity of water (8.94E-4 kg/m s). 𝐴 and 𝐵 are parameters related to the 244 

temperature and can be estimated using Eqs. (23) and (24). 245 

𝐴 = −0.25801 +
817.11

(𝑇+273.15) 
                                                                                                  (23) 246 

𝐵 = 1.8909 − 3.0212 𝑥10−3 (𝑇 + 273.15)                                                                        (24) 247 
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Then, the diffusion coefficient for any sugar species 𝐷𝑖 (m²/s) can be calculated using the 248 

empirical equation proposed by Gladdon and Dole (1953) as can be seen in Eqs. (25) and 249 

(26) respectively. 250 

𝐷𝑖 = 𝐷𝑠 (
𝜇𝑤

𝜇𝑚𝑖𝑥
)

0.45

                                                                                                                 (25) 251 

Ds (m²/s) is referred to the diffusion coefficient of any species of sugar in a very dilute 252 

solution which is calculated using the proposed correlation of Wilke and Chang (1955).  253 

𝐷𝑠 =  (
7.4 𝑥10−8 (2.6 𝑀𝑤)0.5 (𝑇 +273.15)

(1000 𝜇𝑚𝑖𝑥) (1000 𝑉𝑏𝑝,𝐴)
0.6 ) 𝑥10−4                                                                          (26) 254 

The above equation is correlated to be compatible with the used units. Mw and Vbp,A 255 

(kg/kmol, m³/kmol) are the molecular weight of water (18.01528 kg/kmol) and the molar 256 

volume of the sugar species at its normal boiling point. 𝑉𝑏𝑝,𝐴 values for all sugar compounds 257 

are shown in Table 1. 258 

The process of apple juice concentration is conducted by a pressure drop along the membrane 259 

edges. Therefore, 𝑃𝑓(𝑜𝑢𝑡) is calculated using Eq. (27). 260 

𝑃𝑓(𝑜𝑢𝑡) = 𝑃𝑓(𝑖𝑛) − ∆𝑃𝑑𝑟𝑜𝑝                                                    (27) 261 

Where ∆𝑃𝑑𝑟𝑜𝑝 (kpa) is the pressure drop, which is calculated using the proposed correlation 262 

of Da Costa et al., (1994).   263 

∆𝑃𝑑𝑟𝑜𝑝 = (
𝜌𝑚𝑖𝑥  𝑈𝑏

2 𝐿 𝐶𝑡𝑑

2 𝑑ℎ
) 𝑥10−3                                                                       (28) 264 

Where 𝐶𝑡𝑑 (dimensionless) is the total drag coefficient, which is calculated using Eq. (29). 265 

Also, 𝐿 (m) is the membrane length. It is assumed that the spacer type (NALTEX-151-129) is 266 

used for the used spiral-wound module. 267 

𝐶𝑡𝑑 =
𝐴′

𝑅𝑒𝑚𝑖𝑥
𝑛                                          (29) 268 

Where 𝐴′ and 𝑛 (dimensionless) are the spacer characteristics given in Table 2 for the used 269 

spacer type. 270 

𝑈𝑏 =
𝑄𝑏 

𝑊 𝑡𝑓 𝜖
                                           (30) 271 
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𝑄𝑏 , 𝑊, 𝑡𝑓 and 𝜖 (m³/s, m, m, dimensionless) are the bulk feed flow rate, which is calculated 272 

using Eq. (31), the membrane width, the height of the spacer channel and the void fraction of 273 

the spacer. The characteristics of the membrane and spacer are reported in Table 2.   274 

𝑄𝑏 =
𝑄𝑓+𝑄𝑟

2
                                                                         (31) 275 

𝑄𝑟 (m³/s) is the retentate flow rate. While, the overall solute and mass balance equations are 276 

depicted in the counter of Eqs. (32) and (33).  277 

𝑄𝑓 = 𝑄𝑟 + 𝑄𝑝                                (32) 278 

𝑄𝑓 𝐶𝑓,𝑖 = 𝑄𝑟 𝐶𝑟,𝑖 + 𝑄𝑝 𝐶𝑝,𝑖                              (33) 279 

Where  𝐶𝑓,𝑖, 𝐶𝑟,𝑖 and 𝐶𝑝,𝑖 (kmol/m³) are the concentration of any sugar species in feed, 280 

retentate and permeate channel respectively. 𝑄𝑝 (m³/s) is the total permeate flow rate. Also, 281 

Eq. (34) is used to calculate the concentration at the permeate channel for all sugar 282 

compounds (Al-Obaidi et al., 2017).  283 

𝐶𝑝,𝑖 =
𝐶𝑓,𝑖  𝐵𝑠,𝑖

𝐵𝑠,𝑖+
𝐽𝑤

exp(
𝐽𝑤
𝑘𝑖

)

                                                                                  (34) 284 

Finally, the rejection parameter for each sugar compound (i) can be calculate using Eq. (35).  285 

𝑅𝑒𝑗𝑖 =
𝐶𝑓,𝑖−𝐶𝑝,𝑖

𝐶𝑓,𝑖
 𝑥100                                                                                                             (35) 286 

The recovery of the single module is calculated using Eq. (36). 287 

𝑅𝑒𝑐 =
𝑄𝑝

𝑄𝑓
 𝑥100                                                                                                                      288 

(36) 289 

Where 𝑄𝑝 (m³/s) is calculated using Eq. (37). 290 

𝑄𝑝 = 𝐽𝑤  𝐴                                                                                                                                291 

(37) 292 

𝐴 (m²) is the effective membrane area.  293 

The validation of this model is carried out by implementing the model in its distributed 294 

version of one dimension against an experimental data of the apple juice concentration. The 295 

details can be found in Al-Obaidi et al. (2017). 296 

 297 

2.3. Apple juice concentration plant description and mathematical modelling 298 
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The proposed RO industrial full-scale plant is consisting of four pressure vessels connected in 299 

different networks of stages. Each stage holds a maximum of two pressure vessels connected 300 

in parallel, while each pressure vessel holds a maximum of three spiral-wound RO membrane 301 

elements type MSCB 2521 R99 of (1.03 m²) area supplied by Separem Spa. (Biella, Italy) 302 

connected in series. The reason for choosing this membrane is due to the availability of water 303 

and sugar compounds transport parameters literature in comparison to other types of 304 

membranes. The five proposed superstructures schematic diagram of the RO network can be 305 

shown in Fig. 1, which is similar to the specification of an actual pilot-scale RO seawater 306 

desalination process presented by Abbas (2005).  307 

The concentrated stream of the first stage becomes the feed stream of the second stage and so 308 

on. While, the permeate streams of three elements in a pressure vessel are coupled to form the 309 

product stream of pressure vessel. Moreover, the permeate stream of all the stages are 310 

blended to form the product stream of the plant. 311 

The apple juice outlet concentration of the last stage is measured in °Brix, where it is 312 

considered as the objective function of the optimisation study in Section 3. The performance 313 

of a single spiral-wound membrane element has been mathematically described in Section 314 

2.2, while the interaction between the stages and pressure vessels is presented as follows: 315 

The complete mathematical equations that describe the overall mass and sugar species 316 

balance equations of each pressure vessel, stage and the whole plant with the inlet and outlet 317 

streams are given as follows: 318 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) = 𝑄𝑟(𝑝𝑙𝑎𝑛𝑡) + 𝑄𝑝(𝑝𝑙𝑎𝑛𝑡)                        (38) 319 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) = 𝑄𝑓(𝑠=1)                          (39) 320 

𝑄𝑟(𝑝𝑙𝑎𝑛𝑡) = 𝑄𝑟(𝑠=𝑛)                  n represents the number of the used stages                  321 

(40) 322 

𝑄𝑝(𝑃𝑙𝑎𝑛𝑡) = ∑ 𝑄𝑝(𝑠)
𝑛
𝑠=1                                                                                       (41) 323 

𝑃𝑓(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡) = 𝑃𝑓(𝑖𝑛)(𝑠=1)                                                                    (42) 324 

𝑃𝑓(𝑜𝑢𝑡)(𝑝𝑙𝑎𝑛𝑡) = 𝑃𝑓(𝑜𝑢𝑡)(𝑠=𝑛)                     (43) 325 

𝑇(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡) = 𝑇(𝑜𝑢𝑡)(𝑝𝑙𝑎𝑛𝑡)                                                                    (44) 326 

𝐶𝑓,𝑖(𝑝𝑙𝑎𝑛𝑡) = 𝐶𝑓,𝑖(𝑠=1)    i represents the particular sugar species under consideration          (45) 327 
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𝐶𝑟,𝑖(𝑝𝑙𝑎𝑛𝑡) = 𝐶𝑟,𝑖(𝑠=𝑛)                                              (46) 328 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡) 𝐶𝑓,𝑖(𝑝𝑙𝑎𝑛𝑡) = 𝑄𝑟(𝑝𝑙𝑎𝑛𝑡) 𝐶𝑟,𝑖(𝑝𝑙𝑎𝑛𝑡) + 𝑄𝑝(𝑝𝑙𝑎𝑛𝑡) 𝐶𝑝,𝑖(𝑝𝑙𝑎𝑛𝑡)                      (47) 329 

°𝐵𝑟𝑖𝑥𝑖𝑛(𝑝𝑙𝑎𝑛𝑡) = 0.09945 (∑  𝐶𝑓,𝑖(𝑝𝑙𝑎𝑛𝑡)
𝑛
𝑖=1 )

 
  n represents the number of sugar compounds 330 

(48) 331 

°𝐵𝑟𝑖𝑥𝑜𝑢𝑡(𝑝𝑙𝑎𝑛𝑡) = 0.09945 (∑  𝐶𝑟,𝑖(𝑝𝑙𝑎𝑛𝑡)
𝑛
𝑖=1 )

 
                                                                               (49) 332 

𝑅𝑒𝑗𝑖(𝑝𝑙𝑎𝑛𝑡) =
𝐶𝑓,𝑖(𝑝𝑙𝑎𝑛𝑡) −𝐶𝑝,𝑖(𝑝𝑙𝑎𝑛𝑡)

𝐶𝑓,𝑖(𝑝𝑙𝑎𝑛𝑡)
 𝑥100                                                                                 (50) 333 

𝑅𝑒𝑐(𝑝𝑙𝑎𝑛𝑡) 
=

𝑄𝑝(𝑝𝑙𝑎𝑛𝑡)

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)
 𝑥100                                                                                                  (51) 334 

𝐶𝑓,𝑖(𝑠) = 𝐶𝑟,𝑖(𝑠−1)                                for s ≥ 2                       (52) 335 

𝑃𝑓(𝑖𝑛)(𝑠) = 𝑃𝑓(𝑜𝑢𝑡)(𝑠−1)                    for s ≥ 2                            (53) 336 

𝑄𝑓(𝑠) = 𝑄𝑟(𝑠−1)               for s ≥ 2                (54) 337 

𝑄𝑟(𝑠) = ∑ 𝑄𝑟(𝑃𝑉)
𝑛
𝑃𝑉=1       n represents the number of the used pressure vessels per stage    (55) 338 

𝑄𝑝(𝑠) = ∑ 𝑄𝑝(𝑃𝑉)
𝑛
𝑃𝑉=1                                                                                                                                  339 

(56) 340 

𝑄𝑓(𝑠) 𝐶𝑓,𝑖(𝑠) = 𝑄𝑟(𝑠) 𝐶𝑟,𝑖(𝑠) + 𝑄𝑝(𝑠) 𝐶𝑝,𝑖(𝑠)                         (57) 341 

°𝐵𝑟𝑖𝑥𝑖𝑛(𝑠) = 0.09945 (∑  𝐶𝑓,𝑖(𝑠)
𝑛
𝑖=1 )

 
         n represents the number of sugar compounds         342 

(58) 343 

°𝐵𝑟𝑖𝑥𝑜𝑢𝑡(𝑠) = 0.09945 (∑  𝐶𝑟,𝑖(𝑠)
𝑛
𝑖=1 )

 
                                                                                             344 

(59) 345 

𝑅𝑒𝑗𝑖(𝑠) =
𝐶𝑓,𝑖(𝑠) −𝐶𝑝,𝑖(𝑠)

𝐶𝑓,𝑖(𝑠)
 𝑥100                             i represents any used sugar compound                 346 

(60) 347 

𝑅𝑒𝑐(𝑠) 
=

𝑄𝑝(𝑠)

𝑄𝑓(𝑠)
 𝑥100                                                                                                                348 

(61) 349 

Also, the same criterion of the model equations has been used to describe the connection 350 

between the three elements inside each pressure vessel as follows.  351 
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𝑄𝑓(𝑃𝑉)(𝑠) =
𝑄𝑓(𝑠)

𝑛(𝑃𝑉)
              𝑛(𝑃𝑉) represents the number of pressure vessels in the stage         352 

(62) 353 

𝑄𝑝(𝑃𝑉) = ∑ 𝑄𝑝,𝑒
𝑒
𝑛=1            𝑒 represents the number of elements per each pressure vessel           354 

(63) 355 

𝑃𝑓(𝑖𝑛)(𝑃𝑉) = 𝑃𝑓(𝑖𝑛)(𝑠)                      (64) 356 

𝑃𝑓(𝑜𝑢𝑡)(𝑃𝑉) = 𝑃𝑓(𝑜𝑢𝑡)(𝑒=3)        𝑒 = 3 represents the third membrane element in PV            357 

(65) 358 

𝐶𝑓,𝑖(𝑃𝑉) = 𝐶𝑓,𝑖(𝑠)                                                                   (66) 359 

𝐶𝑟,𝑖(𝑃𝑉) = 𝐶𝑟,𝑖(𝑒=3)                                                                                                                  360 

(67) 361 

Finally, a simulation model was developed for a spiral-wound reverse osmosis membrane 362 

module in a steady state mode and for a multi-stage plant that describe the variation of all the 363 

operating parameters along the stages using the gPROMS software (general Process 364 

Modelling System) developed by Process System Enterprise Ltd. (2001). The gPROMS 365 

Model builder provides a modelling platform for the steady state and dynamic simulation, 366 

optimisation, experiment design and parameter estimation of any process. The model 367 

equations have been solved for a given inlet plant feed flow rate, pressure, sugar compounds 368 

concentrations and temperature. Also, the proposed model can predict the variation of all 369 

parameters along the stages and the outlet apple juice product specification. 370 

The process model presented in Section 2 can be written in the following compact form:  371 

f(t, x(t), x¯(z), u(z), v) = 0;    [t0, tf] 372 

Where, t is the independent variable (time), x(t) is the set of all differential and algebraic 373 

variables, x¯(t) represents the derivative of x(t) with respect to time, u(t) is the control 374 

variables and v denotes the constant parameters of the process. The time interval under 375 

consideration   [t0, tf] and function f are assumed to be continuously differentiable with 376 

respect to all their arguments. 377 

 378 

 379 

 380 
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 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

 395 

 396 

 397 

 398 

 399 

 400 

 401 

 402 

Fig. 1. Five different tested RO networks 403 

3. Optimisation technique 404 

3.1 Problem description and formulation 405 
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The objective of this section is to show the development of the RO optimisation framework 406 

based on the apple juice concentration process using multi-stage RO networks as shown in 407 

Fig. 1. This involves five different RO configurations and the optimisation methodology 408 

developed enables the selection of the optimal RO network configuration that can achieve a 409 

higher concentration of apple juice measured in °Brix. The optimum design of RO network is 410 

investigated for inlet apple juice feed concentration of 10.5 °Brix with equivalent 411 

concentrations of sugar compounds as given in Table 1. These are in turn used to analyse the 412 

influence of operating parameters of the process on the juice concentration for the selected 413 

RO network. The objective function of the optimisation algorithm developed is to maximise 414 

the apple juice concentration subjected to process and module constraints. The algorithm uses 415 

the specification and geometry of a spiral-wound membrane (MSCB 2521 R99, Sparem Spa., 416 

Biella, Italy) and the module constraints of inlet pressure, flow rate and temperature as given 417 

in Table 2. It is noted that the feed of 10.5 °Brix has concentrated to a maximum value of 418 

11.325 °Brix using the same above RO membrane at operating conditions of 34.54 atm, 419 

5.5556E-5 m³/s and 20 °C of feed pressure, flow rate and temperature respectively (Al-Obaidi 420 

et al., 2017). This will therefore raise the product concentration by using a multi-stage RO 421 

network.  422 

The optimisation problem is described as follows: 423 

Given: Operating feed conditions, module specifications. 424 

Optimise: Inlet feed pressure, flow rate and temperature (the optimisation variables). 425 

Maximise: The product concentration of apple juice of the RO network under consideration. 426 

Subject to: Equality (process model, Section 2) and inequality constraints (linear bounds of  427 

                  optimisation variables). 428 

Therefore, the optimisation problem is represented mathematically as follows: 429 

               Max                     °Brixout(plant) 430 
𝐹𝑏(𝑝𝑙𝑎𝑛𝑡), 𝑃𝑓(𝑝𝑙𝑎𝑛𝑡), 𝑇(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡) 

 431 

Subject to:  432 

                  Equality constraints:  433 

                          Process Model:        f(z, x(z), x¯(z), u(z), v) = 0;    [z0, zf]   434 
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                Inequality constraints:                            435 

                                                                 𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)
𝐿 ≤  𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)  ≤  𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)

𝑈
 436 

                                                      𝑃𝑓(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)
𝐿 ≤  𝑃𝑓(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)  ≤  𝑃𝑓(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)

𝑈 437 

                                                        𝑇(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)
𝐿 ≤  𝑇(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡) 

 ≤  𝑇(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)
𝑈 438 

Where, U and L are the upper and lower bounds of the optimisation variables. Also, the 439 

optimisation problem entails the constraints shown below of a single spiral-wound RO 440 

membrane as follows, which satisfy the maximum and minimum practical bounds of the 441 

operating conditions: 442 

                  𝑄𝑓
𝐿

≤  𝑄𝑓  
≤  𝑄𝑓

𝑈
 443 

      𝑃𝑓(𝑖𝑛)
𝐿

≤  𝑃𝑓(𝑖𝑛) 
≤  𝑃𝑓(𝑖𝑛)

𝑈
 444 

                    𝑇 
𝐿 ≤  𝑇  ≤  𝑇 

𝑈 445 

The limits of decision variables of inlet feed flow rate, pressure and temperature of a single 446 

RO membrane are given in Table 2. All these constraints are usually specified by the 447 

membrane manufacture.  448 

Table 1. Characteristics of the sugar compounds and their inlet concentration in the 449 

model solution of 10.5 °Brix (Álvarez et al., 2002, Al-Obaidi et al., 2017) 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

     Table 2. Specifications of the spiral-wound membrane element and module constraints (Álvarez et al., 2002) 462 
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 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

4. RO networks optimisation results 473 

For the inlet feed apple juice concentration of 10.5 °Brix, the optimisation results obtained 474 

for the five scenarios of RO networks shown in Fig. 1 for two cases (one and three) of the 475 

number of elements per each pressure vessel are shown in Table 3. Also, the optimum 476 

decision variables of each RO network and its performance regarding the product 477 

concentration measured in °Brix can be shown in Table 3. 478 

 479 

Table 3. Comparison of outlet apple juice concentration for five cases of RO networks 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

It is noted that scenario D has achieved the optimum product concentration of 25.44 °Brix in 489 

comparison with other scenarios with a concentration percentage increase of 142%. This is in 490 

comparison to the outputs of one element of 7.85% concentration increase. Also, it is 491 

expected that the concentration of the juice is positively proportional to the number of 492 

elements for each 493 

pressure vessel. Interestingly, it is expected that the organic acids and flavour components are 494 

not changed after concentrating the apple juice to 25.44 °Brix.  Miyawaki et al. (2016) 495 
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confirmed that no substantial differences were observed for the apple juice before and after 496 

concentration from 13.7 to 25.5 °Brix using a progressive freeze-concentration system. In 497 

addition, the optimisation results of Table 3 show that both operating pressure and flow rate 498 

are the most important operational parameters, which significantly affect the performance of 499 

RO membrane in respect of the optimum values of juice concentration. While, the 500 

temperature has a lower impact where the optimum °Brix can be implemented with lower 501 

than the upper temperature bound for most scenarios. Interestingly, the optimum °Brix of all 502 

the scenarios requires high operating pressure and lower feed flow rate with a range of 35 to 503 

50 °C of temperature, which will be explained in the next section. It can be said that the 504 

optimisation methodology has selected the upper bound of operating pressure due to the 505 

necessity to overcome the high osmotic pressure of apple juice. Gostoli et al. (1995) 506 

confirmed that the osmotic pressure of an orange juice is increased from 15 bar to 190 bar as 507 

a result to an increase in the total solids from 11% to 60%.  508 

The feasibility of the recent work is comparable to the performance of an integrated process 509 

of Matta et al. (2004) comprising ultrafiltration UF, microfiltration MF and reverse osmosis 510 

RO used for concentrating acerola juice. Specifically, the clarification and concentration of 511 

acerola juice processes were conducted in three tubular UF and MF membranes (0.05 m²) 512 

followed by a film composite RO membrane (0.72 m²). it was observed that juice having 7.1 513 

°Brix is concentrated to 29.2 °Brix at operating conditions of pressure and temperature of 100 514 

kPa, 30 °C at UF/MF membranes and 6000 kPa, 25 °C at RO membrane.     515 

  516 

5. Analysing the impact of operating parameters on the plant product concentration 517 

Here, the model developed is used to simulate the process, explore the sensitivity of the 518 

model to different parameters of the process, and take an overview of the outlet apple juice 519 

concentration measured in °Brix for the optimum RO network (scenario D) of four pressure 520 

vessels and twelve elements in series under the impact of varying the process parameters.  521 

Firstly, it is important to study the impact of operating pressure, flow rate and temperature on 522 

sugar species rejection due to its relationship with the bulk and retentate concentration of 523 

apple juice. 524 

Figs. 2, 3 and 4 illustrate the variation of sugar species rejection (sucrose, glucose, malic acid, 525 

fructose and sorbitol) as a result to increase in operating pressure at three cases of feed flow 526 

rate at constant temperature of 40 °C. 527 

 528 

 529 
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 530 

 531 

 532 

 533 

 534 

 535 

 536 

 537 

Fig. 2. Sugar species rejection as a function of operating pressure at inlet feed flow rate  538 
and temperature of 1E-3 m³/s and 40 °C 539 

 540 
 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

Fig. 3. Sugar species rejection as function of operating pressure at inlet feed flow rate  551 
and temperature of 1E-4 m³/s and 40 °C 552 

 553 
 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

Fig. 4. Sugar species rejection as a function of operating pressure at inlet feed flow rate  564 
and temperature of 3.7E-5 m³/s and 40 °C 565 

 566 
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The expectation that increasing inlet feed pressure will increase sugar rejection due to 567 

accelerating water flux as denoted by Eq. (1). However, it seems that this phenomenon is 568 

confirmed for medium and high feed flow rates in comparison to lower ones. This is 569 

attributed to the increase in concentration and the osmotic pressure of the feed side, which in 570 

turn increases sugar flux through the membrane and permeate concentration at lower feed 571 

flow rate conditions. Therefore, sugar retention is decreased due to an increase in operating 572 

pressure as denoted by Eq. (35). While, increasing inlet feed flow rate would increase water 573 

flux and sugar rejection, since this would reduce the concentration polarization impact as 574 

shown in Figs. 2 and 3. The same impact of inlet feed flow rate was observed by Álvarez et 575 

al. (2001) who concluded that the permeate flux and aroma rejection are increased due to an 576 

increase in feed flow rate of an individual single spiral-wound RO process.   577 

The response of product concentration for the variation of both inlet feed pressure of 2200 to 578 

4200 kpa and flow rate of 3.68E-5 to 1E-3 m³/s at constant operating concentration and 579 

temperature of 10.5 °Brix and 40 °C respectively is shown in Fig. 5.  580 

 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 

 591 

 592 

 593 

Fig. 5. Impact of variation in inlet feed pressure and flow rate on product concentration at fixed inlet feed 594 
concentration and temperature of 10.5 °Brix and 40 ºC 595 

 596 

Interestingly, Fig. 5 shows that the product concentration increases markedly due to the 597 

increase in operating pressure at low feed flow rate, which is comparable to high feed flow 598 

rate conditions. It is concluded from Fig. 4 that the sugar species rejection decreases with an 599 

increase in the operating pressure at low feed flow rate in addition to an increase in water and 600 

sugar fluxes. Therefore, the retentate flow rate will be decreased and concentrated due to high 601 
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rates of filtration with higher feed residence time. Simply, increasing operating pressure can 602 

enhance the concentration of feed in the subsequent sub-sections of feed channel since the 603 

solute is retained in the wall with the diffusion of water through the membrane.   604 

In contrast, using high feed flow rate conditions can cause a slight increase in product 605 

concentration. This event is caused by an increase of the water flux and retention parameter 606 

by increasing the operating pressure at high inlet feed flow rate conditions (Fig. 2). Simply, 607 

increasing inlet feed flow causes a reduction of osmotic pressure of feed channel and wall 608 

membrane concentration, which in turn reduces solute flux through the membrane. However, 609 

at higher operating feed flow rate, the progress of retentate concentration along the membrane 610 

channel is noticeably lower than the case of lower feed flow rate conditions, due to lower 611 

residence time of filtration. Additionally, Fig. 6 shows an inverse relation between the 612 

retentate sugar concentration and operating feed flow rate at three operating pressures and 613 

constant temperatures. Consequently, the outlet product concentration will be increased as a 614 

function of the decreasing operating feed flow rate at any operating pressure.  615 

 616 

 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

Fig. 6. Sugar species retention concentration verse operating pressure at two inlet feed flow rates and inlet feed 626 
concentration and temperature of 3.68E-5 and 1E-3 m³/s, 10.5 °Brix and 40 °C 627 

 628 

The response of product concentration for the variation of both inlet feed pressure of 2200 to 629 

4200 kpa and inlet feed temperature of 30 to 45 °C at constant operating concentration and 630 

flow rate of 10.5 °Brix and 4E-5 m³/s respectively is shown in Fig. 7.   631 

 632 

 633 
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 635 
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 641 

 642 

 643 

 644 

 645 

 646 

Fig. 7. Impact of variation in inlet feed pressure and temperature on product concentration at fixed inlet feed 647 
concentration and flow rate of 10.5 °Brix and 4E-5 m³/s 648 

 649 

Fig. 7 shows that the temperature variation has inconsiderable impact on product 650 

concentration in comparison with the operating pressure. Interestingly, Figs 8 and 9 clearly 651 

show that the rejection of all sugar species decreases due to an increase in the operating 652 

temperature in two different feed flow rates, which is quite similar to the findings of aroma 653 

compounds retention in different study of Al-Obaidi et al. (2017). Moreover, Chou et al. 654 

(1991) observed that an increase in operating temperature from 20 °C to 40 °C tends to 655 

increase the permeation rate at the penalty of lowering the retention of volatiles compounds. 656 

The probable explanation for this can be that by increasing feed temperature, density and 657 

viscosity decrease and water permeation rate through membrane and diffusivity parameter 658 

increase. Also, the solubility of sugar species increases and higher diffusion rate of sugar 659 

through the membrane is possible due to the variation of pore size of the polymeric 660 

membrane, which ultimately reduces the rejection parameter and reduces the retentate flow 661 

rate with somehow elevated product concentration. Zainal et al. (2000) studied the impact of 662 

operating temperature on the physical properties of pink guava juice and showed that 663 

increasing the temperature causes a decrease in consistency coefficient, which result in an 664 

increase in the flow behaviour index due to less resistance flow.   665 

 666 

 667 

 668 

 669 
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 671 
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 672 

 673 

 674 

 675 

 676 

 677 
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 679 

 680 

Fig. 8. Sugar species rejection as a function to operating feed temperature at inlet feed  681 
concentration and flow rate of 10.5 Brix and 3.68E-5 682 
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 693 

Fig. 9. Sugar species rejection as a function to operating feed temperature at inlet feed  694 
concentration and flow rate of 10.5 Brix and 1E-3 695 

 696 

6. Conclusions 697 

The process of apple juice concentration using a multi-stage RO network based on a spiral-698 

wound module is mathematically modelled to simulate and optimise the concentration of 699 

apple juice taking into account the limits of operation and the constraints of both the module 700 

and RO layout. Accordingly, several differential equations have been developed based on the 701 

solution-diffusion model taking into account the effect of all sugar species in the calculation 702 

of osmotic pressure. Also, the model incorporates the physical properties of apple juice using 703 

the empirical equations that shows the impact of concentration and temperature. The 704 

optimisation results have shown that the series configuration of twelve elements of 1.03 m² 705 

area can increase the product concentration of apple juice by about 142% in comparison to 706 
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one element.  Furthermore, the impact of the main operating parameters of feed pressure, 707 

flow rate and temperature on the product specification were investigated for the optimum RO 708 

network. It is concluded that the feed pressure and flow rate have weighty impact on apple 709 

juice concentration in comparison to inconsiderable impact of feed temperature. Further work 710 

is planned to optimise the apple juice concentration by weighing the impact of the high 711 

module area and different layouts of recycled RO network. 712 

 713 
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 837 

Fig. 1. Five different tested RO networks 838 
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 839 

Table 1. Characteristics of the sugar compounds and their inlet concentration in the 840 

model solution of 10.5 °Brix (Álvarez et al., 2002, Al-Obaidi et al., 2017) 841 

Compound 

Molecular 

weight 𝑀𝑤𝑡, 

(kg/kmol) 

Concentration 

𝐶𝑏(0), 

(kmol/m³) 

Molar 

volume, Vbp,A 

(m³/kmol) 

Sugar compound 

transport 

parameter,𝐵𝑠,25 °𝐶 (m/s) 

sucrose 342 0.0355 0.2156 2.3299E-10 

glucose 180 0.1380 0.1169 6.1146E-8 

malic acid 134 0.0291 0.0833 5.4000E-8 

fructose 180 0.3407 0.1063 4.2660E-8 

sorbitol 182 0.0184 0.1223 5.3158E-8 

 842 

 843 

Table 2. Specifications of the spiral-wound membrane element and module constraints (Álvarez et al., 2002) 844 

Make Sparem Spa. (Biella, Italy) 

Membrane type and configuration 
MSCB 2521 R99, Spiral-wound,  

Polyamide membrane 

Active surface area (A) (m²) 1.03 

Feed and permeate spacer thickness (tf) (m)           7E-4  

Membrane sheet length (L) and width (W) (m) 0.44 and 2.3409 

Hydraulic diameter (m) 9.6E-4 

Max. operating pressure (kpa) 4200   

Max. operating temperature (°C) 50  

Min. and Max. feed flow rate (m³/s) 2.5E-5 – 1.6667E-4  

Spacer type  NALTEX-151-129 

A' (dimensionless) * 7.38 

n (dimensionless) * 0.34 

𝜖 (dimensionless) ** 0.9058 

    *: Da Costa et al. (1994) 845 
    **: Al-Bastaki and Abbas (2003) 846 

 847 

Table 3. Comparison of outlet apple juice concentration for five cases of RO networks 848 

Scenario 
Elements 

number 

The decision variables 

𝑄𝑓(𝑝𝑙𝑎𝑛𝑡)(m³/s)          𝑃𝑓(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)(kpa)     𝑇(𝑖𝑛)(𝑝𝑙𝑎𝑛𝑡)(°C) 
°𝐵𝑟𝑖𝑥𝑜𝑢𝑡(𝑝𝑙𝑎𝑛𝑡) 

A 
1   5.00E-5 4200 49.22 14.84 

3   5.00E-5 4200 50.00 22.41 

B 
1   2.50E-5 4200 42.80 15.39 

3   2.50E-5 4200 44.66 23.67 

C 
1   2.50E-5 4200 42.51 15.40 

3   2.50E-5 4200 45.00 23.68 

D 
1   2.50E-5 4200 46.92 16.76 

3   3.68E-5 4200 45.00 25.44 

E 
1   1.00E-4 4200 35.50 12.08 

3   1.00E-4 4200 46.84 15.21  

 849 

 850 
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 851 

Fig. 2. Sugar species rejection as a function of operating pressure at inlet feed flow rate  852 
and temperature of 1E-3 m³/s and 40 °C 853 

 854 

 855 

Fig. 3. Sugar species rejection as function of operating pressure at inlet feed flow rate  856 
and temperature of 1E-4 m³/s and 40 °C 857 

 858 

 859 

Fig. 4. Sugar species rejection as a function of operating pressure at inlet feed flow rate  860 
and temperature of 3.7E-5 m³/s and 40 °C 861 
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 863 

Fig. 5. Impact of variation in inlet feed pressure and flow rate on product concentration at fixed inlet feed 864 
concentration and temperature of 10.5 °Brix and 40 ºC 865 

 866 

 867 

Fig. 6. Sugar species retention concentration verse operating pressure at two inlet feed flow rates and inlet feed 868 
concentration and temperature of 3.68E-5 and 1E-3 m³/s, 10.5 °Brix and 40 °C 869 
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 872 

Fig. 7. Impact of variation in inlet feed pressure and temperature on product concentration at fixed inlet feed 873 
concentration and flow rate of 10.5 °Brix and 4E-5 m³/s 874 

 875 

 876 

Fig. 8. Sugar species rejection as a function to operating feed temperature at inlet feed  877 
concentration and flow rate of 10.5 Brix and 3.68E-5 878 
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 880 

Fig. 9. Sugar species rejection as a function to operating feed temperature at inlet feed  881 
concentration and flow rate of 10.5 Brix and 1E-3 882 
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