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Abstract: This study investigates reverse osmosis (RO) concentration for high-
salinity iron phosphate wastewater, with emphasis on osmotic pressure behavior, 
water permeability, concentration enhancement, and fouling control. The measured 
osmotic pressure increased markedly with total dissolved solids (TDS) and deviated 
by 18–25% from the ideal van’t Hoff prediction at high ionic strength. A 
temperature-corrected osmotic-pressure model (R2 = 0.987) and a ternary quadratic 
permeability-coefficient model (R2 = 0.99) were established. The water permeability 
coefficient ranged from 3.7 to 12.0 L·MPa−1·m−2·h−1. To extend the RO concentration 
limit, an RO5+RO7 staged configuration was proposed. In this study, the term 
“micro-osmosis membrane process” is used specifically for a two-stage RO 
configuration in which a high-rejection RO5 element is followed by a lower-
rejection RO7 element. Unlike conventional staged RO using the same high-
rejection membrane in both stages, the RO7 element deliberately permits limited 
salt passage to the permeate side, thereby lowering the effective osmotic-pressure 
difference across the second-stage membrane without adding an external draw 
solution. Compared with the conventional RO5+RO5 configuration, this design 
increased the concentration endpoint by 8.4%. Membrane autopsy by SEM-EDS 
indicated that the dominant fouling was Fe-Mn-Ca composite scaling. A targeted 
two-step cleaning strategy, consisting of 1% tetrasodium EDTA + 0.5% ammonia 
water + 0.1% sodium hexametaphosphate alkaline cleaning followed by 2% citric 
acid acid washing, restored the flux recovery rate to >94% and salt rejection to 
99.7%. These results provide a practical RO concentration and cleaning strategy for 
high-salinity iron phosphate wastewater treatment. 

 Keywords: reverse osmosis; iron phosphate wastewater; osmotic pressure; membrane 
fouling; cleaning process 

1. Introduction 

With the rapid development of the new energy industry, iron phosphate, as a precursor for cathode materials 
of lithium-ion batteries, has been produced on an increasingly large scale [1–8]. Consequently, the treatment of 
high-salinity and high-concentration iron phosphate wastewater generated during production has become an 
increasingly prominent issue [9–12]. Such wastewater is characterized by high total dissolved solids (TDS), and 
the coexistence of metal ions (Fe, Mn, Ca, etc.) with phosphate and sulfate ions. Direct discharge not only wastes 
water resources but also causes serious harm to the ecological environment. Therefore, achieving resource 
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utilization and zero discharge of iron phosphate wastewater has become critical to the sustainable development of 
the industry, and how to treat such wastewater economically and efficiently has become a common concern in 
both academia and industry. 

Reverse osmosis (RO) membrane separation technology has been widely used in industrial wastewater 
treatment due to its high salt rejection rate and simple operation [13]. However, for high-concentration iron 
phosphate wastewater, the traditional single-stage reverse osmosis process suffers from engineering problems such 
as low concentration limit, serious membrane fouling, and high operating energy consumption. Most existing 
studies focus on the treatment of low-concentration wastewater and lack systematic mechanism modeling and 
efficient cleaning strategies for the reverse osmosis process of high-concentration iron phosphate wastewater. 
Research on osmotic pressure characteristics, membrane fouling mechanism, and process optimization at high 
concentrations is still insufficient [14–19], which makes it difficult to support the efficient implementation of zero-
discharge projects for such wastewater and restricts the green development of the iron phosphate industry. 
Therefore, it is urgent to carry out research on the mechanism and process optimization of reverse osmosis for 
high-concentration iron phosphate wastewater. 

Despite extensive research on RO treatment of saline industrial effluents, several issues remain unresolved 
for high-strength iron phosphate wastewater from the lithium battery supply chain. Existing studies mainly address 
general high-salinity brines or relatively low-strength iron phosphate wastewater, whereas the simultaneous effects 
of ultra-high osmotic pressure, Fe-Mn-Ca-phosphate/sulfate scaling, and multi-stage RO configuration have rarely 
been examined using real industrial effluents. In engineering applications, these coupled factors cause rapid flux 
decline, frequent chemical cleaning, and limited recovery. In addition, osmotic-pressure prediction for such multi-
component electrolytes has seldom been validated experimentally, which limits accurate pressure design and stable 
operation. Therefore, a process-oriented study integrating osmotic-pressure modeling, permeability prediction, 
membrane configuration optimization, and fouling control is required. 

Recent studies from 2022–2025 have advanced high-salinity wastewater treatment [20–22], permeability 
prediction, membrane-process simulation [23,24], chemical cleaning [25–27], and resource utilization [28,29], as 
well as RO transport theory, membrane fouling control, electrolyte non-ideality, and confined-water dynamics in 
polyamide membranes [30–34]. These studies provide useful guidance for multi-stage RO design, pressure-driven 
water transport, membrane autopsy, and chemical cleaning. Nevertheless, their findings have not been 
systematically adapted to high-concentration iron phosphate wastewater, in which ammonium, sulfate, phosphate, 
Fe, Mn, and Ca coexist and generate strong non-ideal electrolyte behavior and composite scaling. This study 
addresses this application-specific gap. 

In this study, the pretreated effluent from iron phosphate production filtrate supplied by Hubei Xingyou New 
Energy Technology Co., Ltd. (Hubei Province, China) was used as the research object. The novelty of this work 
lies in coupling measured osmotic-pressure behavior of real iron phosphate wastewater with a deliberately 
asymmetric RO5+RO7 staged configuration and a fouling-specific cleaning strategy, rather than simply applying 
conventional staged high-pressure RO. 

The specific objectives of this study are: 
 To establish and validate osmotic-pressure and water-permeability prediction models for high-concentration 

iron phosphate wastewater. 
 To evaluate an RO5+RO7 micro-osmosis membrane configuration for increasing the RO concentration endpoint. 
 To identify the dominant Fe-Mn-Ca composite fouling mechanism and develop a targeted chemical cleaning 

strategy. 
By systematically investigating the variation law of wastewater osmotic pressure with concentration and 

temperature, optimizing the parameters of the membrane combined process, and screening and verifying high-
efficiency cleaning formulas, this study aims to provide a theoretical basis and technical support for the engineering 
application of reverse osmosis concentration of high-salinity iron phosphate wastewater, which is of great 
significance for promoting the resource treatment of high-salinity wastewater in the new energy industry. 

2. Materials and Methods 

2.1. Materials 

The experimental water was real pretreated effluent from the iron phosphate production filtrate supplied by 
Hubei Xingyou New Energy Technology Co., Ltd. (Wuhan, China), rather than synthetic wastewater. The main 
components included sulfate, ammonia nitrogen, and dihydrogen phosphate (expressed as total phosphorus), and 
the detailed water-quality analysis is presented in Table 1. 
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Chemicals: Sodium hydroxide (NaOH), ammonia water, 4Na-EDTA, sodium hexametaphosphate, sodium 
tripolyphosphate, oxalic acid, sodium bisulfite, and sodium dodecyl sulfate (SDS) were used in this study. All 
reagents were of analytical grade and used as received without further purification. 

Instruments: A Hangzhou Tianchuang membrane performance tester was employed for osmotic-pressure and 
membrane-performance evaluation. The permeability-coefficient tests were performed using membrane sheets 
dissected from DuPont FilmTec SW30XFR-400/34i seawater extra fouling-resistant RO elements. According to 
the DuPont product data sheet [35], SW30XFR-400/34i has an active area of 400 ft2 (37 m2), a 34 mil feed spacer, 
a permeate flow rate of 7500 GPD (28.4 m3·d−1), a stabilized NaCl rejection of 99.8%, a minimum NaCl rejection 
of 99.65%, and a stabilized boron rejection of 92% under standard seawater test conditions. The engineering-scale 
verification system used DuPont FilmTec SW30HRLE-400 seawater RO elements, and the design membrane area 
used for system-scale calculation was 37 m2 per element according to the engineering design data. Therefore, the 
value of 37 m2 per element refers to the DuPont seawater RO membrane-sheet and engineering-verification 
calculation, rather than to the Veolia RO5 or RO7 elements used in the staged concentration test. A TC-8040 high-
pressure membrane separation system equipped with commercial 8040 spiral-wound RO elements was used for 
the staged concentration experiments. The RO5 and RO7 elements were Industrial RO membranes supplied by 
Veolia Water Technologies & Solutions (formerly GE/SUEZ). According to the Veolia product information [36], 
Industrial RO5 8040F50 has an average flow rate of 7400 GPD (28.0 m3·d−1), an average NaCl rejection of 99.5%, 
an effective membrane area of 269 ft2 (25.0 m2), a 50 mil (1.27 mm) feed spacer, a maximum operating pressure 
of 1200 psi (80 bar), and a maximum operating temperature of 50 °C. Industrial RO7 8040F35 has an average 
flow rate of 10,500 GPD (39.7 m3·d−1), an average NaCl rejection of 92%, an effective membrane area of 330 ft2 
(30.7 m2), a 35 mil (0.89 mm) feed spacer, a maximum operating pressure of 1200 psi (80 bar), and a maximum 
operating temperature of 50 °C. The commercial RO elements used in this study were polyamide thin-film 
composite membranes; their separation layer was an aromatic polyamide active layer supported by a porous 
polymeric substrate. These specifications distinguish RO7 as a lower-rejection RO element rather than an NF 
element. SEM-EDS was used to characterize membrane fouling and elemental composition. An atomic absorption 
spectrophotometer and an ultraviolet spectrophotometer were applied to determine metal ions and other water-
quality parameters, respectively. 

Table 1. Raw water quality of iron phosphate wastewater. 

No. Test Item Filtrate 
1 pH 1.77 
2 Sulfate 53.6 g·L−1 
3 Ammonia nitrogen 13.5 g·L−1 
4 Total phosphorus 1376 mg·L−1 

2.2. Methods 

Osmotic Pressure Measurement: The membrane osmotic method was adopted because it directly measures 
equilibrium pressure and is more suitable than ideal TDS-based calculation for concentrated multi-component 
electrolyte wastewater. The raw water used in this study was real industrial wastewater; only the concentration-
gradient osmotic-pressure test was prepared by evaporating the pretreated filtrate to obtain dissolved solids and 
then reconstituting the solids to 5–200 g·L−1. This approach maintained the main inorganic salt matrix of the 
original filtrate while allowing controlled concentration gradients. Possible changes in volatile components during 
drying were considered as a limitation when interpreting the osmotic-pressure model. The pressure at osmotic 
equilibrium was recorded using a Hangzhou Tianchuang membrane tester (Figure 1), with temperature controlled 
at ±0.5 °C. 

Membrane Performance Test: The water-permeability coefficient model was developed from membrane-
performance tests using membrane sheets dissected from DuPont FilmTec SW30XFR-400/34i seawater RO 
elements, whose full-element product data list an active area of 400 ft2 (37 m2) and a 34 mil feed spacer. The 8040 
high-pressure membrane separation unit is shown in Figure 2, and the membrane concentration/permeate 
circulation mode is shown in Figure 3. The effects of temperature T (15, 25, and 35 °C), membrane surface flux F 
(8, 12, and 16 LMH), and feed concentration C (50, 100, and 150 g·L−1) on water permeability coefficient A 
(L·MPa−1·m−2·h−1) and salt rejection R (%) were investigated. For each operating condition, the membrane system 
was operated until feed pressure, permeate flow, and permeate conductivity reached stable values. Independent 
triplicate experiments were not conducted because the experiments used real industrial wastewater and large-
volume membrane-performance testing; therefore, the reported values are stabilized operating data rather than 
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mean ± SD results. The relationship was fitted using a ternary quadratic equation and the least-squares method, as 
shown in Equation (1). An L27(33) orthogonal design was used, and nonlinear regression was conducted in Python 
3.10 using the open-source NumPy and SciPy libraries (NumPy 1.24.3 and SciPy 1.10.1, scipy.optimize.curve_fit). 
The fitted model was further verified using actual operating data from an engineering-scale membrane system 
treating the same type of iron phosphate wastewater. 

A = a1T2 + a2C2 + a3F2 + a4TC + a5CF + a6TF + a7T + a8C + a9F + a10 (1)

A: Water permeability coefficient, unit: L·MPa−1·m−2·h−1; 

T: Operating temperature, unit: °C; 
C: Total dissolved solids, unit: g·L−1; 

F: Membrane surface flux, unit: L·m−2·h−1; 
a1–a10: Model coefficients obtained by regression fitting. 

 

Figure 1. Membrane performance tester. 

 

Figure 2. 8040 high-pressure membrane separation unit. 
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Figure 3. 8040 high-pressure membrane separation system test process. 

Micro-osmosis Membrane Combined Application Test: The 8040 membrane test equipment was used with 
RO5 and RO7 elements. RO5 was a high-rejection industrial RO membrane, whereas RO7 was a lower-rejection 
industrial RO membrane with higher salt passage. In this work, “micro-osmosis” does not refer to a standard 
membrane category; it denotes the deliberate use of a lower-rejection RO7 element after a high-rejection RO5 
element to create internal osmotic assistance. The process differs from conventional staged RO because the second 
stage does not use the same high-rejection RO membrane; it differs from loose RO alone because the first RO5 
stage still maintains high product-water quality; and it differs from osmotically assisted RO because no external 
draw solution is introduced. Controlled salt passage through RO7 increases the permeate-side osmotic pressure 
and reduces the osmotic-pressure penalty across the second-stage membrane, thereby helping maintain positive 
net driving pressure at higher concentrate salinity. The process configuration and internal osmotic-relief 
mechanism are illustrated in Figure 4. Four feed solutions with TDS concentrations of 50, 100, 120, and 150 g·L−1 
were prepared. The feed pH was adjusted to 5.5, the temperature was maintained at 25 °C, and the average endpoint 
permeate flux was controlled at 5 L·m−2·h−1. The final concentrate concentration, salt rejection, and required 
operating pressure were recorded. 

 

Figure 4. Schematic illustration of the RO5+RO7 micro-osmosis composite membrane process and its internal 
osmotic-relief mechanism. 
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Membrane Fouling Control Test: The fouling morphology was characterized by SEM, and its composition 
was analyzed by EDX. The fouled membrane element was disassembled into membrane sheets, and the pre-
cleaning test was carried out using a membrane tester in accordance with the Chinese national standard GB/T 
32373-2015 “Test Methods for Reverse Osmosis Membranes”: the test solution was sodium chloride with a 
concentration of 32,000 mg·L−1, the test temperature was 25±1 °C, the test pressure was 5.5 MPa, and the pH was 
8.0. Before the test, the salt rejection rate of the fouled membrane sheet was 99.33%, and the operating flux was 
22.9 L·m−2·h−1 (the new membrane was 31 L·m−2·h−1). The cleaning agents were selected as follows: the chelating 
agent was mainly 4Na-EDTA + sodium tripolyphosphate, the surfactant was sodium dodecyl sulfate (SDS), the 
reducing protective agent was sodium bisulfite, the solubilizer was ammonia water, and the dispersant was sodium 
hexametaphosphate. Five different combinations were used, and the soaking time was selected as 2 and 4 h, 
respectively. The cleaning temperature was selected at 35 °C. Secondary acidic cleaning was performed using 2% 
citric acid, and the cleaning conditions are shown in Table 2. After cleaning, the recovery of flux and salt rejection 
was tested to screen the efficient cleaning agents for wastewater pollutants. 

Table 2. Different cleaning conditions. 

No. Cleaning Agent Formulation Secondary  
Acidic Cleaning 

Cleaning Time 
(h) 

1 0.8% 4Na-EDTA + 0.2% sodium tripolyphosphate No 2 

2 1% 4Na-EDTA + 0.5% ammonia water + 0.1%  
sodium hexametaphosphate No 2 

3 1% 4Na-EDTA + 0.025% SDS No 2 
4 1% 4Na-EDTA + 0.5% sodium bisulfite No 2 
5 1% 4Na-EDTA + 0.1% sodium hexametaphosphate No 2 
6 0.8% 4Na-EDTA + 0.2% sodium tripolyphosphate Yes 2 

7 1% 4Na-EDTA + 0.5% ammonia water + 0.1%  
sodium hexametaphosphate Yes 2 

8 1% 4Na-EDTA + 0.025% SDS Yes 2 
9 1% 4Na-EDTA + 0.5% sodium bisulfite Yes 2 

10 1% 4Na-EDTA + 0.1% sodium hexametaphosphate Yes 2 
11 0.8% 4Na-EDTA + 0.2% sodium tripolyphosphate No 4 

12 1% 4Na-EDTA + 0.5% ammonia water + 0.1%  
sodium hexametaphosphate No 4 

13 1% 4Na-EDTA + 0.025% SDS No 4 
14 1% 4Na-EDTA + 0.5% sodium bisulfite No 4 
15 1% 4Na-EDTA + 0.1% sodium hexametaphosphate No 4 
16 0.8% 4Na-EDTA + 0.2% sodium tripolyphosphate Yes 4 

17 1% 4Na-EDTA + 0.5% ammonia water + 0.1%  
sodium hexametaphosphate Yes 4 

18 1% 4Na-EDTA + 0.025% SDS Yes 4 
19 1% 4Na-EDTA + 0.5% sodium bisulfite Yes 4 
20 1% 4Na-EDTA + 0.1% sodium hexametaphosphate Yes 4 

Note: The proportions in the cleaning agent formulations are all mass ratios. 

3. Results and Discussion 

3.1. Osmotic Pressure Characteristics and Concentration Effects of Iron Phosphate Wastewater 

Iron phosphate wastewater is a typical high-salinity industrial wastewater produced in the new energy 
material industry, and its osmotic pressure behavior directly determines the energy consumption and operational 
stability of membrane concentration systems. As shown in Figure 5, the osmotic pressure increased significantly 
with rising TDS concentration, while the measured values deviated noticeably from those calculated using the 
ideal van’t Hoff equation. This deviation can be attributed to non-ideal electrolyte behavior at high ionic strength, 
including reduced ion activity, ion pairing, and short-range ion–ion interactions. Such behavior is commonly 
described using Pitzer-type activity-coefficient models, which account for interactions among ions and between 
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ions and solvent in concentrated electrolyte solutions [33]. Therefore, direct measurement and temperature 
correction are necessary for pressure design in high-salinity iron phosphate wastewater RO systems. 

The effect of temperature on the osmotic pressure of iron phosphate wastewater is presented in Figure 6. 
Based on the experimental data, a temperature-corrected model for osmotic pressure was established: 

π = π25[1 + 0.023(T − 25)] (2)

π: Osmotic Pressure at the Target Temperature, unit: bar 
π25: Osmotic Pressure at the Target Temperature of 25 °C, unit: bar 
T: Target Operating Temperature, unit: °C 

The coefficient of determination was R2 = 0.987, indicating high fitting accuracy. For 150 g·L−1 wastewater, 
the osmotic pressure increased by approximately 2.1 bar when temperature increased by 10 °C. Therefore, 
temperature elevation does not reduce osmotic pressure; instead, its operational benefit lies in enhancing 
membrane water permeability and reducing solution viscosity, which can lower the hydraulic pressure required to 
maintain a target flux. This clarification is important for pressure design because the osmotic-pressure term and 
membrane-permeability term affect net driving pressure in opposite ways. 

 

Figure 5. Comparison between Fitted Curves of Osmotic Pressure Measurements and Ideal Calculated Values for 
Iron Phosphate Wastewater. 

 
Figure 6. Effect of Temperature on Osmotic Pressure of Iron Phosphate Wastewater. 
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3.2. Water Permeability Coefficient Model 

On the basis of clarifying osmotic pressure characteristics, the water permeability coefficient was further 
studied to provide key parameters for process design. 

Through 27 groups of L27(33) orthogonal tests, the water permeability coefficient A under different operating 
conditions was determined, ranging from 3.7 to 12.0 L·MPa−1·m−2·h−1. Based on the ternary quadratic equation, 
nonlinear least-squares fitting was performed using the curve_fit function in the Python SciPy library, and the 
orthogonal experimental data are summarized in Table 3, and the regression coefficients were obtained (Table 4). 
The fitting coefficient was R2 = 0.985 (rounded to 0.99), demonstrating that the empirical response-surface model 
can describe the combined effects of temperature, membrane surface flux, and feed concentration on water 
permeability within the tested range. 

Table 3. Orthogonal Experiment on Membrane Concentration of Iron Phosphate Wastewater. 

No. T Fp Cf Pf Qp Cp A Salt Rejection 
 °C L·m−2·h−1 mg·L−1 MPa L·h−1 mg·L−1 L·MPa−1·m−2·h−1 % 
1 15 8 50,000 3.26 296 55  6.584 99.89% 
2 25 12 50,000 3.44 444 62  8.602 99.88% 
3 35 16 50,000 3.36 592 79  12.167 99.84% 
4 15 8 100,000 5.32 296 118  5.329 99.88% 
5 25 12 100,000 5.58 444 132  6.814 99.87% 
6 35 16 100,000 5.65 592 169  8.738 99.83% 
7 15 8 150,000 7.73 296 189  3.868 99.87% 
8 25 12 150,000 8.83 444 212  3.787  99.86% 
9 35 16 150,000 8.38 592 268  5.886  99.82% 

10 15 12 50,000 3.59 444 38  7.767  99.92% 
11 25 16 50,000 3.89 592 47  8.672  99.91% 
12 35 8 50,000 2.76  296 153  11.188 99.69% 
13 15 12 100,000 6.10  444 81  5.260 99.92% 
14 25 16 100,000 6.24 592 101  6.608 99.90% 
15 35 8 100,000 4.90  296 328  7.4 99.67% 
16 15 12 150,000 8.73 444 130  3.911 99.91% 
17 25 16 150,000 9.13 592 160  4.613 99.89% 
18 35 8 150,000 7.24 296 518  5.06  99.65% 
19 15 16 50,000 4.51 592 29  6.49 99.94% 
20 25 8 50,000 3.00  296 91  8.377 99.82% 
21 35 12 50,000 3.04 444 105  12.06 99.79% 
22 15 16 100,000 7.14 592 62  4.817 99.94% 
23 25 8 100,000 5.07 296 195  6.394 99.81% 
24 35 12 100,000 5.27 444 222  8.270 99.78% 
25 15 16 150,000 9.96 592 99  3.722 99.93% 
26 25 8 150,000 7.45 296 309  4.474  99.79% 
27 35 12 150,000 7.78 444 355  5.665 99.76% 

Note: T: Temperature, Fp: Water Flux, Cf: Feed Salt Concentration, Pf: Feed Pressure. Qp: Permeate Flow Rate, Cp: Permeate 
Salt Concentration, A: Permeability Coefficient. 

To avoid overinterpreting the high R2 value, model reliability was further evaluated using an independent 
engineering-scale operating dataset. The verification dataset was obtained from a project treating iron phosphate 
wastewater at 30 °C. The system used DuPont FilmTec SW30HRLE-400 seawater RO elements rather than the 
Veolia RO5 or RO7 elements used in the staged concentration experiment. The operating conditions included a 
feed flow rate of 159 m3·h−1, feed TDS of 92 g·L−1, system recovery of 43%, 210 membrane elements, and a design 
membrane area of 37 m2 per element. This engineering dataset was used only to verify the permeability-coefficient 
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model derived from the DuPont FilmTec SW30XFR-400/34i membrane-sheet tests and should not be interpreted 
as an engineering-scale verification of the RO5+RO7 concentration-enhancement configuration. Under these 
conditions, the actual permeate flow was 68 m3·h−1 and the system salt rejection was 99.51%. The model predicted 
a total permeate flow of 68.72 m3·h−1, and the deviation in the required feed driving pressure was within 0.2 MPa, 
corresponding to a relative error below 5%. Considering fouling, concentration polarization, and temperature 
fluctuation during field operation, the prediction accuracy is acceptable for engineering design. 

Table 4. Solution of Mathematical Model for Water Permeability Coefficient of Iron Phosphate Wastewater. 

No. Fitted Variable Coefficient Name Coefficient Value 
1 Te

2 a1 4.172 × 10−3 
2 Cf

2 a2 8.086 × 10−11 
3 Fp

2 a3 −1.344 × 10−2 
4 Te × Cf a4 −1.576 × 10−6 
5 Cf × Fp a5 −1.54 × 10−7 
6 Te × Fp a6 8.093 × 10−3 
7 Te a7 1.124 × 10−2 
8 Cf a8 −2.038 × 10−5 
9 Fp a9 1.779 × 10−1 

10 Constant a10 6.3301 

The model coefficients should be interpreted as empirical response-surface parameters rather than intrinsic 
membrane constants. The linear terms represent first-order effects of temperature, salinity, and flux; the quadratic 
terms describe nonlinear changes in permeability under concentrated wastewater conditions; and the interaction 
terms reflect coupled effects such as the simultaneous influence of salinity and flux on concentration polarization. 
Therefore, the model is applicable mainly within the experimental domain of T = 15–35 °C, C = 50–150 g·L−1, 
and F = 8–16 L·m−2·h−1, as well as to wastewater matrices similar to the iron phosphate wastewater studied here. 
Extrapolation beyond these ranges should be supported by additional pilot or field validation. 

Sensitivity analysis indicates that the water permeability coefficient is most sensitive to temperature, with a 
sensitivity coefficient of 0.22, while the sensitivities to water flux and feed salt concentration are −0.14 and  
−4.2 × 10−6, respectively. This response can be explained by the temperature dependence of solution viscosity, 
water mobility, and transient free-volume connectivity in the polyamide active layer, rather than by a permanent 
enlargement of membrane pores. Recent RO transport studies show that water permeation in polyamide 
membranes is strongly related to pressure-driven transport, polymer-matrix relaxation, and nanoscale water-
diffusion pathways [30,31,34]. The model can provide guidance for optimizing RO operating parameters while 
controlling energy consumption. 

Overall, the fitted model and engineering verification together support its use for preliminary pressure and flux 
design of high-salinity iron phosphate wastewater RO concentration systems within the validated operating range. 

The predicted and experimental values and the relationships between A, temperature, feed salt concentration, 
and membrane surface flux are shown in Figures 7–9. 

 

Figure 7. Predicted versus experimental values of the water permeability coefficient (A). 
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Figure 8. Relationship between water permeability coefficient A, temperature, and feed salt concentration. 

 

Figure 9. Relationship between water permeability coefficient A, temperature, and membrane surface flux. 

3.3. Micro-osmosis Combined Membrane Process 

To reduce reliance on energy-intensive evaporation, a micro-osmosis combined membrane process was 
proposed for high-efficiency concentration of iron phosphate wastewater. 

Concentration experiments were carried out using the RO5+RO7 dual-membrane configuration, and the 
results are listed in Table 5. At an operating pressure of 8 MPa, the final concentrate concentration increased from 
191.4 g·L−1 in the RO5+RO5 configuration to 206.1 g·L−1 in the RO5+RO7 configuration, corresponding to a 
concentration-endpoint improvement of 7.7% based on the measured values, or approximately 8.4% when rounded 
against the nominal 190 g·L−1 endpoint used in the process comparison. The improvement is attributed to the 
controlled salt passage of RO7, which raises permeate-side salinity and partially offsets the osmotic-pressure increase 
on the concentrate side. Therefore, the role of RO7 is not simply to act as another high-pressure RO stage, but to 
provide internal osmotic relief while maintaining an acceptable permeate quality for recycle or subsequent treatment. 
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Table 5. Concentrations of concentrate in micro-osmosis membrane combination process. 

Feed Side Pressure Final Concentrate Concentration Permeate Side Average Salt Concentration 
RO5+RO5 RO5+RO7 RO5+RO5 RO5+RO7 

MPa g·L−1 g·L−1 mg·L−1 mg·L−1 
5.0 120 131 2520 5894 
6.0 143 157 3067 6626 
7.0 168 183 3629 7310 
8.0 190 206 4188 7929 

To clarify the calculation basis, the apparent water/salt balance at the 8 MPa endpoint was recalculated using 
Qf = Qc + Qp and QfCf = QcCc + QpCp, where Qf, Qc, and Qp are feed, concentrate, and permeate flow rates, 
respectively, and Cf, Cc, and Cp are the corresponding TDS concentrations. The feed TDS (150.0 g·L−1) and final 
concentrate TDS values (191.4 and 206.1 g·L−1) were interpreted according to the measured osmotic-pressure 
fitting curve described above. The RO5+RO7 permeate TDS of 7929 mg·L−1 (7.93 g·L−1) listed in Table 5 
represents the average value of the mixed permeate, not the local permeate concentration at the terminal RO7 
membrane. In the RO5+RO7 configuration, approximately 65% of the permeate was produced by the RO5 section 
with a TDS of about 4 g·L−1, whereas approximately 35% was produced by the RO7 section with a TDS of about 
15 g·L−1; therefore, the mixed average was approximately 7.9 g·L−1. For estimating the NDP of the terminal 
membrane stage, the RO7-stage permeate TDS of about 15 g·L−1 was used because it better represents the 
permeate-side osmotic pressure acting across the final RO7 membrane. 

The apparent mass-balance and terminal-membrane net-driving-pressure comparison at the 8 MPa endpoint 
is summarized in Table 6. 

Table 6. Apparent mass-balance and terminal-membrane net-driving-pressure comparison at the 8 MPa endpoint. 

Config. Cf Cc Cp,mix Cp,L Y ΔP πc πp,L NDP,L 
RO5+RO5 150.0 191.4 4.19 4.19 22.1 80 73.9 2.06 8.18 
RO5+RO7 150.0 206.1 7.93 15.0 28.3 80 80.0 7.1 7.1 
Hyp. RO* 150.0 206.1 4.19 4.19 27.8 80 80.0 2.06 2.06 

Note: Cf, Cc, Cp,mix and Cp,L are expressed in g·L−1; ΔP, πc, πp,L and NDP,L are expressed in bar. Cp,mix is the measured 
average TDS of the mixed permeate, whereas Cp,L is the terminal-membrane permeate TDS used for NDP estimation. For 
RO5+RO7, Cp,mix = 7.93 g·L−1 represents the weighted average of RO5 permeate and RO7 permeate; Cp,L ≈ 15.0 g·L−1 
represents the RO7-stage permeate TDS. Hyp. RO* is a hypothetical high-rejection RO element at 206.1 g·L−1 concentrate 
salinity with low terminal permeate salinity, used only to estimate the osmotic-relief contribution of RO7. 

The recalculation shows that the higher TDS of the RO7 permeate increased the permeate-side osmotic 
pressure of the terminal membrane stage and thereby improved the terminal-stage NDP. When Cp,L ≈ 15.0 g·L−1 
was used for the RO7 terminal stage, the estimated NDP remained at approximately 7.1 bar at the higher 
concentrate endpoint of 206.1 g·L−1, which was close to the 8.18 bar estimated for the RO5+RO5 configuration at 
191.4 g·L−1. In contrast, if a high-rejection RO element with low permeate-side salinity were assumed at the same 
206.1 g·L−1 concentrate salinity, the terminal-stage NDP would decrease to only approximately 2.06 bar. 
Therefore, RO7 did not simply increase the mixed permeate TDS; it increased the permeate-side osmotic pressure 
of the final membrane stage, maintained the terminal NDP above 6 bar, and enabled a higher concentration 
endpoint. This is the basis for reducing the downstream evaporation load and achieving the expected marginal 
energy-saving effect. 

The reported energy-saving value should be understood as a marginal engineering estimate. It was calculated 
as ΔE = 0.084 × 50 = 4.2 kW·h·t−1, where 0.084 represents the fractional extension of the RO concentration 
endpoint and 50 kW·h·t−1 represents the assumed energy-consumption difference between membrane 
concentration and evaporation for the marginal amount of water shifted from evaporation to RO treatment. 
Therefore, the value does not represent the total specific energy consumption of the whole system. A complete 
energy analysis should further include pump efficiency, pressure loss, actual recovery, circulation flow, and 
evaporator performance, which will be evaluated in future pilot-scale optimization. 

3.4. Membrane Fouling Control 

Long-term stable operation of membrane systems is restricted by membrane fouling; therefore, fouling 
characteristics and cleaning strategies were systematically analyzed. SEM comparison of virgin and fouled 
membranes showed substantial surface deposits on the fouled membrane (Figure 10), indicating complex mixed 
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fouling. SEM-EDS analysis detected Fe, Mn, Ca and other elements (Figure 11), suggesting that the foulants were 
mainly mixed inorganic scales such as calcium sulfate, manganese phosphate, and iron hydroxide. Such inorganic 
scaling can block effective transport pathways, reduce water permeability, and increase operating pressure, which 
is consistent with recent RO fouling studies [32]. 

For Fe-Mn-Ca composite fouling, a cleaning system combining chelation, dispersion, and acid–alkali synergy 
was designed. Tetrasodium EDTA acted as the main chelating agent and formed soluble complexes with Fe3+, 
Mn2+, and Ca2+, thereby weakening the crystal structure of mixed scales. Ammonia water adjusted the cleaning 
solution to alkaline conditions and enhanced EDTA dissociation. Sodium hexametaphosphate served as a 
dispersant and supplementary chelating agent, preventing detached particles from re-aggregating or redepositing 
on the membrane surface. Secondary cleaning with 2% citric acid was used to remove residual metal hydroxide 
precipitates and restore the surface charge characteristics of the polyamide RO membrane. Compared with single-
component cleaning systems, this multi-component sequence targeted the main inorganic foulants and improved 
both flux and salt-rejection recovery. 

The changes in salt rejection and flux recovery after cleaning under different combinations are illustrated in 
Figure 12. Overall, secondary acid cleaning improved salt rejection, probably because it restored functional groups 
on the polyamide active layer that had been affected during alkaline cleaning. No obvious difference was observed 
between 2 h and 4 h soaking, indicating that the soaking time can be shortened to improve operational efficiency 
without sacrificing cleaning performance. 

 

Figure 10. Morphology of Contaminants. 
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Figure 11. SEM image and EDS spectrum of contaminants. 

  

Figure 12. (a) Salt rejection after cleaning and (b) flux recovery after cleaning under different cleaning formulations. 

Among all tested schemes, Formulations 17# and 20# exhibited the best performance. The optimal process 
consisted of alkaline cleaning with 1% tetrasodium EDTA + 0.5% ammonia water + 0.1% sodium 
hexametaphosphate, followed by secondary acid cleaning with 2% citric acid. The cleaning effect can be attributed 
to the combined action of EDTA chelation, alkaline solubilization, hexametaphosphate dispersion, and citric-acid 
removal of residual metal precipitates. 

The high flux recovery should be interpreted in the context of the standardized post-cleaning membrane-
performance test rather than as the operating flux at a feed salinity of approximately 200 g·L−1; in other words, the 
value of >94% represents cleaning recovery under the standard NaCl test and should not be interpreted as a high-
salinity operating flux at the concentration endpoint. Before cleaning, the fouled membrane sheet showed a flux 
of 22.9 L·m−2·h−1 under the NaCl standard test, compared with 31 L·m−2·h−1 for a new membrane, corresponding 
to an initial recovery of approximately 74%. After targeted cleaning, the flux recovery increased to >94%, 
indicating that most of the resistance was caused by removable inorganic scaling instead of irreversible compaction 
or permanent damage of the polyamide active layer. 

Additional operating records were analyzed to evaluate antifouling behavior, antifouling stability, and post-
cleaning operational recovery. During operation at a feed pressure of 5.5 MPa, the average flux gradually decreased 
from 10.26 to 8.10 L·m−2·h−1 over the first operating period, while salt rejection remained stable at 99.50–99.70%. 
After cleaning, the flux recovered to approximately 9.9 L·m−2·h−1 and then gradually decreased during the 
following operating period, whereas salt rejection remained within 99.43–99.75%. These results indicate that the 
membrane retained stable salt-rejection performance and that the dominant fouling was largely reversible by the 
proposed chelation–dispersion/acid-cleaning sequence. The high recovery was also supported by pretreatment, 
which substantially reduced Fe, Mn, Ca/Mg, fluoride, and turbidity before RO concentration, thereby decreasing 
the load of irreversible particulate fouling. 

4. Discussion 

The flux recovery achieved in this study was higher than that reported for single-component cleaning agents [21], 
which can be attributed to the targeted chelation and dispersion of Fe-Mn-Ca composite scaling. The improvement 
in concentration endpoint is consistent with recent developments in advanced RO concentration and pressure-
driven transport theory [16,30,31,34]. Compared with a conventional RO5+RO5 configuration, RO5+RO7 does 
not rely solely on increasing hydraulic pressure; instead, it uses controlled salt passage in the second stage to 
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reduce the osmotic-pressure penalty at high salinity. The engineering validation reported here refers to the 
permeability-coefficient model and was performed using DuPont SW30HRLE-400 seawater RO elements; the 
RO5+RO7 concentration-enhancement effect was evaluated separately using Veolia RO5 and RO7 elements under 
controlled staged-concentration tests. Nevertheless, the energy-saving calculation is only a marginal estimate and 
should be refined with full-scale pump-efficiency, recovery, pressure-loss, and evaporator-energy data. 

Limitations and Future Prospects 

This study systematically reveals the osmotic pressure characteristics, permeability coefficient variation law, 
process performance, and fouling control mechanism of iron phosphate wastewater in membrane separation systems. 

Although favorable results were obtained under laboratory, staged-configuration, and engineering-
verification conditions, several limitations remain. First, the experiments used real industrial wastewater, but the 
osmotic-pressure gradient was prepared from dried wastewater solids; possible loss of volatile components during 
drying should be considered when applying the osmotic-pressure model. Second, independent triplicate 
experiments were not performed because of the large sample volume and membrane-performance testing 
requirements; the reported values therefore represent stabilized operating data. Third, different RO membranes 
were used for different purposes: DuPont SW30XFR-400 membrane sheets and DuPont SW30HRLE-400 
engineering elements were used for permeability-model fitting and validation, whereas Veolia RO5/RO7 elements 
were used to evaluate the staged concentration-enhancement effect through increased permeate-side salinity and 
reduced osmotic-pressure difference. Fourth, the fouling-control study demonstrated short-term cleaning 
performance and operating stability, but repeated cleaning cycles, long-term membrane aging, and irreversible 
fouling accumulation still require further investigation. Finally, the permeability and osmotic-pressure models 
were established within specific temperature, concentration, and flux ranges, and extrapolation beyond these 
ranges should be supported by additional pilot or field data. 

Future research directions include: 
(1) Developing more efficient and eco-friendly membrane materials and cleaning agents to reduce membrane 

fouling and operational costs; 
(2) Integrating artificial intelligence for real-time monitoring and intelligent control of the membrane separation 

process to improve automation; 
(3) Conducting life cycle assessment to comprehensively evaluate the environmental and economic benefits of 

the micro-osmosis combined process. 

5. Conclusions 

This study demonstrates the feasibility of RO concentration for real high-salinity iron phosphate wastewater 
by integrating osmotic-pressure measurement, permeability prediction, RO5+RO7 configuration optimization, and 
fouling-specific cleaning. The main conclusions are as follows: 
(1) High-salinity iron phosphate wastewater shows non-ideal osmotic-pressure behavior; incorporating activity-

coefficient effects improves pressure estimation for RO design. 
(2) The ternary quadratic permeability model captures the combined effects of temperature, membrane surface 

flux, and feed salinity within the tested range. Engineering-scale verification gave a predicted permeate flow 
close to the actual value and a pressure deviation below 5%, supporting its use for preliminary process design. 

(3) The RO5+RO7 configuration differs from conventional staged RO by using a lower-rejection second-stage 
RO element to provide internal osmotic relief without an external draw solution. This configuration increased 
the practical concentration endpoint to approximately 206 g·L−1 under the 8 MPa pressure limit. 

(4) SEM-EDS confirmed Fe-Mn-Ca composite scaling as the main fouling type. The chelation–dispersion/acid-
cleaning sequence restored flux recovery to >94% under standard test conditions while maintaining high salt 
rejection, indicating that the dominant fouling was largely reversible. Further work should verify repeated 
cleaning cycles, long-term membrane aging, and complete energy consumption at pilot or full scale. 
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