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Abstract: Wastewater from rare earth smelteries contains large amounts of ammonium nitrogen
(NH4

+-N), which causes severe environmental problems. In this contribution, the desalination
efficiency of reverse osmosis (RO) was investigated in the treatment of NH4Cl or NaCl solutions
from 0.1 to 40 g/L under different operating pressures with a commercial RO membrane.
Experimental results showed that when an operating pressure above 30 bar is applied to the 5 g/L
NH4Cl solution, the permeate was found to meet the discharge standards of NH4

+-N. Compared to
NH4Cl, the permeate fluxes of NaCl solutions were higher due to the higher net driving force and
lower propensity to membrane fouling. Theoretical models indicate a linear relationship between
water flux and the net driving force for both NH4Cl and NaCl solutions. On the contrary, a power
function between the salt flux and concentration difference correlated well with the experimental data
for salt transport. The equations for water and salt transport obtained by this work would provide a
facile and practical means for predicting the membrane performance in design and optimization of
RO processes for the treatment of wastewater from the rare earth industry.

Keywords: ammonium nitrogen; reverse osmosis; mass-transfer model; concentration polarization;
rare earth industry

1. Introduction

In the past two decades, the demand for rare earth elements (REEs) underwent an explosion
due to the widespread application of REEs in daily life, such as cell phones, computer memory,
rechargeable batteries, fluorescent lighting, magnets, etc [1]. China has abundant rare earth resources,
which contribute an average share of over 85% to the global REEs supply in the last twenty years [2].
However, during the REEs smelting process, large quantities of chemicals are used. Especially in
the extraction stage, ammonium hydroxide (NH4OH) is added to saponify the acidic extractants,
resulting in an annual discharge of ten million tons of wastewater with a high content of ammonium
nitrogen (NH4

+-N), which generally ranges from 300 to 40,000 mg/L in different stages (e.g., extraction,
precipitation and washing stages) and is far above the national discharge standards in the rare earth
industry (GB26451-2011) [3–5]. Furthermore, it is reported that the washing wastewater from the REEs
precipitation process mainly contains NH4

+-N, while other parameters (e.g., REEs, heavy metals, COD,
TP) are lower than the discharge standards [6,7]. Direct discharge of wastewater with high content of
NH4

+-N will not only waste a lot of resources, but will also induce high environmental risks, such as
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eutrophication and excessive propagation of algae [3]. Therefore, developing reliable technologies for
NH4

+-N discharge in the rare earth industry is of great concern for sustainable water reuse and cleaner
production from the economic and environmental perspectives.

Conventional technologies, such as ammonia stripping, evaporation crystallization and
struvite precipitation, are widely applied in high strength NH4

+-N wastewaters [6–8]. However,
the disadvantages of these methods such as high energy consumption, secondary pollution and/or
demand for advanced treatment to meet the discharge standards, render them techno-economically
inefficient and hinder their wider applications. Biochemical technologies also present significant
challenges in high strength NH4

+-N wastewaters because of the high salt concentration and lack of
organics [6,7].

Membrane technology, especially reverse osmosis (RO), featured as environmentally friendly, easy
to operate and requiring no additional chemicals, stands out as a competitive alternative to treat rare
earth wastewater [9]. The driving force of RO is pressure difference, that is, when the operating pressure
is higher than the osmotic pressure of the feed solution, water molecules can pass through the RO
membrane, and most of the raw water in the inorganic salts, organic matter, colloid and microorganisms
will be retained for the size sieve effect of the RO membrane. RO is mostly used for the desalination of
brackish water with salt concentration under 10,000 mg/L and seawater with salt concentration in the
range of 35,000–40,000 mg/L for their high efficiency on the separation/concentration of organic matters,
salts and even monovalent ions [10]. The reported values of NH4

+-N concentration in wastewater
generated from the rare earth industry fall in the range of salt concentrations in brackish water and
seawater RO membranes. Thus, RO is expected to have potential as an advanced wastewater treatment
technology for rare earth smeltery wastewater with high concentrations of NH4

+-N.
However, the application of RO in treating rare earth smeltery wastewater is rather limited, and the

literature of RO application in the rare earth industry is scarce. Zhang et al. proposed an air stripping
and low-pressure reverse osmosis (LPRO) combined process for the treatment of rare earth smeltery
wastewater containing high concentrations of NH4

+-N [11]. The LPRO desalination process showed
high retention efficiencies of ammonia with a rejection of 95% as the NH4

+-N concentration of the feed
solution was 200–300 mg/L, and the permeate could be directly discharged or reused. Huang et al.
studied the feasibility of RO for rare earth ammonium nitrogen wastewater, and proved that the RO
membrane could be used as pre-treatment when the NH4Cl concentration of real wastewater was
2.85 g/L [12]. Moreover, many researchers focused on the application of RO processes in the removal
of NH4

+-N in other effluents [13–15]. Chang and Chung used spiral wound RO for ammonium
pre-concentration prior to ion exchange [12].The rejection of the RO membrane in their study was
only 10% and the permeate concentration of NH4

+-N was 8450 mg/L. Bódalo et al. investigated
the performance of a cellulose acetate RO membrane in a cross-flow module for the treatment of
aqueous solutions containing 55–9545 mg/L NH4

+-N [13]. A solution–diffusion model was applied to
understand the mass transfer through the RO membrane, and a high rejection of NH4

+-N (>98.6%)
was observed. These results proved the feasibility of RO to decrease the concentration of NH4

+-N in
feed solutions. However, there are only a few studies on testing raw effluents with high concentration
of NH4

+-N. In addition, the current research on rare earth wastewater mainly focuses on the treatment
technology and process while the investigation of the mass-transfer process of rare earth wastewater
in an RO membrane is rather limited. Therefore, a systematic study to examine the efficiency of RO
for the desalination of high NH4

+-N wastewater and water/salt mass transfer behavior through RO
membranes is desirable.

As a permselective barrier, RO membrane performance is mainly determined by water flux and
solute rejection [16]. Both parameters are dependent on membrane properties, wastewater composition,
and environmental and operating conditions. Therefore, predictive modelling of water flux and salt
rejection in aqueous solutions by RO membranes is important for the optimization and scale-up of the
water treatment processes. Many researchers have investigated the mass transfer of salts by modeling
the RO process [17–23]. The most commonly accepted model of RO was developed by Merten and
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Lonsdale based on the solution–diffusion mechanism [17,18]. This model considered that both water
and solute transport through a dissolution–diffusion–desorption process. Water is driven by pressure
differences across the membrane in RO, whereas the transport of salts or ions is driven by a concentration
gradient in the feed and the permeate. With this model, a linear relation is commonly expected between
water flux and the pressure difference. But the nonlinear relationship of water flux has been observed
under high salt concentrations in several lab-scale experiments, which could be explained by an
alternative expression of the driving force [24]. On the other hand, according to Merten and Lonsdale’s
model, the salt flux is considered linearly related to the concentration differences. However, a power
function relationship has also been reported [24]. It has been widely noted that classical transport
theories and models become inconvenient to describe complex separation and transport phenomena.
Hence, it is necessary to establish simple but practical transport equations to interpret experimental
observations, and thus offer a clear guideline on improving the membrane performance.

The main objective of this study was thus to explore the applicability of RO for the treatment of
the wastewater with highly concentrated NH4

+-N from a rare earth smeltery and investigate the mass
transfer mechanism. Simulated NH4Cl and NaCl solutions in different concentrations were tested
under different operating pressures in a lab-scale setup. Theoretical and practical equations for water
and salt fluxes through RO membranes were proposed based on classical theories and the observed
experimental data, to investigate the water and salt transport, and to predict the RO membrane
performance in real rare earth wastewater treatment. This contribution offers a new approach to the
treatment and reuse of the high NH4

+-N wastewater by RO.

2. Theory

According to the solution–diffusion model established by Merten and Lonsdale [17,18], the water
flux in the RO process can be expressed as a linear function of the net driving force, which can be
calculated by the following equation:

Jv = A(∆p− ∆π) (1)

where Jv is water flux (L/m2 h), A is the water permeability constant or water transport coefficient of the
membrane (L/m2 h bar), (∆p − ∆π) is the net driving force in which ∆p and ∆π represent the hydraulic
pressure difference (bar) and osmotic pressure difference across the membrane (bar), respectively.

The water transport coefficient A is a constant for a given membrane and salt concentration, it was
calculated as follows [22]:

A =
DwNwVw

RTL
(2)

where Dw and Nw are the diffusion coefficient and solubility of water inside the membrane, respectively,
Vw is the molar volume of water, R is the gas constant, T is the temperature and L is the thickness of
the membrane functional layer.

The osmotic pressure ∆π in Equation (1) is calculated as follows:

∆π = iRT∆Cs = iRT
(
C f ,s −Cp,s

)
(3)

where i is the number of dissociated ions from the dissolved salt s, ∆Cs is the salt concentration
difference (g/L) between the feed and the permeate, and Cf,s and Cp,s are concentrations of salt s in the
feed and permeate solution, respectively.

The apparent salt rejection to component s, Rapp,s, was determined using the following equation:

Rapp,s = 1−
Cp,s

C f ,s
(4)

Combining Equations (3) and (4) yields:

∆π = iRTRapp,sC f ,s = Rapp,sπ f ,s (5)
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where π f ,s is the feed osmotic pressure (bar).
The following equation is derived from Equation (1):

Jv = A
(
∆p−Rapp,sπ f ,s

)
(6)

From the classical salt transport theory, the salt flux Js (mol/m2 h) can be expressed as a linear
function of the concentration difference between the feed and the permeate, using the solution–diffusion
model [17–22]:

Js = −Ds
dCs

dx
=

DsKs

L

(
C f ,s −Cp,s

)
= B

(
C f ,s −Cp,s

)
= BRapp,sC f ,s (7)

where Ds and Ks are the salt diffusion coefficient inside the membrane and salt sorption coefficient
between the membrane and the feed solution, respectively, and B is the salt permeability constant or
salt transport coefficient (L/m2 h).

The permeate salt concentration, Cp,s, is determined by:

Cp,s =
Js

Jv
(8)

With Equations (4), (7) and (8), the salt rejection can be derived to the following expression:

1
Rapp,s

= B
1
Jv

+ 1 (9)

From the above equations, it can be assumed that if the linear relationship as stated in Equation (7)
was correct and the plot of 1/Rapp,s vs. 1/Jv should be a straight line with the same slope B.

3. Materials and Methods

3.1. Wastewater Characteristics

According to the characteristics of the wastewater from a rare earth separation plant in south
China, the concentration of NH4

+-N in wastewater from the extraction stage was as high as 39 g/L,
while that of wastewater from the precipitation and washing stage was 0.9–10 g/L [6,7]. It should be
noted that an excess of HCl is commonly used to dissolve REEs in the ore. In addition, NaOH is always
added instead of NH4OH for the saponification during the extraction stage. As a result, the wastewater
contains a considerable amount of Na+ and Cl− as NH4

+-N, but due to its non-toxic properties,
the concentration of Na+ has rarely been reported in the rare earth wastewater. Consequently, to be
more realistic, both ammonium chloride (NH4Cl) and sodium chloride (NaCl) were chosen as model
solutes for the RO tests in this study.

In addition, wastewater samples of the washing stage were collected from a rare earth plant
in Nanchang (Jiangxi, China) to validate the accuracy of the transport models established from RO
membrane performance parameters with synthetic solutions. The compositions of the real wastewater
and synthetic wastewater are summarized in Table 1.

Table 1. Concentration of main pollutants in the real wastewater and the synthetic wastewater.

Concentration (mg/L) pH NH4
+-N COD As3+ Pb2+/4+ Cl−

Real wastewater 6.4 ± 0.1 1.14 × 103
± 39 46 ± 1.8 0.27 ± 0.008 0.15 ± 0.006 2.95 × 103

± 58
Synthetic wastewater 6.5 ± 0.1 (0.1–40) × 103 / / / (0.1–40) × 103

Indirect discharge standards 6–9 50 100 0.1 0.2 /

3.2. Materials

Commercial flat-sheet SG membranes (GE Osmonics, Minnetonka, MN, USA) with smooth
surface, fouling-resistant and high retention rate against sodium chloride were used in this study,
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which has an effective separation area of 0.014 m2. The detailed information on the structure, properties,
and operating parameters of the SG membrane was described elsewhere [25,26]. All membranes were
equilibrated with distilled water for at least 24 h and stored in 5 °C prior to use.

Ammonium chloride (NH4Cl, reagent grade, Xilong Scientific, Shantou, China) and sodium
chloride (NaCl, reagent grade, Xilong Scientific, Shantou, China) were used to make synthetic
wastewater of REEs. Salt solutions were prepared with deionized water (DI water, resistance > 18 MΩ)
throughout this study.

3.3. Experimental Setup

A lab-scale cross-flow RO setup equipped with a stainless steel membrane module unit (SEPA
CF II, GE Osmonics, Minnetonka, MN, USA) was used to investigate the membrane and variations
of transport properties [27]. The RO system is exhibited in Figure 1; the system consists of a 30 L
stainless steel feed tank, a high-pressure diaphragm pump (Hydro-Cell M-03S, Wanner Engineering,
Minneapolis, MN, USA) controlled by a frequency converter, a feed flow meter, two pressure gauges,
two bypass valves, and other accessories. A piece of flat sheet SG membrane was fixed in the cell with
a feed spacer and shims. The batch experiment was conducted in a closed-loop mode, that is the feed
stream was pumped from the feed tank to the membrane unit and the retentate and permeate were
re-circulated back to the feed tank to keep the concentration of feed solution constant. The feedwater
temperature was maintained constant by a recirculating heater/chiller (PolyScience, Niles, IL, USA).
Adjustment of the transmembrane pressure and the cross-flow velocity was achieved through the
pressure gauges and bypass valves located in the inlet and outlet of the membrane cell.
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3.4. Experimental RO Process

3.4.1. Synthetic Salt Solutions

Synthetic salt solutions were used in the study of RO membrane performance. For NH4Cl solutions,
concentrations of 0.1, 0.5, 1, 5, 10, 20, and 40 g/L were selected, respectively. The concentrations of
NaCl solutions were set as 0.5, 1, 5, 10, 20, and 40 g/L, respectively.

Prior to each set of filtrations, SG membranes were pre-cleaned following the procedures
recommended by the manufacturer: the membrane was firstly rinsed with distilled water for 20 min,
followed by a caustic wash with an NaOH solution (pH = 10–10.5) for 30 min, and finally rinsed with
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distilled water again until the pH returned to neutral. All the pre-cleaning procedures were conducted
at 45 ◦C and at an operating pressure of 30 bar.

The test membranes were then compacted with DI water at 30 bar for at least 2 h until a steady
constant permeate flux was obtained and pure water flux was measured. Subsequently, salt solutions
with different compositions were fed to the RO set-up under a flow rate of 0.5 m/s. The filtration
experiments of each salt solution were performed at 25 ◦C under multiple operating pressures ranging
from 15 to 40 bar (unless otherwise specified in some high concentration cases) with a pressure
interval of 5 bar. The salt concentrations of the permeate and the feed were measured by a DDSJ-308A
conductivity meter (Leici Company, Shanghai, China) after 4 h of continuous operation to achieve a
stable performance. In some low concentration cases, the salt concentrations of NH4

+ in the permeate
were measured by Kjeldahl determination, and the concentration of Na+ in the permeate was measured
by an inductively coupled plasma atomic emission spectrometry Agilent 5110 ICP-OES (Agilent
Technologies, Palo Alto, CA, USA). Steady state water flux under each feed salt concentration or
operating pressure was also recorded.

3.4.2. Real Wastewater Treatment

The raw washing wastewater obtained from the rare earth plant was tested with an SG membrane
under 30 bar. The other operating conditions were the same as in the previous part.

3.4.3. Determination of Water and Salt Permeabilities

For both synthetic and real wastewater, the steady-state permeate flux, Jv (L/h·m2) was calculated
as follows:

Jv =
V

t×Am
(10)

where V is the volume of the collected permeate (L), t is the sampling duration (h), and Am is the
effective membrane area (m2).

The apparent salt rejection was calculated according to Equation (4). Permeate flux and solute
concentration were measured for at least two consecutive samples (obtained at a given set of
experimental conditions), with the average deviation below 3%. For each case of given feed salt
concentration and operating pressure, at least two sets of experiments were conducted to gauge the
variability between different membranes. The average values of the comparative experiments were
presented, accompanied with the standard deviations.

4. Results and Discussion

4.1. NH4Cl Removal Performance of RO Membrane

The dependence of (a) permeate flux Jv and (b) apparent rejection Rapp,NH4Cl on operating pressure
at different NH4Cl concentrations are plotted in Figure 2. It can be found that the water flux increases
with the operating pressure for a given salt concentration. For 1 g/L NH4Cl solution, the flux gradually
increases from 17.86 L/m2 h at 15 bar to 40.48 L/m2 h at 35 bar. It can be explained by Equation (1)
that at the same salt concentration, the increase of operating pressure would enhance the net driving
force for water transport, thus resulting in a higher water flux. Especially, the relationship between
pure water flux and the operating pressure was found to be linear, and plotting Jv vs. ∆p in Figure 2a
yields the value of A in Equation (1) equal to 1.96 L/m2 h bar. The determined pure water permeability
of the SG membrane just falls in the A-value ranges of commercially available polyamide seawater
membranes [28], but is slightly lower than the values reported in previous studies for the SG membrane
(2.46 L/m2 h bar), possibly due to different filtration configurations and operating conditions [25,26].
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As shown in Figure 2a, there is also a strong correlation between water flux and the NH4Cl
concentration in the feed solution. The water flux decreases with increasing NH4Cl concentration.
An elevated concentration yields a higher osmotic pressure and thus reduces the net driving force,
as described in Equations (3) and (1), respectively. It is interesting that there was almost no permeate
flux of the 20 g/L feed solution at operating pressures below 20 bar, mainly because at this condition,
the calculated osmotic pressure (Equation (5)) in the upstream of the membrane was as high as
18.53 bar. The net driving force (∆p − ∆π) presented only a weakened drive of water molecules across
the SG membrane. However, at 40 g/L, a very low permeate flux was still observed at 30 bar even
though π f ,s was 37.06 bar at this concentration. This might be caused by the low rejection of NH4Cl
(Rapp,NH4Cl = 77.87%) which contributed to ∆π = 28.86 bar in this case. Furthermore, the increase of
salt concentration was reported to enhance the viscosity of the salt solution, which might lead to a
slower diffusion process of the water molecules in the membrane, thereby causing a decline of the
water flux [29].

The effect of operating pressure and salt concentration on the apparent NH4Cl rejection is
exhibited in Figure 2b. The general trend for all feed solutions indicates that the apparent salt rejection
increases with the operating pressure, which is consistent with previous observations for RO and
NF [14,29]. When the concentrations below 10 g/L, the rejection of NH4Cl slightly decreases with the
increase of NH4Cl concentration in the feed water. In contrast, at higher concentrations, Rapp,NH4Cl
drops dramatically to around or even below 90%. According to Equation (8), the permeate salt
concentration, Cp, NH4Cl, is dependent on the ratio of salt flux to water flux. The salt flux, Js, as
indicated in Equation (7), is driven by the concentration difference and is approximately independent of
pressure. Generally speaking, increasing the salt concentration in feeds enlarges the salt concentration
difference between the feed and the permeate. Therefore, the driving force for salt transport is enhanced
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accordingly, leading to an enhanced NH4Cl permeation. Thus, the apparent salt rejection was reduced.
Furthermore, as aforementioned, it was inferred that increasing the operating pressure yields a higher
water flux, resulting in a lower NH4Cl concentration in the permeate; consequently, the apparent
salt rejection was augmented. Moreover, concentration polarization at high feed concentration also
decreased the observed rejection.

In concentrated systems (e.g., 20 and 40 g/L NH4Cl), the osmotic pressure is significantly high.
Thus, the volumes of the collected permeate were not sufficient for concentration measurement, and as
a result, it was difficult to calculate the apparent rejection of these solutions.

From the above discussion, it is noticeable that the removal efficiency of SG membranes is
considerable, especially at low NH4Cl concentrations (<10 g/L). The rejection of NH4Cl ranged from
77.87% to 99.58% and the permeate flux was between 6.69 and 53.14 L/m2 h in the studied range
of pressures and feed concentrations. As the NH4

+-N concentration of feed solution was 1.31 g/L
(corresponding to 5 g/L NH4Cl), the permeate could meet the emission standards of NH4

+-N in the
rare earth industry (50 mg/L for indirect discharge) when operating pressure was above 30 bar. Thus,
it can be concluded that wastewater containing 1.31 g/L NH4

+-N or below can be discharged or reused
by the RO process with the SG membrane without additional treatment.

4.2. NaCl Removal Performance of RO Membrane

Figure 3 represents the influence of operating pressure and feed concentrations of NaCl on the
(a) permeate flux Jv and (b) apparent rejection of Rapp,NaCl, in equilibrium state for SG membranes.
The permeate flux and apparent rejection of NaCl increase with operating pressure, while both
decreased with the increasing feed concentration. Moreover, the undetected permeate flux and
apparent salt rejection at low pressures in 40 g/L solution can also be explained by the high osmotic
pressure and the phenomenon of concentration polarization, as discussed in the previous section.Sustainability 2020, 12, x FOR PEER REVIEW 9 of 17 
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In general, the dependence of permeate flux and apparent salt rejection on operating pressure and
feed concentration of NaCl solutions is similar to that of NH4Cl solutions. However, there are some
differences in the water and salt transport between the two salt solutions. Firstly, the permeate flux of
NaCl solutions in the RO process with an SG membrane was found to be relatively higher under the
same experimental conditions at low concentrations (<10 g/L). The reason was believed to be the higher
molar concentration of NH4Cl at the same mass concentration of NH4Cl and NaCl, which causes higher
osmotic pressure and lower driven force. Secondly, the concentration polarization was more severe for
the NH4Cl solution. It was found that the concentration polarization was noticeable especially at lower
transmembrane pressures for 20 g/L NH4Cl solution. As a result, a dense crystal layer might be formed
on the membrane surface, thus preventing the mass transfer of NH4Cl molecules. Permeate flux was
still observed at a relatively low rate, even though the applied operating pressure was only 15 bar
as RO was applied in the NaCl solution with the same concentration. Thus, it can be concluded
that the NH4Cl solution has a higher fouling propensity to the SG membrane compared to NaCl at
high concentrations.

Typical RO membranes are composed of three layers: a top dense and selective polyamide layer,
an intermediate microporous polysulfonate layer, and a non-woven fabric support layer. By using
positron annihilation spectroscopic technology, Kim et al. determined that the radius of the network
pore and the aggregate pore of polyamide layer of the thin film composite (TFC) membrane were about
0.20 and 0.45 nm, respectively [30]. Transport would be strongly hindered when the size of the pore
was smaller than the hydrated radius. In this study, the apparent salt rejection of NaCl was observed
to be slightly higher than that of NH4Cl under the same operating conditions. The selectivity between
Na+ and NH4

+ that was based on the hydration exclusion in the RO membrane was attributed to
be the main reason [31–34]. The hydrated ion radius of Na+ (3.58 Å) was larger than that of NH4

+

(3.31 Å) [21,23], which led to make it more difficult for the sodium ions to penetrate the membrane.
This was consistent with the hydration energy of the ions, where the value of hydration energy of
Na+ (−454 kJ/mol) was higher than that of NH4

+ (−331 kJ/mol) [31,32]; that well explains the higher
rejection for NaCl. In other words, the apparent rejection order of the two salt solutions is similar to
the order of the hydration energy and hydration ion radius for the monovalent ions.

4.3. Transport Models for Water and Salt Flux

To examine the validity of the water transport model described in Equation (6), the permeate
flux is plotted vs its net driving force (∆p − Rapp,sπf,s) at different concentrations for both NH4Cl and
NaCl solutions, as illustrated in Figures 4 and 5, respectively. It is shown that for all concentrations
tested in this study, the permeate flux increased linearly with the net driving force. The slopes
obtained by linear regression corresponded to the water transport coefficients (A) of the salt solutions,
as presented in Equation (6). It can be seen from Figure 4 that the permeability coefficient of an
NH4Cl solution is 1.29 L/m2 h bar, which is slightly lower than the permeability coefficient of an NaCl
solution (1.35 L/m2 h bar) obtained from Figure 5. Generally, the higher the A-value, the higher the
productivity of water. This is coincident with the results in the previous section, where the permeate
flux of the NaCl solution was higher than that of the NH4Cl solution at the same concentration.
Both A-values of the salt solutions were lower than the pure water permeability coefficient and were
consistent with the A-values of high salinity solutions in RO processes reported in the literature [22,28].
The good agreement between literature data and predicted data from this study proves the efficiency
and accuracy of the transport model described in Equation (6) for calculating the water flux during
RO. Furthermore, the permeability coefficient A is determined by the membrane property, and is
independent of operating conditions, such as pressure and salt concentration. Thus, it can be used for
RO performance evaluation and prediction in the application of rare earth wastewater desalination
with concentrations of NH4Cl or NaCl up to 40 g/L.
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As for the salt transport during the RO process, it was assumed that if the salt permeability
coefficient B in Equation (7) is constant, the linear relationship between 1/Rapp,s and 1/Jv in Equation (9)
would hold true. However, the experimental rejection data for the SG membrane with both NH4Cl
and NaCl solutions produced curves rather than straight lines as plotted in Figures 6 and 7 for each
salt. The B-values and R2 values from regression are listed in Table 2. The low R2 values indicate that
salt fluxes through the SG membrane might not be accurately described with the linear relationship of
the corresponding driving force. Since the separation and transport mechanism of membranes are
complicated, the effect of a concentration gradient on salt transport is always found to deviate from a
linear trend [24].
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Table 2. Summary of the regression coefficient B and R2 values with Equation (9) for NH4Cl and
NaCl solutions.

NH4Cl NaCl

Cf (g/L) B (L/m2h) R2 Value Cf (g/L) B (L/m2h) R2 Value

0.1 1.29 0.7886 0.1 - -

0.5 2.02 0.4879 0.5 0.57 0.8650

1 0.86 0.7269 1 0.78 0.8855

5 0.93 0.5400 5 0.53 0.9666

10 1.05 0.8776 10 0.63 0.2095

20 1.62 0.9011 20 0.55 0.342

40 1.8707 0.8671 40 0.78 0.9876

Recently, a reformulated solution–diffusion model incorporating activity coefficients was proposed
for solute transport in RO/NF [35,36]. In this model, the salt concentration was corrected with salt
activity, which has a strong nonlinearity with the actual measured salt concentrations, to calculate the
solute transport. Neglecting the salt activity might explain the erratic phenomenological B-values
observed in the literature and in this work.

Since theoretical models contain several coefficients, it is much more practical to establish simple
mathematical equations instead of complicated theoretical models for optimizing operational processes
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during the treatment of industrial wastewaters. Herein, a power relationship between salt flux and the
concentration difference is assumed in the salt transport. The mathematical equation is hypothesized
as follows [24]:

Js = β
(
C f ,s −Cp,s

)α
(11)

where β is a correlation coefficient and α is the power function coefficient. With Equations (8) and (11),
the following equation is derived:

log
[
JvC f ,s

(
1−Rapp,s

)]
= α log

(
C f ,sRapp,s

)
+ log β (12)

The parameters α and β can be obtained from the linear regression of {log[Jv Cf,s (1 − Rapp,s)]} with
{log(Cf,s Rapp,s)}. The plots of {log[Jv Cf,s (1 − Rapp,s)]} vs. {log(Cf,s Rapp,s)} at different operating pressures
are shown in Figures 8 and 9 for NH4Cl and NaCl solutions, respectively. The coefficients α and β
as well as R2 values for the transport of NH4Cl and NaCl are summarized in Table 3. The high R2

values indicate that the proposed power function relationship for salt transport fits the experimental
data satisfactorily.
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Figure 8. Correlation of log[Jv Cf,s (1−Rapp,NH4Cl)] with log(Cf,s Rapp,NH4Cl) determined with
Equation (12), to investigate the possibility of a power relation between salt flux and the concentration
difference of NH4Cl solution. The linear fit lines show good linearity.
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NaCl solution. The linear fit lines show good linearity.
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Table 3. Summary of regression coefficient α, β and R2 values with Equation (12) for NH4Cl and
NaCl solutions.

Operating Pressure (bar)
NH4Cl NaCl

α β R2 Value α β R2 Value

15 0.84 1.00 0.9846 0.92 0.59 0.9882

20 0.91 1.36 0.9491 0.96 0.72 0.9862

25 0.92 1.36 0.9494 1.07 0.64 0.9919

30 0.96 1.37 0.9634 1.12 0.58 0.9906

35 1.09 0.85 0.9465 1.11 0.63 0.9840

40 0.92 0.54 0.8458 - - -

From Table 3, it can be concluded that the coefficient α of the power function showed an increasing
trend with operating pressure for each salt, indicating that the nonlinearity of the salt flux increases
with operating pressure. The α value of the NaCl solution is slightly higher than that of NH4Cl at
the same operating pressure. Table 3 also demonstrates that the transport coefficient β remains in the
range of 0.85–1.37 and 0.58–0.72 for NH4Cl and NaCl, respectively. To simplify the dependence of
transport coefficients on operating conditions, which is desirable in membrane transport for process
design and operational optimization, the data in Figure 8 with different operating pressures of NH4Cl
system were plotted together. It can be roughly estimated that the α and β values were independent
of pressure and feed salt concentration for the SG membrane; the values were around 0.97 and 1.08,
respectively, for the NH4Cl solutions. The same simplification method was applied to the NaCl system
shown in Figure 9, and it was found that the α and β values are around 1.05 and 0.63; these values are
also independent of pressure and feed salt concentration for the SG membrane.

To validate the accuracy of the proposed models for water and salt transport, real wastewater
from the washing stage in a rare earth plant in Jiangxi Province (China) was tested by the SEPA CF II
system with an SG membrane. The concentration of NH4

+-N in the wastewater was 1.14 g/L, and the
operating pressure was 30 bar. The predicted values as well as the experimental data of the permeate
flux and apparent rejection to NH4

+-N are summarized in Table 4. The predicted permeate flux is
slightly higher than the experimental data, due to the simplification of the model by overlooking the
effect of other trace elements in the wastewater. A good agreement between predicted values and
experimental data shows that the proposed equations of water and salt transport are appropriate for
the prediction of the membrane performance when dealing with real wastewater.

Table 4. Comparison of the permeate flux and salt rejection between experimental data and predicted
values from models with real wastewater from a rare earth plant in the Jiangxi Province (China).

Experimental Data Predicted Value from Models

Permeate flux (L/m2h) 31.67 34.77

Apparent rejection to NH4
+-N (%) 97.53 97.00

5. Conclusions

Commercial RO membranes were used for the desalination of highly concentrated NH4Cl and
NaCl solutions simulated as saline wastewater from the rare earth industry in this work. The apparent
salt rejection rates higher than 95% were obtained in most cases for both salts (except for solutions
above 20 g/L), indicating the high removal efficiency of SG membranes, and confirming the feasibility
of using RO in the treatment of wastewater from the rare earth industry. Especially, the permeate of
5 g/L NH4Cl solution could meet the requisite discharge standard of NH4

+-N. A higher rejection and
flux was found for sodium compared to NH4

+-N; the larger hydrated ion size and hydration energy
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were the main reasons. The water flux followed a linear pressure-driven process as discovered by
mass-transfer modeling. The water permeability coefficient of the NH4Cl solution (1.29 L/m2 h bar)
and NaCl solution (1.35 L/m2 h bar) were determined by linear fitting of water flux vs. net driving
force, as Jv = A

(
∆p−Rapp,sπ f ,s

)
. However, the salt transport did not show a linear relationship with

concentration difference as proposed in classical solution–diffusion theories. Thus, a power function
equation as Js = β

(
C f ,s −Cp,s

)α
was proposed to explain the relationship among the feed concentration,

water flux, and apparent salt rejection, aimed at the interpretation of the salt transport. All the predicted
transport coefficients agreed well with the experimental data, and the models were also validated by
real wastewater from a rare earth smeltery. The fundamental study on the elucidation of mass-transfer
performance can provide insights to facilitate the application of RO in the treatment of wastewater from
the rare earth industry, and to fill the knowledge gaps of understanding the mass transfer mechanism
in the RO process.
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