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a b s t r a c t
Real dairy wastewater (DWW) was reclaimed by a hybrid system of forward osmosis and membrane 
distillation (FO/MD). Two types of thin film composite membranes were employed in this study, one 
with embedded polyester screen support (TFC-ES), and the other with aquaporin (AQP). Sodium 
chloride solution (1 M) was used as the draw solution. The hybrid system consisted of a cross-flow 
FO cell and an air gap MD module. Water flux (Jw), reverse draw solute flux (Js), and contaminant 
rejections were analyzed to compare the performances of the TFC-ES membrane and the AQP mem-
brane in individual FO experiments and FO/MD experiments. In addition, specific reverse salt flux 
(Js/Jw) was calculated to further illustrate the selectivity of the FO membranes. The specific reverse salt 
flux of the TFC-ES membrane was much lower and more stable than that of the AQP membrane, which 
suggested superior flux behavior of the TFC-ES membrane. A fouled TFC-ES membrane could recover 
91.79% of the flux in comparison with 81.33% for a fouled AQP membrane after cleaning. Furthermore, 
contaminant rejections of the AQP membrane were slight higher than that of the TFC-ES membrane.
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1. Introduction 

Wastewater recycling is one of the best ways of alleviating 
water scarcity and water/wastewater pollution. Non-potable 
reuse of recycled wastewater is currently the popularity 
rather than exception in many parts of the world [1]. China 
has been frequently been confronted with water scarcity, and 
both central and local governments have issued policies to 
promote wastewater recycling. In addition, water is inten-
sively consumed in most industrial processes, so complex 
industrial water/wastewater management has need for a sus-
tainable solution, meaning that industrial wastewater recla-
mation is significant. The dairy industry is generally regarded 
as the largest industrial food wastewater source in many 
countries [2]. With it making rapid developments in recent 
decades, remarkable progress on dairy production and con-
sumption has been achieved in China. Moreover, in around 

50% of the world’s whey production (especially concerning 
acid whey) wastewater is untreated prior to disposal [2]. 
Anaerobic processes integrated with active sludge processes 
are a conventional treatment for dairy wastewater (DWW). 
However, the anaerobic process is costly, complicated and 
has hidden security dangers. Therefore, it is necessary that 
more compact and innovative processes be developed to 
meet stringent wastewater treatment limitations and water 
quality requirements. Membrane processes play a key role 
in advanced wastewater reclamation with advantages of 
producing high water quality and a relatively small foot-
print. The demand for membranes in China exceeded 4.8 bil-
lion dollars in 2010, amounting to about 15% of world total 
[3]. An innovative membrane process (forward osmosis (FO), 
which is an osmotic driven process [4] and has low fouling 
propensity [5–7]) has attracted more and more attention in 
the course of the last decade [8–13]. FO can directly filter 
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complex wastewaters, generating freshwater when coupled 
with a draw solution (DS) recovery process and membrane 
distillation (MD), a thermally driven process whereby vapor 
can permeate through a hydrophobic membrane that pre-
vents liquid passing [14,15]. In an FO/MD hybrid system, FO 
provides a foulant-free solution to MD for the DS recovery so 
as to produce higher water quality and improve process effi-
ciency. Some wastewater has been treated by FO/MD hybrid 
system, such as domestic wastewater [16,17], strong indus-
trial wastewater [18–21], real human urine [22], and protein 
solutions [23]. However, few studies have been reported to 
reclaim real DWW by FO/MD hybrid system with commer-
cial aquaporin (AQP) membrane. AQP membrane used for 
FO is a novel development, but AQP was early put forward 
by Agre [24]. Water can pass across biological cells through 
a group of transmembrane proteins known as AQPs, which 
is a natural desalination. The water transport channels of 
AQPs, which are like an hour glass, work extremely well 
in water delivery with excellent selectivity [24]. The current 
study provided the performance comparison between the 
thin film composite with embedded polyester screen support 
(TFC-ES) membrane and the AQP membrane. Moreover, 
reverse draw solute flux was not determined by conventional 
conductivity or salt concentration measurement but by the 
chlorine concentration monitoring. The specific reverse salt 
flux is adopted as an index to reflect the membrane filtration 
performance.

The focus of the investigation was on the performance 
comparison between the TFC-ES membrane and the AQP 
membrane in the FO/MD hybrid system to recycle real 
DWW. Lab-scale FO and FO/MD batch experiments were 
implemented, from which an analysis of the water flux, 
reverse draw solute flux, and contaminant rejections, as well 
as the specific reverse salt flux was conducted. 

2. Materials and methods

2.1. Feed and draw solutions 

Deionized (DI) water (in baseline experiments) and 
real DWW were used as the feed solutions (FS). DWW was 
taken from an industrial facility of dairy products, located 
at Hohhot, Inner Mongolia of China. Main indexes of DWW 
with precipitation are as follows: total organic carbon (TOC) 
of 595  ±  27.0  mg/L, total nitrogen (TN) of 71  ±  12.1  mg/L, 
and total phosphorous (TP) of 8.8 ± 1.77 mg/L. The DS was 
prepared with ACS grade sodium chloride (NaCl; Tianjin, 
China) dissolved in DI water. 

2.2. FO and MD membranes 

Two types of thin film composite FO membranes were the 
TFC-ES membrane (Hydration Technologies, Inc., Albany, 
OR, USA) and the AQP membrane (Sterlitech Corporation, 
Kent, WA, USA), respectively. Polytetrafluoroethylene 
(PTFE) membrane (Haining, Zhejiang, China) was used as 
the MD membrane. Characteristics of the membranes are dis-
played in Table 1. Quantachrome Instruments (Quadrasorb 
SI, USA) were employed to determine the pore sizes of the FO 
membranes through Horvath–Kawazoe method. A microm-
eter calipers measured the thicknesses of the FO membranes. 

The pH range and maximum operating temperature of the 
FO membranes (as well as the characteristics of the PTFE 
membrane) were provided by manufacturers. The images 
of the TFC-ES and AQP membranes displayed in Fig. 1 
were obtained from inVia Microscope Raman (RENISHAW, 
London, England). 

2.3. Experimental setup

The FO/MD hybrid experimental system (Fig. 2) was a 
combination of a cross-flow FO cell and an air gap mem-
brane distillation (AGMD) module. The effective membrane 
surface area of the FO cell was 90 cm2. Two variable-speed 
peristaltic pumps (BT300-2J/YZ1515X-A, Longer, China) 
were employed to recirculate the FS and the DS. An AGMD 
cross-flow cell was designed as cylinder type, including a hot 
feed chamber and a cooling water chamber, as well as a 3-mm 
width air gap between them. Two pieces of PTFE membrane 
were fastened to opposite sides of a hot feed chamber. The 
AGMD module was composed of two hot chambers and 
three cooling water chambers. The total effective membrane 
area was 400  cm2. Another two variable-speed peristaltic 
pumps (BT300-2J/YZ1515X-A, Longer, China) were used to 
transport the hot feed and the cooling water.

2.4. Experimental operation conditions

In the FO batch experiments, an FS beaker was placed on 
an electronic balance to calculate the water flux through the FO 
membrane. The chlorine concentration in the FS was measured 
by an ion chromatography system (DIONEX ICS-1100, USA) 
to determine the reverse draw solute flux. Initial volume of 
the FS and the DS was 2.0 L. Both the FS and the DS were 
cocurrently circulated at 0.5 L/min in the opposite channels of 
the FO cell. The experiments were operated at ambient tem-
perature of 20°C ± 2°C. FO mode (active layer against feed 
solution) was adopted in all experiments.

The baseline experiment was run for 6  h. For DWW 
experiments, three cycles were run with each cycle of 6  h. 
The FO membrane was not cleaned until the third cycle fin-
ished. The FO membranes were cleaned in situ by osmotic 
backwashing (with sodium chloride against active layer and 
DI water against support layer) for 20  min, then DI water 
flushing (both sides) for 20 min. After membrane cleaning, 
recoverable water flux and reverse draw solute flux were 
measured. The concentrations of TOC, TN, and TP in the ini-
tial FS, initial DS, and final DS were measured.

In the FO/MD batch experiments, the concentration of 
the DS (1 M) could be kept constant by the AGMD module. 

Table 1 
Pore sizes and thicknesses of the FO membranes and MD 
membrane

TFC-ES AQP PTFE

Pore size (nm) 0.452 0.368 450
Thickness (μm) 100–105 110–115 180–200
pH range 2–11 2–11 0–14
Maximum temperature (°C) 71 50 80
Salt rejection (%) 99.4 – –
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The AGMD subsystem was driven by the transition tempera-
ture difference of 20°C–22°C. The DS could be held at 40°C 
in a water bath. The cooling water reservoir (approximately 
100 L) maintained at 18°C–20°C. The hot DS and the cooling 
water were both circulated at 70 L/h. Permeate variations of 
the AGMD system were monitored to calculate the AGMD 
water flux. The concentrations of TOC, TN, and TP in the ini-
tial FS, as well as in the distillate, were analyzed for the con-
taminants rejection calculation. Additionally, conductivity, 

Na, Ca, Fe, protein, and polysaccharides of the distillate were 
measured. 

2.5. Analytical methods 

The concentrations of TOC and TN were analyzed by a 
TOC/TN analyzer (multi N/C 2100S, Analytik Jena, Germany), 
and the concentrations of COD and TP were measured by 
the Chinese NEPA standard methods (CEPB, 2002). Cl– was 
detected by ion chromatography system (DIONEX ICS-1100, 
USA). Na, Ca, and Fe were examined by ICP-OES (OPTIMA 
7000 DV, PerkinElmer, USA). Protein and polysaccharides 
concentrations were quantified by the Lowry method and 
the anthrone–sulfuric method, respectively, using ultraviolet 
spectrophotometer (UV-3150PC, Shimadzu, Japan). 

The water flux was determined by the following equation: 

J V
A tW =
∆
⋅ ∆ � (1)

where JW (L/m2 h) is the water flux, ∆V (L) is the permeate 
volume through the membrane in the definite time intervals 
∆t (h), and A (m2) is the effective membrane area.

(a1)              (a2) (a) 

 

(b1)      (b2)  
(b)  

Fig. 1. Morphology of the (a) TFC-ES and (b) AQP membranes using inVia Microscope Raman. Images of the TFC-ES membrane: 
(a1) active layer surface and (a2) support layer surface. Images of the AQP membrane: (b1) active layer surface and (b2) support layer 
surface.

Fig. 2. Schematic diagram of the lab-scale FO/MD hybrid system.
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Contaminant rejection R (%) was figured out by the 
following equation:

R
C
C
P

f i

= −











×1 100

,

% � (2)

where Cf,i (mg/L) is the initial contaminant concentration in 
the FS (dairy wastewater), and CP (mg/L) is the contaminant 
concentration in the distillate.

3. Results and discussion

3.1. FO batch experiments

3.1.1. Flux analysis 

The water flux for the TFC-ES and AQP membranes are 
described in Figs. 3(a1) and (b1), respectively. The water 
flux for the TFC-ES membrane was higher than that of the 
AQP membrane. The DI water flux decrease ascribed to the 
diluted DS and the internal concentration polarization (ICP). 
The DWW flux decreased dramatically (Figs. 3(a1) and (b1)) 

mainly because of the occurrence of membrane fouling or 
the presence of pollutants in the DWW. Simultaneously, 
membrane fouling exacerbated ICP, resulting in the sharp 
flux decline. It seemed that the DWW flux decrements for 
the TFC-ES membrane were greater and faster than that 
of the AQP membrane. The reason was that the initial flux 
of the TFC-ES membrane was higher than that of the AQP 
membrane, leading to the suffering from fiercer subsequent 
effects of diluted DS, enhanced ICP and membrane foul-
ing. From the TFC-ES membrane experiments, the water 
flux in the cycle DWW-2 was much lower than that in the 
cycle DWW-1 (Fig. 3(a1)), indicating that membrane foul-
ing might be in the growing stage during the DWW-2. From 
the AQP membrane experiments shown in Fig. 3(b1), slight 
flux differences between the first cycle DWW-1 and the sec-
ond cycle DWW-2 indicated that membrane fouling might 
emerge in the initial stage, and no visible cake layer formed 
during the cycle DWW-2. However, membrane fouling had 
been severe when the third cycle DWW-3 was completed. 
The AQP membrane surface may be modified by the organic 
and inorganic contaminants in the DWW during the first 
two cycles, and severe membrane fouling broke out in the 
third cycle. 

Fig. 3. Variations of the water flux (Jw (L/m2 h)) with time (t (min)) and distribution of the reverse draw solute flux (Js-Cl (g/m2 h)) in 
the lab-scale FO batch experiments. DI-0 represents the baseline experiment. DWW-1, DWW-2, and DWW-3 refer to three cycles from 
1 to 3 with DWW as the FS. In all FO experiments, NaCl solution (initial concentration of 1 M) was used as the DS. (a) FO experiments 
with the TFC-ES membrane: (a1) water flux and (a2) reverse draw solute flux. (b) FO experiments with the AQP membrane: (b1) water 
flux and (b2) reverse draw solute flux.
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It can be seen from Figs. 3(a2) and (b2) that although the 
water flux was larger for the TFC-ES membrane than that 
for the AQP membrane, the reverse solute flux (RSF) for 
the TFC-ES membrane was smaller than that for the AQP 
membrane instead. Interestingly, the RSF varied inconsis-
tently with the water flux trend, depending on the membrane 
properties. However, the less water flux variation happened 
during a cycle, the smaller range RSF varied over. As shown 
in Figs. 3(a2) and (b2), the RSF in the DWW experiment 
(DWW-RSF) for the TFC-ES membrane varied over a wider 
range than that for the AQP membrane except for the RSF 
in the baseline experiment (DI-RSF) because of the greater 
DWW flux variation for the TFC-ES membrane. In addition, 
although the DI water flux was higher than the DWW flux, the 
DI-RSF was not to be higher than the DWW-RSF. It is because 
that many molecules and ions in the DWW influenced the 
charged characteristics of the FO membranes by adsorption, 
which led to stronger electrostatic interactions for chlorine 
ions, accordingly higher DWW-RSF. The RSF of DWW-1 
and DWW-2 was higher than that of DI-RSF, suggesting 
that light membrane fouling or foulants of the DWW mod-
ified the membrane surface property and increased the RSF 
while severe membrane fouling (DWW-3) decreased the RSF 
because of the membrane fouling layer resistance. Also seen 
from Figs. 3(a2) and (b2), the DWW-RSF declined gradually 
from the first cycle to the third cycle, which illustrated that 
the DWW-RSF decreased with the evolution of membrane 
fouling. However, whether the DWW-RSF can be lower than 
the DI-RSF depends on the overall effects between the elec-
trostatic strength and the resistance of the fouling layer. As 
shown in Figs. 3(a2) and (b2), the RSF of DWW-3 was lower 
than that of the DI-RSF, which inferred that the hindrance of 
membrane fouling had been stronger than the electrostatic 
attraction. With the FS being concentrated and the DS being 
diluted, many ions can accumulate with the contaminants 
on the fouling layer leading to the existence of the electro-
static repulsion towards diluted chlorine ions in the DS. From 
another point of view, the membrane fouling extent had been 

more severe for the AQP membrane than that for the TFC-ES 
membrane when the third cycle was completed.

3.1.2. Contaminant rejections

Results in Table 2 show that the contaminant (TOC, TN, 
and TP) rejections for the AQP membrane were slight lower 
than that of the TFC-ES membrane. The pore size of the AQP 
membrane is smaller than that of the TFC-ES membrane 
(shown in Table 1) and so size exclusion for contaminants 
was stronger, and a higher rejection took place with the AQP 
membrane. The TP rejection was higher than the TN and 
TOC rejections, and reached over 99%, because phosphates 
were negatively charged and had a larger hydrated radius. 
The TN rejection was the lowest. One reason may be that 
ammonia is positively charged and has a relatively small 
hydrated radius. Another, small organic molecule, such as 
urea, cannot be rejected well. In addition, the contaminant 
rejections in Table 2 were observed to increase gradually from 
the cycle DWW-1 to DWW-3 – that is, membrane fouling, 
which ranged from mild to severe. Rejections may be higher 
on a fouled membrane [25] because a fouled membrane can 
reduce mass transport capacity, and elevate electrostatic 
repulsion on the membrane surface. Consequently, mem-
brane fouling hampered contaminant passage through the 
membrane. 

3.1.3. Specific reverse salt flux and recoverable water flux

The specific reverse salt flux (Js/Jw), recoverable water 
flux (Jw′) of the fouled membrane, water permeability (A), 
and solute permeability (B) of two membranes are shown in 
Table 3. RO experiments [26] were performed to get A and 
B values of the AQP membrane. A and B values of the TFC 
membrane were cited from Lutchmiah et al. [10]. A value 
can be calculated by the equation: Jw = A·∆p, B value by the 
equation: Js = B·∆C. From Table 3, A value of the AQP mem-
brane is larger than that of the TFC membrane, and B value 

Table 2 
TOC, TN, and TP rejections for the FO experiments

Rejections (%) FO experiments
TFC-ES membrane AQP membrane
DWW-1 DWW-2 DWW-3 DWW-1 DWW-2 DWW-3

TOC 96.33 97.01 97.85 97.8 97.8 98.03
TN 93.43 95.28 96.05 96.25 96.45 97.11
TP 99.53 99.56 99.65 99.59 99.59 99.71

Table 3 
Indexes of the FO membranes in the FO batch experiments

FO index
Membrane

DI water flux, 
Jw (L/m2 h)

Recoverable water 
flux, Jw′ (L/m2 h)

Jw′/Jw 
(%)

Js/Jw 
(mol/L)

Js′/Jw′ 
(mol/L)

A 
(10–12 m/s Pa)

B 
(10–7 m/s)

TFC-ES 16.57 15.21 91.79 0.0100 0.0211 3.18–9.60 0.02–47.20
AQP 12.16 9.89 81.33 0.0218 0.0319 21.22 39.47

Note: The data were the averages within 2 h. A and B values of the AQP membrane are from the RO experiments. A and B values of the TFC 
membrane are given by Lutchmiah et al. [10].
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is also larger than most values of the TFC membrane except 
one maximum. Besides, 91.79% of the cleaned TFC-ES mem-
brane water flux was recovered, and 81.33% of the rinsed 
AQP membrane water flux was also recovered, suggesting 
that reversible membrane fouling accounted for a larger part 
on the TFC-ES membrane than that on the AQP membrane. 
The specific RSF (Js/Jw) and recoverable value (Js′/Jw′) for the 
TFC-ES membrane were both lower than the AQP mem-
brane. A simple cleaning method (osmotic backwashing and 
water flushing in situ) is effective for the FO membrane flux 
recovery in the DWW treatment.

3.2. FO/MD batch experiments

3.2.1. Flux analysis 

The variations of the water flux and the RSF in the FO 
subsystem of the hybrid system are displayed in Fig. 4. As 
shown in Figs. 4(a1) and (b1), in the hybrid system, the FO 
water flux for the TFC-ES membrane was still higher than 
that of the AQP membrane. The FO water flux varied mildly 

during each cycle except for initial variations in the start-up 
of each experiment, indicating that the osmotic pressure dif-
ference was relatively stable in the five-sixths cycle, owing to 
DS being undiluted by the AGMD subsystem. Moreover, the 
build-up of the hybrid system mitigated the membrane foul-
ing and ICP for its mesophilic operating temperature. As for 
the significant FO water flux fluctuations in the initial stage of 
a cycle, the membrane fouling and the ICP were inevitably the 
key factor. With respect to the RSF, cases from Figs. 4(a2) and 
(b2) were similar to that from Figs. 3(a2) and (b2). Comparing 
the water flux in Figs. 3(a1) and (b1) with that in Figs. 4(a1) 
and (b1), the FO water flux was higher in the FO/MD hybrid 
system than that in the FO system, owing to the thermal DS 
with constant concentration remained by the MD subsystem.

3.2.2. Contaminant rejections

The results of the contaminant rejections (listed in Table 4) 
show that rejection of the TOC, TN, and TP in the FO/MD 
hybrid system was over 99%. The rejection of TP even reached 

Fig. 4. Variations of the FO water flux (Jw (L/m2 h)) with time (t (min)) and distribution of the FO reverse draw solute flux (Js-Cl (g/m2 h)) 
in the lab-scale FO/MD batch experiments. DI-0 represents the baseline experiment with DI water as the FS. DWW-1, DWW-2, and 
DWW-3 refer to the cycles from 1 to 3 with the DWW as the FS. In all FO/MD experiments, NaCl solution (initial concentration of 
1 M) was used as the DS. (a) FO/MD experiments with the TFC-ES membrane: (a1) water flux in the FO subsystem and (a2) reverse 
flux in the FO subsystem. (b) FO/MD experiments with the AQP membrane: (b1) water flux in the FO subsystem and (b2) reverse flux 
in the FO subsystem.
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100%, and TN was the lowest. A miniscule reduction of each 
contaminant rejection was observed from the cycle DWW-1 to 
DWW-3, one cause of which was wetting and fouling in the 
MD membrane. The AQP membrane reached a slightly higher 
level of contaminant rejection than the TFC-ES membrane did.

3.2.3. Characteristics of the distillate by the FO/MD 
hybrid system

The MD water rates are listed in Table 5. Characteristics 
of the distillate are presented in Table 6. The distillate from 
the hybrid system using the AQP membrane was preferable 
to that from the hybrid system using the TFC-ES membrane. 
However, no matter which FO membrane was used, the per-
meate water quality from the hybrid system was both higher 
than water quality standard for urban miscellaneous water 
consumption of China (GBT18920-2002). 

3.2.4. Specific reverse salt flux

The values of the specific RSF (Js/Jw) are shown in Fig. 5 
to further distinguish the performance of the FO membranes 
in the reclamation of DWW. The lower specific RSF, meaning 
favorable membrane selectivity, is expected [10]. The 
reference value of the specific RSF can be calculated accord-
ing to the existing data given by Lutchmiah et al. [10]. For the 
thin film composite membrane, the maximum value of the 
specific RSF was 0.09467 mol/L (T = 40°C, the MD operation 
temperature) which, compared with the results from Fig. 5, 
the specific RSF of the TFC-ES membrane and the AQP mem-
brane, was in accordance with the calculated references. And 
clearly, the specific RSF of the TFC-ES membrane was much 
lower and more invariable than that of the AQP membrane. 

4. Conclusion

The study confirms that the FO/MD hybrid system is 
effective in the reclamation of DWW with high-quality 

product water for miscellaneous urban water reuse. The 
TFC-ES and AQP membranes performed well in DWW 
treatment. The TFC-ES membrane had higher levels of 
water flux, lower RSF, lower specific RSF and higher flux 
recovery for DWW treatment and recycling than the AQP 
membrane. The AQP membrane exhibited slight higher con-
taminant rejections than the TFC-ES membrane did in the FO 
experiments.
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Water rates between FO and MD subsystems for the FO/MD experiments

Subsystem Water rate (L/h)
TFC-ES membrane AQP membrane
DWW-1 DWW-2 DWW-3 DWW-1 DWW-2 DWW-3

FO 0.16 0.13 0.11 0.12 0.08 0.06
MD 0.13 0.12 0.10 0.12 0.11 0.10

Table 4
TOC, TN, and TP rejections for the FO/MD experiments

Rejections (%) FO/MD experiments 
TFC-ES membrane AQP membrane
DWW-1 DWW-2 DWW-3 DWW-1 DWW-2 DWW-3

TOC 99.49 99.40 99.21 99.86 99.81 99.26
TN 99.22 99.10 99.01 99.31 99.20 99.11
TP 100 100 99.89 100 100 99.92

Table 6
Characteristics of the distillate vs. DWW in the FO/MD 
experiments

Characteristics Distillate DWW
TFC-ES AQP

Total organic carbon (mg/L) 3.80 1.09 595 ± 27.0
Total nitrogen (mg/L) 0.641 0.496 71 ± 12.1
Total phosphorous (mg/L) 0.011 0.005 8.8 ± 1.77
Protein (mg/L) 0.368 0.315 90 ± 3.8
Polysaccharides (mg/L) 11.954 10.895 1,484 ± 20.3
pH 6.69 6.71 8.0–9.0
Conductivity (μs/cm) 13.58 17.7 1,021 ± 29.8
Na (mg/L) 2.919 3.100 68 ± 2.9
Ca (mg/L) 0.262 0.288 26 ± 0.36
Fe (mg/L) 0.000 0.000 0.42 ± 0.024
Cl– (mg/L) 6.035 5.785 113 ± 31.0
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