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A B S T R A C T   

Reverse osmosis (RO) is an important and widely-used membrane separation process for water recycling. However, biofouling is extensively considered a major 
problem for RO membranes due to the biofilm formation on the membrane surfaces. This study proposed and demonstrated a novel and sustainable chemical 
cleaning approach using a free ammonia (FA) solution for the removal of biofouling on RO membranes. The feasibility of FA solution for biofouling removal was 
investigated through a series of lab-scale soak cleaning tests and cross-flow cleaning tests on four fouled RO membranes (M1-M4) collected from municipal 
wastewater recycling plants. In soak cleaning tests on M1, FA concentrations of 65–560 mg NH3–N/L (pH = 8.9) can remove adenosine triphosphate (ATP) by 32–75 
%, remove proteins by 18–47 % and remove polysaccharides by 31–74 %, which was up to 3.4 times of the removals by using NaOH solution under the same pH. FA 
solution of 310–560 mg NH3–N/L (pH = 8.9) even showed higher removals than NaOH solution with a higher pH of 11. In the cross-flow cleaning tests on M2-M4, FA 
solution of 310–560 mg NH3–N/L (pH = 8.9) removed the ATP by 82–100 %, removed proteins by 58–87 % and removed polysaccharides by 68–100 % in the fouling 
layers and increased the permeability by 8–16 %. Such cleaning effects in cross-flow tests were also positively correlated (R > 0.9, p < 0.05). Compared to the 
conventional anti-biofouling agent of NaOH solution (pH = 11), FA solution (310–560 mg NH3–N/L) showed significantly better cleaning performance. A high FA 
concentration of 560 NH3–N/L (pH = 8.9) could achieve comparable cleaning effect to 1 % EDTA solution (pH = 10). Additionally, increasing the frequency of 
cleaning or using a higher concentration of FA solution for biofouling removal will be more advantageous to prolong the membranes’ lifespan. The findings provide a 
promising alternative to using FA as a cost-effective and environmentally friendly solution for cleaning biofouling on RO membranes.   

1. Introduction 

The global demand for freshwater is increasing at an unprecedented 
rate with the urbanization process, which highlights the need for 
effective and efficient water treatment technologies [1]. Currently, 
membrane-based technologies are considered one of the most promising 
technologies to produce high-quality effluent for water and wastewater 
treatment [2,3]. Among various membrane-based technologies, the 
reverse osmosis (RO) process is widely applied globally due to the high 
water quality, easy maintenance, low energy requirements, and simple 
installation [4]. 

In municipal wastewater recycling plants (MWRPs), biofouling 
stands out as a particularly challenging issue in membrane processes, 
due to the high levels of microbes and carbon sources in the feed water, 
while the contributions of inorganic foulants are limited [5,6]. 
Biofouling refers to the attachment, growth, and multiplication of bac
teria on the membrane surface receiving the influent. These bacteria also 
bind to extracellular polymeric substances (EPS) (mainly proteins and 
polysaccharides) in the water, eventually leading to the formation of 

biofilm on the membrane [7,8]. The formation of biofilms reduces 
membrane flow rate and increases pressure loss across the membrane, 
which further increases energy consumption and brings contamination 
risks. The cost to address the biofouling of RO membranes is estimated to 
be around 20–30 % of operating expenditure for each plant applying the 
RO process [9]. Furthermore, biofouling also accelerates the biodegra
dation of polymers and other components composing the membrane and 
eventually shortens the lifespan of the RO membrane [7,8]. 

To control or mitigate biofouling on RO membrane, several strategies 
have been proposed and tested through physical, biological and chem
ical approaches. The biological control measures for biofouling are 
achieved by adding bactericides such as chlorine or chloramine to 
remove bacteria from the influent before it arrives at the RO membrane, 
limiting bacterial growth on the membrane surface [2,10,11]. However, 
as strong oxidants, chlorine and chloramine may degrade the active 
polyamide layer of the RO membrane, consequently raising the risk of 
membrane damage and associated maintenance expenses [12]. 

Common chemical cleaning is still considered the most effective way 
to mitigate the biofouling of RO membranes [13]. The combinations of 
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alkaline and acid cleaning were reported to remove the organic matter 
and biofilm attached to the membrane and to restore the RO membrane 
processing capacity [13,14]. However, the common chemical cleaning 
not only increases the cost of operation but also leads to potential 
environmental pollution caused by the post-cleaning waste solution [13, 
14]. 

Free ammonia (FA, i.e., NH3), a waste by-product from the sludge 
digestion process in MWRPs, has been revealed to have a strong biocidal 
effect, resulting in microbial inactivation and cell lysis [15,16]. The 
biocidal effect of FA has also been utilized to pretreat the sludge to 
enhance the sludge digestion performance in MWRPs [16,17]. FA 
directly exists in the digestion liquor from MWRPs, which can be ob
tained without additional purchasing expense [16]. In MWRPs, 
FA-containing digestion liquor is directly discharged into the microbi
ological treatment unit [16,20]. Thus, the residual FA solution from the 
membrane cleaning can be discharged directly into the microbiological 
treatment unit, minimizing the need and cost for the post-treatment 
membrane cleaning residuals. Thus, we propose that the FA solution 
can be used as an emerging chemical agent to control biofouling and 
restore the processing ability of the RO membrane. 

This study aimed to explore the feasibility of FA as a new chemical 
cleaning agent for cleaning the biofouling of RO membranes. A series of 
laboratory-scale soak cleaning tests and cross-flow cleaning tests were 
conducted on RO membranes subjected to biofouling from MWRPs. The 
effects of FA on biofouling control were tested by evaluating the re
movals of adenosine triphosphate (ATP), proteins and polysaccharides 
levels on the membrane using FA solution. Compared with the effects of 
conventional alkaline cleaning (i.e., NaOH and EDTA), FA solution has a 
better performance on biofouling control, indicating its potential 
application in MWRPs. 

2. Material and methods 

2.1. Chemicals 

A series of FA solutions were prepared using ammonium chloride 
(>99 %, Chem-supply, Australia). pH was maintained at 8.9 ± 0.1 using 
NaOH solution. The FA concentration was calculated based on the total 
ammonia nitrogen concentration, pH, and temperature as follows: FA 
concentration (as mg NH3/L) = S(NH4

+-N + NH3–N) × 10pH/(Kb/ 
Kw+10pH) [18]. The S(NH4

+–N + NH3–N) is the total ammonia nitrogen 
concentration. The Kb/Kw equals to e6,344/(273+T) [18]. Two common 
chemical cleaning solutions, i.e., 1 % EDTA solution (pH = 10) and 
NaOH solution (pH = 11) were prepared by using EDTA (>99 %, 
Sigma-Aldrich, USA) and NaOH (>98 %, Sigma-Aldrich, USA). 

2.2. Reverse osmosis modules and fouling characterization 

Four fouled RO modules (M1-M4) subjected to biofouling were 
collected from three full-scale water recycling plants in Australia. The 
influent of the MWRPs, which are primarily domestic wastewater, un
dergo tertiary treatment before being processed by the RO membrane, 
with a daily recycling water treatment capacity of 2.2–39.2 ML/day. All 
four RO modules are commercial thin-film composite polyamide mem
branes and sourced from the first third of the respective membrane 
modules in the MWRP. All RO membranes have been used in full-scale 
MWRPs for 4–12 months and have undergone 1 to 6 chemical clean
ing, including alkaline and acidic cleaning. This enables the capture of 
diverse fouling conditions of the membranes (e.g., moderate to severe). 
M1 was used for the soak cleaning (section 2.3.1), while M2-M4 were 
used for cross-flow cleaning (section 2.3.2). 

Membrane autopsies were conducted on the four fouled membranes 
to characterize the fouling layer. The chemical components of the 
fouling layers were characterized by the loss of ignition (LOI), poly
saccharide, and protein content. LOI is the ratio of the inorganic fraction 
to the organic fraction of the fouled layer, which could help to determine 

if the contamination is biofouling [2]. Protein and polysaccharide are 
the predominant components of EPS, which are abundant in biofouling 
layers [7,8]. Thus the polysaccharides and proteins concentrations were 
measured to reflect the EPS level and biofilm content in the biofouling 
layers. The ATP levels were used to reflect the active level of microbes in 
the fouling layers [2]. 

2.3. Lab-scale cleaning trials 

2.3.1. Soak cleaning 
Soak tests served as pre-tests to identify the ideal range of FA con

centrations for cleaning biofouling on the RO membrane surfaces. 
Membrane coupons (36 cm2 with 6 cm × 6 cm) were cut from the M1 RO 
module using a sterilized scissor. Each coupon with fouling layers was 
completely soaked in a beaker containing 300 mL of cleaning solution 
for 24 h at room temperature (25 ± 1 ◦C). Two kinds of NaOH cleaning 
solution with pH of 8.9 and 11.0 were employed, while DI water was 
used as a control. Five FA concentration gradients (65, 185, 310, 435 
and 560 mg NH3–N/L, pH = 8.9) were used in the soak cleaning. The 
concentration of FA differs among various anaerobic digestion systems, 
ranging from approximately 50 mg/L to several hundred or even a 
thousand mg/L [19]. Based on our previous observations [20], this 
study selected a FA range of 65–560 mg/L, which can be directly ob
tained from the digestion liquor in local MWRP [15]. The beakers were 
placed on an orbital shaker (Ratek large orbital shaker, Australia) and 
agitated at 120 rpm. For each cleaning solution, the experiments were 
triplicate. The levels of ATP, polysaccharides, and proteins on the 
membrane surface were measured before and after soak cleaning tests. 

2.3.2. Cross-flow cleaning tests 
Cross-flow cleaning is the protocol that actually used in the mem

brane cleaning process in MWRPs [2]. In this study, cross-flow cleaning 
tests were conducted to simulate the real cleaning conditions in MWRPs 
using M2-M4 membrane modules. Membrane coupons (90 cm2 of 
membrane-active surface) along with respective feed spacers were cut 
from membrane modules using a sterilized scissor and placed in the 
cleaning cells. Cleaning cells were designed to simulate the configura
tion of the RO filtration system and were operated with cross-flow 
cleaning tests. Five kinds of cleaning solution were used for the 
cross-flow cleaning, including three FA concentrations of 370, 435, and 
560 mg NH3–N/L (pH = 8.9) and two kinds of conventional cleaning 
solution, NaOH (pH = 11.0) and 1 % EDTA W/V% (pH = 10.0). These 
FA concentrations were selected based on the soak cleaning results. DI 
Water was used as a control (Table 1). 

For each membrane coupon, a certain type of cleaning solution was 
pumped (Cole Parmer, Masterflex L/S economy drive pump, Germany) 
through the cleaning cell for 24 h according with a cross-flow velocity of 
0.1 m/s. This cross-flow velocity was selected based on the actual 
operating conditions of the MWRPs. Each cleaning test was conducted 
with coupons from the same membrane in triplicates. 

The cleaning process in each test lasted for approximately 24 h and 
15 min including the following three stages: 

⋅DI water rinse (2 h) to remove biomass at the external layer of 
biofilm; 

Table 1 
List of cleaning conditions for the cross-flow cleaning tests.  

Cell Cleaning Type Cleaning Condition 

A Water (Control) DI water 
B Free ammonia 370 mg NH3–N/L, pH = 8.9 
C Free ammonia 435 mg NH3–N/L, pH = 8.9 
D Free ammonia 560 mg NH3–N/L, pH = 8.9 
E Alkaline (the benchmark) NaOH, pH = 11.0 
F EDTA 1 % EDTA W/V%, pH = 10.0  
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⋅ Recirculation of cleaning solution (22 h);  
⋅ DI water rinse (15 min) to remove the residual chemicals. 

The ATP, polysaccharide, and protein levels on the membrane cou
pons before and after the cross-flow cleaning were measured to reflect 
the cleaning efficiency on biofouling layer removal. 

2.3.3. Membrane performance recovery tests 
The membrane performance recovery in terms of permeability was 

assessed in a separate lab-scale cross-flow filtration unit. Clean water 
permeability is commonly used to assess the recovery of the perfor
mance of RO membranes [12,21]. This part of the test was carried out on 
a laboratory-scale staggered flow filtration system. The system consisted 
of a 20 L tank, a Driven Diaphragm Pump (Scintex, Australia), a damper 
(to balance the flow and pressure in the system, China), and a filtration 
unit (CF042, Sterlitech, USA). During the operation of the system, the 
membrane under test was firstly installed in the filtration unit. Then the 
cleaning solutions were pumped from the tank into the filtration unit. 
Finally, the filtered solution (i.e., the permeable solution and the 
concentrated solution) was pumped back into the solution tank. The 
clean water permeability test was determined by running DI water 
through the system at a flow rate of 5 bar and 40 L/h for a continuous 
period of 1.5 h. 

2.4. Analytical methods 

The biofouling layer was collected by scraping a known surface area 
of the membrane (40 × 40 cm2). Solids accumulated on membrane 
surfaces were dried in an oven at 105 ◦C overnight to measure the total 
solids (TS) level and then moved into a furnace at 500 ◦C for 4 h to 
measure the volatile solids (VS) level. The TS and VS concentrations 
were then calculated as follows: 

Total solids concentration : TS=
w2 − w1

S  

Volatile solids concentration : VS=
w2 − w3

S  

where w1 (g) is the weight of the crucible, w2 (g) is the weight of the 
crucible and deposits after the oven, w3 (g) is the weight of the crucible 
and deposits after the furnace and S (cm2) is the surface area of the 
membrane sample. 

To measure the ATP, polysaccharide, and protein levels, the biofilm 
(biofouling layers) was removed from the membrane surface, a Braun 
Oral-B Vitality electrical toothbrush (Procter & Gamble, USA) was used 
and the removed items were suspended in 200 ml DI water. Total ATP 
was determined using the ATP Assay kit (Sigma-Aldrich, USA) according 
to the manufacturer’s instructions. Protein and polysaccharide contents 
were measured using the QuantiPro™ BCA Assay Kit (Sigma-Aldrich, 
USA) and the Phenol–Sulphuric acid method, respectively [2]. All tests 
were carried out in triplicate. 

Pairwise comparisons of groups with different cleaning agents (p 
value) were carried out by t-test via Origin and the significant level was 
set as 0.05. Correlations (R value) between FA concentrations and 
relevant parameters were evaluated through Pearson’s correlation co
efficient using Matlab software, where the R value closer to 1 represents 
a more positive linear correlation. 

3. Results 

3.1. The effects of FA solution on soak cleaning performance 

3.1.1. Fouling layer characterization of M1 
A series of bench-scale soak cleaning tests were conducted as pre- 

tests to verify the feasibility of using FA solutions to clean biofouling 
on the surface of RO membranes. The fouling layer was characterized 

based on membrane autopsies for M1. The TS content of the fouling 
layer contained 94.1 ± 0.2 % organics. The concentration of protein and 
polysaccharide (major compounds of EPS) in the fouling layer was 0.20 
± 0.02 g BSA/m2 and 0.44 ± 0.10 g glucose/m2, respectively. The ATP 
concentration in the fouling layer reached 0.39 ± 0.09 pg ATP/m2, 
indicating the considerable active microbes in the fouling layer. The 
concentrations of proteins and polysaccharides and ATP levels in the 
fouling layer are comparable to other reported biofouling layers formed 
on RO membranes, confirming the presence of biofouling in the mem
branes used in this study [2]. 

3.1.2. ATP, proteins, and polysaccharides removals of M1 
In the soak cleaning test, the removal efficiency for the fouling layer 

was evaluated by the reduction of ATP, proteins, and polysaccharides on 
the membrane surface. Only a small account of ATP was removed by the 
DI water (control, 4 % removal) and NaOH solution (pH = 8.9, 25 % 
removal) (Fig. 1). On the contrary, FA solution significantly enhanced 
the ATP removal (p < 0.05) compared to the NaOH solution under the 
same pH (8.9) and the DI water. FA solution of 65, 185, 310, 435 and 
560 mg NH3–N/L achieved ATP removals of 32 ± 7 %, 40 ± 1 %, 51 ± 3 
%, 66 ± 2 % and 75 ± 4 %, respectively, which were 8–19 times higher 
than that of the control (4 %) and 0.28–2 times higher than that of the 
NaOH solution (pH = 8.9, 25 %). Additionally, the ATP removal through 
the soak cleaning was positively correlated with the FA concentration 
(R > 0.9, p < 0.05). This implies that FA rather than the alkali inacti
vated or killed the microbes in the fouling layer (biofilm). 

Similar trends were also observed for proteins and polysaccharides 
on membrane surfaces. DI water hardly reduced the proteins and poly
saccharides on the membrane. The NaOH solution (pH = 8.9) removed 
protein and polysaccharide by 14 ± 5 % and 23 ± 5 %, respectively 
(Fig. 2). The FA solution (65–560 mg NH3–N/L) significantly enhanced 
the removal of protein and polysaccharide (p < 0.05). When the con
centration of FA in the cleaning solution increased from 65 to 185, 310, 
435 and 560 mg NH3–N/L, the removal of protein increased from 19 ±
4 % to 18 ± 2 %, 25 ± 5 %, 39 ± 2 % and 47 ± 3 %, and the removal of 
polysaccharide increased from 31 ± 5 % to 46 ± 6 %, 55 ± 2 %, 60 ± 4 
%, and 74 ± 8 % (Fig. 2), respectively. Such promotion effect was 
positively related to the FA concentration (R > 0.9, p < 0.05). The 
highest removal of protein and polysaccharide was achieved under 560 
mg NH3–N/L, which are 3.4 and 3.2 times the removals by using the 
NaOH solution under the same pH (8.9), respectively. This indicated 
that FA enhanced the EPS and biofilms removals of M1 and the 

Fig. 1. ATP removals of the membranes M1 after 24 h soak cleaning tests. Error 
bars represent standard errors. 
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effectiveness of protein and polysaccharide removals are attributed to 
the FA solutions instead of a high pH (8.9). In a word, the removals of 
ATP and EPS through FA solution imply that FA solution (65–560 mg 
NH3–N/L) is effective in removing biofilms and biofouling from the 
membrane M1. 

The effect of NaOH solutions at pH = 11.0, a common solution for 
cleaning biofouling, was also evaluated in soak cleaning tests. Through 
NaOH solution, ATP was reduced by 48 ± 2 %, while protein and 
polysaccharides were reduced by 20 ± 2 % and 45 ± 5 %, respectively 
(Figs. 1 and 2). The removals of ATP, protein and polysaccharides were 
significantly lower than the FA solution over 310 mg NH3–N/L (Figs. 1 
and 2), while slightly higher than that with the FA solution of 185 mg 
NH3–N/L (pH = 8.9). This indicates that FA concentration over 310 mg 
NH3–N/L is more effective for cleaning biofouling than conventional 
alkaline cleaning. Three concentrations of FA solution (i.e., 310, 435 and 
560 mg NH3–N/L) were then selected in the subsequent cross-flow 
cleaning experiments. 

3.2. The effects of FA solution on the cross-flow cleaning performance 

3.2.1. Fouling layer characterization of M2-M4 
Three commercial RO membranes (i.e., M2-M4) were collected from 

MWRPs in Sydney for the cross-flow cleaning tests. The LOI results 
showed that the fouled layer of the M2-M4 membranes mainly consisted 
of organic contaminants (>89.4 % of TS level). The concentrations of 
ATP, protein, and polysaccharides are shown in Fig. 3. Among these 
three membranes, M2 had the highest ATP, protein and polysaccharide 
levels, which were 0.52 pg ATP/m2, 0.43 g BSA/m2, and 0.71 g glucose/ 
m2, respectively. The levels of ATP, protein and polysaccharide at M2 
were almost 2.6 times of M3 and 6 times of M4. According to these re
sults, M2 and M3 could be classified as heavily fouled and M4 as 
moderately fouled in this study. 

3.2.2. ATP removal of M2-M4 
Based on the results of the soak cleaning tests, three FA concentra

tions of 310, 435, and 560 mg NH3–N/L (pH = 8.9) were selected for the 
cross-flow tests. In addition, the common chemical cleaning agents used 
for biofouling removal from RO membranes, i.e., NaOH solution (pH =

Fig. 2. Protein and polysaccharide removals of the membranes M1 after 24 h soak cleaning tests. Error bars represent standard errors.  

Fig. 3. Fouling layer characterization of M2-M4. Error bars represent standard errors.  
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11.0) and 1 % EDTA solution, were also tested for comparison. 
FA solution significantly reduced the ATP levels in the fouling layers 

regardless of the severity of the fouling on the membranes (p < 0.05). 
For M2 and M3 with severe fouling conditions, the water rinse, and DI 
water cleaning removed only 31 ± 2 % and 35 ± 10 % of ATP in the 
fouling layers, respectively. However, FA solution of 310 mg NH3–N/L 
significantly improved the ATP reduction level to 82 ± 4 %. The further 
increase of FA concentrations to 435 and 560 mg NH3–N/L led to 97 ± 3 
% and 98 ± 3 % reduction in the ATP level, respectively (Fig. 4). For the 
membrane M4 with the least fouling severity, the water rinse and DI 
water cleaning removed 66 ± 9 % and 87 ± 6 % of ATP in the fouling 
layer, respectively. However, the FA solution of 310 mg NH3–N/L 
reduced 96 ± 2 % of the ATP level on the membrane surfaces and higher 
FA solution of 435 and 560 mg NH3–N/L could even achieve complete 
ATP removal (100 % ± 2 % and 100 % ± 0 %, respectively). Consistent 
with the soak cleaning results, the ATP removal was positively corre
lated with the FA concentration (R > 0.9, p < 0.05). Additionally, FA 
was more effective on the ATP removals of moderately fouled mem
branes (M4, 96–100 %) than the heavily fouled membranes (M2-M3, 
82–99 %). This result also suggests that an appropriate frequency of 
membrane cleaning can eliminate the formation of heavy fouling and 
therefore result in a greater recovery of membrane capacity according to 
the up to 100 % ATP removals of moderately fouled membranes. 

The conventional NaOH (pH = 11.0) cleaning achieved the ATP re
movals by 72 ± 7 %, 86 ± 4 %, and 96 ± 1 % (Fig. 2) for M2, M3, and 
M4, respectively, which were all significantly lower than the ATP re
movals achieved by FA solution regardless of the FA concentrations (p <
0.05). The 1 % EDTA cleaning (pH = 11.0) achieved the ATP removal for 
M2, M3, and M4 by 99 ± 1 %, 99 ± 1 % and 100 % ± 0 %, respectively 
(Fig. 4), which were comparable to the results achieved by 560 mg 
NH3–N/L FA solution (p > 0.05). This indicates that the effect of FA 
solution cleaning (310–560 mg NH3–N/L, pH = 8.9) on ATP removals is 
more effective than the common alkaline cleaning and FA concentration 
of 560 mg NH3–N/L showed a comparable performance to the 1 % EDTA 
solution. 

3.2.3. Protein and polysaccharide removals of M2-M4 
Three concentrations of FA solution, i.e., 310, 435, and 560 NH3–N/ 

L, were more effective in reducing proteins and polysaccharides in 
fouling layers of M2-M4 compared to pre-cleaning on M1 (p < 0.05). For 
M2 and M3, the water rinse and DI water removed 24–56 % of protein 
and 34–72 % of polysaccharides in the fouling layer, respectively (Figs. 5 
and 6). FA cleaning solution of 310 mg NH3–N/L increased the protein 
reduction levels of M2 and M3 to 58 ± 6 % and 64 ± 4 % and increased 
polysaccharides reduction levels to 68 ± 4 % and 83 ± 8 %, respectively 
(Figs. 4 and 5). The further increase of FA concentrations to 435 mg 
NH3–N/L led to 65 ± 8 % and 86 ± 3 % reduction of protein, as well as 
80 ± 3 % and 84 ± 6 % reduction of polysaccharides in the fouling layer 
of M2 and M3, respectively (Figs. 5 and 6). FA concentration of 560 mg 
NH3–N/L led to 75 ± 5 % and 87 ± 3 % reduction of protein, as well as 
91 ± 3 % and 95 ± 5 % reduction of polysaccharides in the fouling layer 
of M2 and M3, respectively. 

For M4, the water rinse and DI water cleaning removed 46 ± 7 % and 
70 ± 6 % of protein and 77 ± 9 % and 92 ± 6 % of polysaccharides in 
the fouling layer, respectively (Figs. 5 and 6). Using FA solutions at 
concentrations of 310, 435 and 560 mg NH3–N/L reduced protein levels 
to 75 ± 6 %, 85 ± 8 % and 86 ± 5 %, respectively (Fig. 4). Meanwhile, 
FA solutions at all the concentrations completely removed the poly
saccharides (100 % removal) on the membrane surfaces (Fig. 6). 

For conventional NaOH cleaning (pH = 11.0), the protein removals 
for M2-M4 were 53 ± 7 %, 60 ± 2 %, and 80 ± 9 %, respectively, and 
the polysaccharide removals were 75 ± 5 %, 78 ± 4 %, and 96 ± 3 %, 
respectively (Figs. 5 and 6). These results were significantly lower than 
the protein and polysaccharide reduction achieved by FA solutions 
regardless of the FA concentration (p < 0.05). This is consistent with the 
experimental results for ATP, indicating that the selected concentrations 
of FA solution of 310, 435 and 560 mg NH3–N/L had better cleaning 
efficiency in removing EPS than the NaOH solution at pH = 11.0 (p <
0.05). For 1 % EDTA cleaning (pH = 10.0), the protein removals ach
ieved for M2, M3, and M4 were 80 ± 12 %, 89 ± 2 %, and 90 ± 2 %, and 
the polysaccharide removals were 89 ± 2 %, 96 ± 2 %, and 100 ± 0 % 
(Figs. 5 and 6), respectively. Similarly, the results achieved by EDTA are 
similar to the FA solution of 560 mg NH3–N/L, which is consistent with 

Fig. 4. ATP removals of the membranes M2-M4 after 24 h cross-flow conditions (cross-flow velocity 0.1 m/s). Error bars represent standard errors.  
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the result for ATP removals (Figs. 5 and 6). According to experimental 
results, an FA solution of 560 mg NH3–N/L can work as a replacement 
for the traditional EDTA solution involving biofouling removal of RO 
membranes. 

3.2.4. Membranes performances recovery after cleaning 
The membrane recovery performance of the RO membrane after the 

cleaning, i.e., hydraulic performance, was measured and indicated by 

the relative permeability increase before and after cleaning (Fig. 7). FA 
solution of 310, 435 and 560 mg NH3–N/L significantly increased the 
permeability by 8.0–16.0 % for M2-M4 (p < 0.05), which were higher 
than the results of the NaOH cleaning (increased by 5.8–9.5 %) (Fig. 7). 
Similarly, the permeability increased by the 1 % EDTA cleaning was 
similar to that of the FA solution at 560 mg NH3–N/L (increased by 
10.0–15.1 %). This is also consistent with the previous results for the 
removals of ATP, proteins, and polysaccharides. The permeability 

Fig. 5. Protein removals of the membranes M2-M4 after 24 h cross-flow conditions (cross-flow velocity 0.1 m/s). Error bars represent standard errors.  

Fig. 6. Polysaccharide removals of the membranes M2-M4 after 24 h cross-flow conditions (cross-flow velocity 0.1 m/s). Error bars represent standard errors.  
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increases via 310–560 mg NH3–N/L demonstrated the recovery perfor
mance of the RO membrane had been well improved. 

4. Discussion 

This study for the first time demonstrates the use of FA as a novel 
cleaning agent to remove biofouling from RO membrane. Its effective
ness was investigated through a series of soak cleaning and cross-flow 
cleaning tests. In soak cleaning tests, the FA solution (65–560 mg 
NH3–N/L, pH = 8.9) significantly contributed to the reduction of ATP, 
protein, and polysaccharide (p < 0.05) by up to 75 % on the fouling 
layers, which were by up to 3.4 times in comparison to the control and 
NaOH solution (pH = 8.9). This implies that FA rather than the alkali 
alone was the major contributor to the enhanced biofouling removal. In 
cross-flow cleaning tests, the removals of ATP protein, and poly
saccharide (p < 0.05) on the fouling layers were 58–100 % by using FA 
solution (310–560 mg NH3–N/L, pH = 8.9), which were significantly 
higher than the common NaOH cleaning (pH = 11.0) and comparable to 
that of 1 % EDTA cleaning when FA concentration was 560 mg NH3–N/L 
(pH = 8.9). The permeability increases via FA solution (310–560 mg 
NH3–N/L, pH = 8.9) were 8–16 %, which confirmed the performance 
recovery of the RO membranes. All of these implied that FA cleaning is a 
promising alternative to the current membrane cleaning solutions with 
significantly better or comparable performance. 

The effect of FA cleaning on the biofouling control for RO membrane 
is likely due to the biocidal effect of FA on microbes and its ability to 
break down EPS [15]. Previous studies have shown that FA has a strong 
biocidal effect on active bacterial cells [15]. This is mainly due to its 
ability to diffuse through the cell membrane into the cytoplasm, which 
leads to changes in intracellular pH and an imbalance in the trans
membrane proton gradient, ultimately leading to a loss of intracellular 
potassium, an increase in cellular energy requirements and eventual cell 
death [22]. Recent evidence also suggests that FA diffusing into the cell 
may directly lead to DNA damage, which in turn leads to cell death and 
that it is positively correlated with FA concentration [15,17]. This is 
supported by the significant reduction of ATP observed on the mem
brane surface after FA cleaning in both the soak cleaning and cross-flow 

cleaning tests and the positive correlation between such reduction ef
fects and FA concentrations in our study. Furthermore, enhanced EPS 
destruction due to FA cleaning was observed in our study [16,20]. 
Previously, FA has been reported to destroy the EPS in sludge [15,16]. 
Such an effect is likely due to that FA, when killing cells, causes large 
amounts of enzymes in cells to be released into the environment, further 
accelerating the breakdown of EPS [25]. As EPS largely protects microbe 
from external aggressions and reduce survival stress in biofilms [23–25], 
the enhanced breakdown of EPS observed in this study supports the 
effeteness of FA in removing biofouling. However, the detailed mecha
nism of FA in breaking EPS in biofouling layers require future in
vestigations. It has been reported that higher FA concentrations 
contributed to higher EPS degradation rates [15]. This is in accordance 
with the significant removal of EPS via FA solution and the positive 
correlation observed between the removal efficiency and FA concen
trations in this study. 

In addition, the effects of FA cleaning also depended on the extent of 
fouling on the membranes. For example, the FA solution of 310 mg 
NH3–N/L removes 82–91 % of ATP from heavily fouled membranes (i.e., 
M2 and M3), but it removes over 96 % of ATP from moderately fouled 
membranes (i.e., M4) in cross-flow cleaning tests. This indicated that FA 
solution is more effective on moderately fouled membranes than on 
heavily fouled membranes. Therefore, we recommend that for ideal 
cleaning results, an appropriate increase in the frequency of membrane 
cleaning can effectively avoid serious biofouling. Previous studies also 
revealed that the removal efficiency for biofouling varies with the age 
and maturity of the biofilm [26]. A membrane with heavier fouling 
layers tends to have less biofilm removal through chemical cleaning 
using NaOH, EDTA, etc. [7,8]. This is consistent with our observations 
and this phenomenon is likely related to structural changes in the bio
film from mild to serious fouling. More serious fouling layers on the 
membrane are denser and more compact, which in turn prevents the 
penetration of cleaning agents into the fouled layer, thus reducing 
cleaning efficiency [2,27]. Therefore, a proper increased cleaning fre
quency and higher FA concentration are crucial for restoring the per
formance of RO membranes. 

FA cleaning is a promising alternative to the current membrane 

Fig. 7. Permeability increases of the membranes M2-M4 after 24 h cross-flow conditions (cross-flow velocity 0.1 m/s). Error bars represent standard errors.  
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cleaning solutions with significantly better or comparable performance, 
in comparison to two traditional chemical cleaning methods (i.e., NaOH 
and EDTA), especially for the FA concentration of 560 mg NH3–N/L, pH 
= 8.9. Nevertheless, compared with the conventional chemical cleaning 
approaches, FA is a by-product that can be directly obtained from the 
concentrated, centrifuged or filtered digestion liquor [16,20]. Thus, the 
use of FA as a membrane cleaning agent requires minimized chemical 
cost and can achieve a ‘closed-loop’ concept in MWRPs (Fig. 8). This 
approach not only allows the reuse of MWRP waste (i.e., anaerobic 
digestion liquor) and the mitigation of membrane contamination but 
also allows a significant reduction in cost for chemical cleaning agents, 
thus moving the plant from a ‘linear economy’ to a partial ‘circular 
economy’. Furthermore, the production and transportation of conven
tional chemical agents (e.g., EDTA and NaOH) consume a lot of fossil 
energy. The use of FA as a cleaning agent undoubtedly reduces the 
environmental footprints of the RO membrane. However, it is worth 
noting that a small amount of alkali would be needed when the pH of the 
digestion liquor is less than the experimental conditions in this study 
(pH = 8.9) [16]. 

Previous studies claimed that a technology based on free nitrite acid 
(FNA) functions as a chemical cleaning agent to eliminate biofouling 
from membrane surfaces [2,28]. However, the FNA approach relies on 
the on-site generation of FNA via side-stream nitritation of anaerobic 
digestion liquid [29,30]. Unfortunately, side-stream nitritation reactors 
are rarely installed in MWRPs, limiting their application and requiring 
additional facilities and associated costs. In contrast, the FA solution 
proposed in this work can be extracted directly from the anaerobic 
digestor, which is more economical and easy-handling for the current 
MWRPs. 

It should be emphasized that this is a proof-of-concept study 
demonstrating the feasibility of FA as a chemical cleaning agent for the 
removal of biofouling on RO membranes. A series of FA concentrations 
were tested and demonstrated in this study. However, the cleaning effect 
may also depend on other factors, such as cleaning protocols (e.g., 
flushing time, backwashing time, backwashing repeating frequency, 
etc.) [31]. Furthermore, previous studies also demonstrated that 
sequential cleaning solutions, involving acid for inorganic foulants, 

alkaline for organic foulants, and disinfectants for microbial fouling 
could achieve a better cleaning effect than a single solution [32]. Thus, it 
is highly recommended for future studies to explore the potential of 
adjusting the cleaning protocols and using FA in conjugation with other 
cleaning agents to achieve better cleaning effects. Also, although living 
cells, reflected by ATP levels in this study, are the major contributor, 
some dead cells might also play a role in the biofouling process [33]. In 
light of this, future studies are highly recommended to investigate the 
detailed contribution of FA on dead cells attached to the mem
brane/biofouling layers. Besides, the morphology change of biofouling 
layers can be beneficial for the in-depth understanding of the impact of 
FA cleaning, which shall be investigated in the future. 

Moreover, ammonia (NH3) has been considered a promising 
hydrogen carrier due to its high hydrogen content and ease of lique
faction under mild conditions [34]. However, the production and col
lection/separation of ammonia from anaerobic digestion systems are 
still challenging and energy/chemical-consuming, limiting its current 
application as a hydrogen carrier [35–37]. In the future, the application 
of ammonia from anaerobic digestion systems might become more 
versatile when the production/collection technology for ammonia from 
the anaerobic digestion process becomes more economically feasible. 
Finally, the examination of FA’s impact on membrane durability holds 
paramount importance for the future application of this technology, 
making it a highly recommended area for further research. 

5. Conclusions 

In this study, we investigated the effects of FA on the removal of 
biofouling on RO membranes. A series of soak cleaning and cross-flow 
cleaning tests were performed using four fouled RO membranes (M1- 
M4) from full-scale MWRPs. The following conclusions can be drawn:  

• In soak cleaning tests of M1, FA solution of 65–560 mg NH3–N/L 
achieved ATP removal by 32–75 %, achieved protein removal by 
18–47 %, and achieved polysaccharides removal by 31–74 % from 
membrane surfaces. The cleaning effects were positively correlated 
with the FA concentration (R > 0.9, p < 0.05). 

Fig. 8. A “closed-loop” concept in a MWRP based on the proposed FA cleaning method.  
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• In cross-flow cleaning tests of M2-M4, FA solution of 310–560 mg 
NH3–N/L removed the ATP by 82–100 %, removed protein by 58–87 
%, and removed polysaccharides by 68–100 % from membrane 
surfaces. FA solution also significantly increased the membrane 
permeability by 8–16 %. The cleaning effects were positively corre
lated with the FA concentrations (R > 0.9, p < 0.05). Additionally, a 
properly increased cleaning frequency and higher FA concentration 
are good strategies for biofouling control and recovering the per
formance of RO membranes.  

• For both soak cleaning tests of M1 and cross-flow cleaning tests of 
M2-M4, the cleaning effects of FA solution (310–560 mg NH3–N/L, 
pH = 8.9) were significantly higher than the conventional NaOH 
cleaning (pH = 11.0). However, only the FA solution of 560 mg 
NH3–N/L (pH = 8.9) achieved comparable performance to the con
ventional EDTA cleaning.  

• FA cleaning is a cost-effective method for biofouling removal RO 
applications with minimized environmental footprints. 
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