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ABSTRACT

Membranebiofoulingisanunevadable problem that occurr during thereverse osmosis (RO) desalination
of dyeing wastewater; therefore, it is necessary to minutely understand biofouling characteristics of
RO membranes to effectively hinder the fouling. In this study, two sets of laboratory-scale desalination
systems of biologically treated dyeing wastewater were operated, respectively, for 10 and 30 d,
and the performance and biofouling of RO membrane were investigated. The obvious decrease of
permeate flux after 10 d of operation reflected a more serious membrane fouling. The analysis on
surface morphology, foulant characteristics, and active biomass of membrane fouling layer exempli-
fied that biofouling was perhaps responsible for the permeate flux decline, and the fouling was more
serious after operation of 30 d than that of 10 d. Further, bacterial community of biofilm showed
that Proteobacteria was the most predominant, followed by Firmicutes and Bacteroidete. The relative
abundance of y-Proteobacteria significantly decreased and that of a-Proteobacteria, Clostridia, and
Sphingobacteria increased with operation time, which seemed to facilitate the more developed/mature
biofilm formation. The results would provide fundamental information for effective strategy on

prevention and control of membrane biofouling during RO desalination of dyeing wastewater.
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1. Introduction

The dyeing process of textiles is characterized by high
water consumption and wastewater generation [1]. Generated
dyeing wastewater is difficult to realize the desalination and
complete mineralization of refractory organic matter due
to its high organic concentration and low degradability [2].
Thus, an effective technology of recovery and reuse of water
coming from dyeing wastewater are needed urgently to
reduce water consumption and minimize effluent discharge.
In recent years, reverse osmosis (RO) membrane technology
hasbeen highlighted in reuse of effluents from textile industry
with its outstanding attributes of high contaminant rejection,
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simple operation, and producing high-quality water [3-5].
Ciardelli et al. [6] has applied RO membrane technology
after biological-sand filter and ultrafiltration (UF) to produce
high-quality water being reused in dyeing processes.
However, membrane fouling poses a formidable challenge
for the application of RO technology, which may result in the
decline of membrane performance and limit the RO system
efficiency [7,8]. The types of membrane fouling can be clas-
sified into colloidal fouling, inorganic/organic fouling, and
biofouling [9]. Biofouling is one of the major concerns in the
RO process [9,10], which has been observed within a first few
hours of RO operation [11,12]. A complex sessile microbial
community grows by deposition, attachment, and prolifer-
ation of microorganisms on the membrane surface to form
a biofilm [13], causing an increase in hydraulic resistance, a
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severe decline in permeate flux, and a deterioration of system
performance for RO membrane [14-17]. Once the biofilm
is established, it is difficult to remove by treatment with a
variety of chemical cleaning agents due to the protection pro-
vided by self-produced extracellular polymeric substances
(EPS) [18,19]. Previous studies have reported that chemical
treatment affected only the top biofilm surface, and sufficient
bacteria remained on the membranes still could cause
potential problem [19,20]. Given that biofouling is the most
ubiquitous and recalcitrant, an in-depth analysis in microbial
community of biofilm on the RO membrane would be useful
for prevention and control of membrane biofouling and good
performance maintenance of RO system. For the treatment of
drinking water, seawater, or municipal wastewater effluents,
previous studies have reported two major bacterial phyla,
Proteobacteria and Bacteroidetes, which played a critical
role in biofilm development on RO membrane [21-24].
Nevertheless, for RO desalination of dyeing wastewater, it is
still necessary to further investigate biofilm composition at
different operation time to better understand the membrane
biofouling mechanisms.

The main objective of this study was to gain a better
insight into the membrane biofouling characteristics in
RO systems for dyeing wastewater desalination. To trace
the changes occurring in the biofouling layer, diversity
and bacterial community composition were assessed by
high-throughput sequencing techniques. The fouled RO
membranes were autopsied after operation for 10 and 30 d,
and a comparative analysis of surface morphology, foulant
characteristics, active biomass, diversity, and composition of
bacterial communities was carried out.

2. Materials and methods
2.1. RO membrane unit operation and sample collection

The laboratory-scale RO desalination system was
fed with UF permeate of biological-sand-treated dyeing
wastewater. The spiral-wound aromatic polyamide com-
posite RO membrane, YQS-4040 (Hydranautics, USA) with
a filtration area of 7.2 m? (4-inch diameter), was used in this
system. Two sets of RO unit were operated continuously with
uniform operation conditions for 10 and 30 d at 25°C + 2°C,
respectively, with initial pressure of 0.6 MPa and the feed
water flow rate of 0.3 m*h. The recovery of each RO unit
was 50%. RO influent was characterized as chemical oxy-
gen demand of 90-122 mg/L, pH of 6.8-8.0, conductivity
of 2,200-3,000 ps/cm, total nitrogen of 24-36 mg/L, and total
phosphorus of 2.5-3.2 mg/L. Permeate flux and salt rejection
were monitored every 2 d. Salt rejection was calculated as
follows:

Salt rejection =100 x| 1 -

Conductivity . ... J

Conductivity, ,

At the end of each operation, RO membrane was autopsied
within 24 h for surface morphology observation and foulant
collection. The foulant samples in triplicate were collected
from the inlet and outlet parts of fouled RO membranes by
physical scrapping, which were nearer to RO influent and
RO concentrate, respectively.

2.2. Fouling load analysis and loss on ignition test

Foulants were dried by lyophilization process, and
recovered foulants were weighed. Mass per unit surface area
of the fouled membrane was calculated as fouling load [22].
Lyophilized foulants were dried in 110°C to constant weight
and then subjected to ignition at 550°C for 4 h in a muffle
furnace. The residual and loss samples after ignition at 550°C
represented inorganic and organic fractions, respectively
[2]. The percentage of inorganic/organic fractions was
calculated as weight of inorganic/organic fractions/constant
weight x 100.

2.3. Bacterial cell counts

The foulants scrapped from the RO membrane surfaces
were dissolved in sterilized phosphate buffer solution (PBS)
with vortex shaking. Heterotrophic plate counts (HPC)
and adenosine triphosphate (ATP) of the samples were
immediately analyzed. HPC was calculated according to
the International Standard [25]. All samples were properly
diluted in sterilized PBS, and then the diluted samples were
evenly coated on Luria-Bertani agar plates. Plates were put
into a constant temperature incubator (25°C) for 7 d to obtain
colony counts of 30-300 per plate. ATP was measured using
the G819A BacTiter-Glo Microbial Cell Viability Assay kit
(USA) according to the manufacturer’s guidelines. The lumi-
nescence of samples was read in an MD SpectraMax M5
multifunctional microplate reader (Molecular Devices, USA).

2.4. DNA extraction and Illumina high-throughput sequencing

The total genomic DNA was extracted from foulant depos-
ited at the inlet and outlet parts of fouled RO membranes
in triplicate using AZecoTM Soil DNA MiniPrep (Azanno
Biotech, China) according to the manufacturer’s protocols.
Triplicate total genomic DNA was homogenized together to
average out bias sampling and extraction. DNA concentra-
tions and purity were quantified by agarose electrophoresis,
and Qubit 2.0 DNA kit (Sangon, China) was used to determine
genomic DNA for polymerase chain reaction (PCR) reaction.
About 420 pb hypervariable V3-V4 region of the bacterial 165
ribosomal ribonucleic acid (rRNA) gene was PCR amplified
using the primer (515F/806R) [26]. The PCR reactions were
conducted in a 50-uL mixture including 5 pL of 10x PCR buf-
fer, 0.5 uL of deoxynucleoside triphosphate (10 mM), 10 ng of
genomic DNA, 1 uL of each primer (50 uM), and 0.5 pL of
Platium Taq (5 U/uL). The PCR amplification procedure was
as follows: initial denaturation step of 2 min at 95°C, followed
by 25 cycles (95°C for 30 s, 55°C for 30 s, 72°C for 30 s), and
a final extension at 72°C for 5 min [27]. The PCR products
were checked by 1.0% agarose gel electrophoresis and then
were subjected to library preparation using Illumina TruSeq
DNA PCR-free sample preparation kit according to the man-
ufacturer’s instructions. Pyrosequencing was conducted on
the Illumina Miseq 2,000 platform (PersonalBio, Shanghai) to
assess the diversity and relative abundances of bacteria in all
samples. The raw sequences were processed using the Pipeline
Initial Process tool of the Ribosomal Database Project (RDP) to
sort based on the specific barcodes. The adapters and prim-
ers were trimmed using Trimmomatic software (v 0.33), and
the sequences containing ambiguous ‘N’, low-quality tags,
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chimeras, and shorter than 200 bp in length were removed
by Quantitative Insights into Microbial Ecology (v 1.8.0)
[28]. The quality-filtered sequences were then checked using
Mothur (http://www.mothur.org) and clustered into oper-
ational taxonomic unit (OTUs) by USEARCH method at a
97% identity threshold [20]. The resulting OTU representative
sequences were submitted to Greengenes Database (http://
greengenes.secondgenome.com/) with RDP Classifier with a
confidence threshold of 0.80. Shannon-Weaver index for diver-
sity estimation and Chaol estimator for species richness were
calculated across these samples [29]. All sequences used in this
study were submitted to the National Center for Biotechnology
Information (Accession Number: SRP166765).

2.5. Analytical methods

Conductivity was measured by a DDS-307A conductivity
meter (China). The surface morphology of fouled RO mem-
branes was observed using scanning electron microscopy
(SEM) (Phenom G2 Pro, the Netherlands). Principal compo-
nent analysis (PCA) was performed to identify clusters of bac-
teria in the different samples. One-way analysis of variance
was applied to test for significant differences of results, and
P value <0.05 was considered to be statistically significant.
All the analyses were performed with statistic package for
the social science (SPSS) 22.0 Statistics (IBM Corp., USA).

3. Results and discussion
3.1. Change of membrane performance during RO desalination

Membrane fouling can result in a decrease of permeate
flux, which has been generally used as an indicative
parameter to evaluate the fouling in various studies [2,30].
In this study, a gradual decrease in the permeate flux was
observed with a reduction of permeability of 42.8% until the
end of operation, and a more serious decline occurred after
10 d accounting for 83.4% of the overall decline (Fig. 1). The
results indicated that the RO membranes had a relatively
moderate fouling within 10 d of operation, and the fouling
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Fig. 1. Changes in normalized permeate flux (at 0.6 MPa, 25°C +2°C)
and salt rejection of the membranes during RO desalination of
dyeing wastewater.

were significantly increased from 10 to 30 d. In contrast with
the obvious decrease in permeate flux, a relatively steady salt
rejection was measured, which exhibited the great capability
of RO membrane separation for wastewater desalination,
even upon moderate fouling.

3.2. Surface morphology and foulant characteristics of RO
membrane fouling layer

The surface morphology of autopsied membranes at the
end of operation was analyzed with SEM technique as shown
in Fig. 2(a). It was found that the surface of RO membrane
was relatively rough and scattered after 10 d, but a densely
packed and homogeneous fouling layer was visualized on the
membrane surface, which was colonized by a large number of
microbes after 30 d. SEM analysis directly showed the fouled
RO membrane and exemplified the presence of more serious
fouling after 30 d of operation to some extent. The findings
seemed to be consistent with the decrease of permeate flux.

The analysis of fouling load was performed to
quantitatively evaluate membrane fouling corresponding
to the qualitative SEM data. Both the fouling loads of the
inlet part of RO membranes at two different time scales
(i.e., 0.62 + 0.07 g/m? for 10 d and 1.56 + 0.14 g/m? for 30 d)
were higher than those of outlet part of the RO membranes
(i.e., 0.31 + 0.01 g/m? for 10 d and 0.93 + 0.09 g/m? for 30 d)
(Fig. 2(b)), suggesting higher potential of the fouling load at
the inlet part of RO membranes. Furthermore, fouling loads
significantly increased from 10 to 30 d, which reconfirmed
the occurrence of rapidly increasing fouling on the RO
membranes with operation time.

The fouling load was further characterized as organic
and inorganic fractions by loss on ignition test. As shown
in Fig. 2(c), the average percentage of organic and inorganic
fractions on the RO membranes after 10 d were 85.6% +2.5%
and 14.4% + 2.3% for the inlet part and 88.1% + 3.9%
and 11.9% + 3.5% for the outlet part and those after 30 d
were 91.4% + 4.4% and 8.6% + 2.1% for the inlet part and
94.3% * 3.6% and 5.7% * 1.5% for the outlet part. The results
proved that the higher fouling load on the RO membrane was
mainly attributed to the accumulation of organic foulants.
Besides, the proportion of organic foulants remarkably
increased (P < 0.05) with time. Previous studies have
reported that initial organic matter adhesion could acceler-
ate the bacterial accumulation on RO membrane surface and
eventually the formation of biological fouling [19,31,32]. In
our study, substantial bacterial aggregation was also visual-
ized on the fouled membrane by SEM. It is well known that
bacteria can produce a large number of EPS by metabolism,
being mainly composed of polysaccharides and proteins [18].
Therefore, the increased proportion of organic foulants due
to organic matter adsorbed on the membrane surface led to
a large growth of bacteria and subsequent accumulation of
biopolymer matrix.

3.3. Biomass characterization of the RO membrane fouling layer

In this study, ATP and HPC in the RO membrane fouling
layer were measured as an indicator of active biomass
[2,20,33] (Fig. 3(a)). The ATP contents at the inlet and out-
let parts of RO membranes were 982 + 185 pg/cm* and
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Fig. 2. Surface morphology and foulant characteristics of fouling layer on the RO membrane for dyeing wastewater desalination
after operation for 10 and 30 d: SEM images (a), fouling load (b), and the percentage of organic and inorganic fractions of foulants
(), Inlet-10, Inlet-30, Outlet-10, and Outlet-30 represented the samples collected from the inlet and outlet parts of the RO membrane

after operation for 10 and 30 d, respectively.
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Fig. 3. The contents of active biomass (HPC and ATP) (a) and principal component analysis (PCA) of the bacterial community (b) in the

RO membrane biofilm after operation for 10 and 30 d.

862 + 234 pg/cm? for 10 d operation and 1,845 + 296 pg/cm?
and 1,497 + 376 pg/cm? for 30 d operation, respectively. HPC
at the inlet and outlet parts of RO membranes at two different
scales were 8.2+2.5 x 10° CFU/cm? and 4.6 + 2.1 x 10° CFU/cm?
for10d and 7.5+ 1.9 x 10° CFU/cm? and 9.4 + 2.8 x 10’ CFU/cm?
for 30 d. The inlet part of RO membrane has relatively higher
active biomass than those at the outlet part of RO membrane,
which supported higher potential of fouling formed on the
inlet part compared with the outlet part of RO membranes.

Furthermore, the RO membrane after 30 d exhibited sig-
nificantly higher (P < 0.05) active biomass than that after
10 d, demonstrating more developed biofilm or biofouling
forming on the RO membrane. It can be speculated therefore
that more severe biofouling from 10 d onwards played a
major role in causing the significant decrease of permeate
flux. On one hand, the aggregation of numerous bacterial
cells on the membrane surface may decrease permeate flux
by a biofilm-enhanced osmotic pressure mechanism [9]. On
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the other hand, the bacterial cells were supposed to produce
EPS [34], which induced membrane permeability decline by
increasing the hydraulic resistance to permeate flow [35].

3.4. Taxonomic diversity and bacterial community composition of
biofilm in the RO membrane fouling layer

The bacterial diversity in the RO membrane biofilm was
evaluated using the Chao I index and the Shannon-Weaver
diversity index (Table 1). The Chao I index and the
Shannon-Weaver diversity index showed the same trend,
which decreased from the inlet to outlet part of RO mem-
brane and increased from 10 to 30 d. The results indicated
that the diversity of the bacterial communities at the inlet of
RO membrane was higher than that at the outlet of the RO
membrane; further, the diversity of the bacterial communities
increased with the biofilm age. Briones and Raskin proved
that a highly diverse bacterial ecosystem was beneficial to
community stability and functional resistance to perturbation
and stress [36].

To better understand the dynamic change of biofouling,
bacterial community composition of biofilm in the RO
membrane fouling layer was detected at the inlet and out-
let parts of RO membrane at two different time scales. PCA
was used to cluster-analyze the bacterial community in the
different samples, revealing that bacterial communities at the
inlet and outlet of RO membrane were similar to each other,
while there was a substantial difference between bacterial
communities after operation for 10 and 30 d (Fig. 3(b)). The
results supported RO membrane biofouling was a complex
and dynamic phenomenon, and the relative abundance of
bacterial population changed with the biofilm age as also
suggested previously [37]. The development of the unique
bacterial community on the RO membrane might be related
to biofilm development traits.

Detailed composition of bacterial communities of
biofilm in 10- and 30-d samples are shown in Fig. 4,
regardless of that at the inlet and outlet parts of RO mem-
brane. The bacterial communities were dominated by
Proteobacteria (83.2% =+ 5.6%) followed by Firmicutes
(7.2% + 2.3%) and Bacteroidetes (5.8% =+ 2.5%) after 10 d of
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operation. Within the dominant phylum, the subclasses
Y-, B-, a-Proteobacteria ruled the community with relative
abundance of 50.5% + 3.1%, 20.2% * 0.6%, and 9.7% * 1.2%,
respectively. The vy-Proteobacteria were dominated by the
orders Enterobacteriales (25.4% + 3.3%), Aeromonadales
(12.5% + 2.4%), Pseudomonadales (9.8% + 1.2%), and
Xanthomonadales (2.1% = 0.7%). Most [-Proteobacteria
belonged to the order Burkholderiales with relative
abundance of 17.5% + 2.3%, while a-Proteobacteria were
represented by the orders Sphingomonadales (5.9% =+ 0.8%)
and Rhizobiales (3.1% * 1.3%). The Firmicutes phylum was
composed mainly of the classes Clostridia (4.2% + 0.9%)
and Bacilli (2.1% =+ 0.5%), and Bacteroidetes phylum was
dominated by the class Sphingobacteria (4.9% * 0.6%).

After 30 d of operation, an obvious decrease in the
relative abundance of Proteobacteria (67.3% + 5.6%) in the
RO membrane biofilm was found; however, the relative
abundance of Firmicutes and Bacteroidetes increased to
12.3% + 1.8% and 15.7% * 2.9%, respectively. At the class
level, the relative abundance of y- Proteobacteria reduced to
30.1% + 3.6% while the relative abundance of a-Proteobacteria
increased to 15.8% + 2.2%. B-Proteobacteria (18.1% + 2.5%)
exhibited the highest community structure stability. At the
order level, Sphingomonadales and Rhizobiales showed an
increasing trend with the relative abundance of 11.8% + 1.2%
and 9.3% =+ 1.4%, respectively, and Enterobacteriales,
Aeromonadales, Pseudomonadales, and Xanthomonadales
decreased to 14.8% + 1.3%, 6.2% + 0.9%, 2.8% + 0.3%, and
1.7% =+ 0.08%, respectively. The relative abundance of
Burkholderiales was 17.4% +2.1% and showed slight change.

Table 1
Diversity indices of bacterial phylotypes

Parameter Chao I index Shannon index
Inlet-10 1,842 + 595 75+0.6
Outlet-10 1,723 + 347 6.8+0.3
Inlet-30 2,846 + 498 8.6+0.5
Outlet-30 2,539 + 602 79+0.2
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Fig. 4. The bacterial community compositions in the RO membrane biofilm after operation for 10 and 30 d at the phylum level (a) and
class and order levels (b). Phylum, class, and order in all samples with greater than 1% abundance are listed. ”Others” indicates the

sum of unidentified bacteria and other minor bacteria.
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In addition, the relative abundance of classes Clostridia and
Bacilli within Firmicutes phylum increased to 7.1% * 0.9%
and 3.3% * 0.5%, respectively, and the predominant class
Sphingobacteria within Bacteroidetes phylum increased to
13.5% * 1.4%.

3.5. Implications of dominant bacterial population for biofilm
formation and development

In our study, the Proteobacterial phylum was
predominant in the RO membrane biofilm in both 10- and
30-d samples. Their class, y-, -, and a-Proteobacteria, played
a dramatic role in biofilm formation and development on
the RO membranes since they made up the majority of the
Proteobacteria groups, which were in accordance with
previous reports [29,38]. This profile appeared to be asso-
ciated with their capability to colonize on the membrane
surface, degrade a broad range of synthetic and natural
organic compounds, and propagate under oligotrophic con-
ditions [39-41]. y-Proteobacteria were the most dominant
Proteobacterial group, and significant decline was observed
from 10 to 30 d. Horsch et al. also emphasized the importance
of y-Proteobacteria as initial colonizers at primary biofilm by
an attachment mechanism [21]. We speculate therefore that
the predominance of y-Proteobacteria will be weaken with
biofilm age. However, the a-Proteobacteria, dominated by
the orders Rhizobiales and Sphingomonadales, showed
noticeable growth in the RO membrane biofilm from 10 to
30 d, indicating Rhizobiales and Sphingomonadales played
an important role in more mature biofilm on the RO mem-
brane fed by dyeing effluent wastewater. The Rhizobiales
and Sphingomonadales have been reported to produce
glycosphingolipids, which are of importance in bacteria’s
initial colonization of RO membranes and in production
of exopolysaccharides during bacterial biofilm maturation
[29]. Additionally, the preponderance of B-Proteobacteria
in the biofilm of nanofiltration membrane fed by tertiary
effluent wastewater generated in a continuous flow mem-
brane bioreactor has been reported by Ivnitsky et al. [41]. In
our study, B-Proteobacteria, most of which belonged to the
order Burkholderiales, exhibited relatively stable abundance
during the entire operating period, being indicative of a
major contribution of -Proteobacteria (or Burkholderiales)
during the whole biofilm development. In addition to
Proteobacteria, both Firmicutes and Bacteroidetes, especially
their subclasses Clostridia and Sphingobacteria, respectively,
exhibited increased advantage with biofilm age. According
to Belila et al. [42], Bacteroidetes could be well adapted to
grow on membrane surfaces and play a role in degrading
biopolymers.

Taken together, the dominant Proteobacteria, Firmicutes,
and Bacteroidetes were crucial to the formation and devel-
opment of biofilm in the RO membrane fouling layer during
dyeing wastewater desalination. Further, considerable
changes in bacterial community of biofilm could be found with
operation time, which was perhaps related to more dramatic
deterioration of membrane performance. The dynamic change
of bacterial community of biofilm on RO membranes promoted
the further understanding of biofouling phenomenon, which
would provide useful insights into the rational application of
cleaning and disinfecting protocols to hinder biofouling.

4. Conclusion

Biofouling on the RO membrane was significantly
increased with operation time, which was mainly responsible
for the dramatic deterioration of permeate flux during
dyeing wastewater desalination. The bacterial community
of biofilm were dominated by Proteobacteria followed by
Firmicutes and Bacteroidetes after operation for 10 and 30 d.
v-Proteobacteria was the most dominant Proteobacterial
group, and the relative abundance of that significantly
decreased with biofilm age. a-Proteobacteria, Clostridia, and
Sphingobacteria showed marked increase with biofilm age,
which probably contributes to the more developed/mature
biofilm formation.
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