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A B S T R A C T   

Wastewater recycling is an effective way to reduce the fresh water supply and pollutant discharge for industry. 
Nevertheless, wastewater recycling will inevitably lead to the accumulation of inorganic ions and organic pol-
lutants, which can deteriorate the activated sludge system. A printing and dyeing wastewater (PDWW) recycling 
system was established in this study to investigate the mechanism of biological treatment system deterioration 
due to organic and inorganic pollutant accumulation. It was found that organic matter accumulation especially 
intermediate products of added dyes and auxiliaries is crucial for the biological treatment unit deterioration 
during the beginning of closed-loop PDWW recycling (first 40 days). In addition, inorganic salt accumulation, 
such as Ca2+, Na+, K+, SO4

2− and Cl− , can make it even worse afterwards. The results indicated that phenylal-
anine metabolism, synthesis and degradation of ketone bodies, butanoate metabolism and pyruvate metabolism 
were the four most significantly influenced metabolic pathways in the PDWW recycling system attributed to the 
organic matter accumulation. In addition, accumulated inorganic salts could inhibit glycan biosynthesis and 
metabolism, xenobiotic biodegradation and metabolism and lipid metabolic pathways in the PDWW recycling 
system, which ultimately deteriorated the biological treatment system.   

1. Introduction 

Wastewater reclamation is one potential solution to meeting the 
growing global demand for dwindling freshwater supplies and pollution 
discharge [1]. With respect to water reclamation applications, reclaimed 
water is mostly considered for scenic environment uses, industrial uses 
and municipal miscellaneous uses. Among these end uses, industrial 
applications are one of the largest applications for reclaimed water, 
which represent over 30% of the total recycled water consumption 
[2,3]. On the one hand, the government has undertaken a series of 
measures and policies to encourage industries to conduct wastewater 
reclamation and recycling. On the other hand, internal water recycling 
within industrial parks and industrial enterprises has been greatly 
improved, e.g. the recycling rate should be higher than 30% and 20% in 
the Beijing-Tianjin-Hebei region and water-deficient area in China [4]. 

Different from reclaimed water used for municipal application, for 
industrial wastewater reuse, reclaimed water is always recycled e.g. 
cooling water, process water and boiler feed water [2]. Nevertheless, 

wastewater recycling will inevitably lead to the accumulation of inor-
ganic ions and organic pollutants [5–7], which will result in the dete-
rioration of upstream wastewater treatment and reclamation systems 
and in turn restrict the further increase in the recycling rate. It has been 
reported that the in the current practices of many wastewater recycling 
processes in China, the nonylphenol (NP) removal efficiency is typically 
not high enough which may result in the accumulation of NP in 
wastewater recycling system effluents [5]. It was also implied that 
gradual accumulation of retardant byproducts in repeatedly reused ef-
fluents through catalytic ozonation can lead to the adverse effects on the 
dyeing procedure, such as exhaustion and fixation stages [6]. 

It is well-known that increased inorganic salts can affect the removal 
performance for both anaerobic and aerobic biological processes [8–11]. 
Salinity may directly or indirectly inhibit cell division and enlargement 
and finally the growth, productivity and performance of wastewater 
treatment plants [12], and even at low inorganic salt levels, it can lead to 
water quality deterioration of the recycled water and thus lead to human 
health and ecological safety problems [13]. Nevertheless, organic 
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pollutants can also accumulate in the effluent of the wastewater recy-
cling system [5,7,14]. However, previous studies only investigated the 
effect of either certain artificially added organic matters or salts on the 
removal performance of biological treatment units in acyclic systems 
[8–11,13]. Unlike artificially added inorganic salts and organic matters 
in the acyclic system, little knowledge can be obtained about the char-
acteristics of organic matter and salt accumulation in a water and 
wastewater recycling system. 

There are considerable residual dissolved organic matters (DOM) in 
industrial wastewater effluent, such as non-biodegradable raw material, 
microbial products and other micropollutants [15–17]. Moreover, the 
addition of auxiliary chemicals during production in industry contains a 
certain amount of salts, which leads to a variety of inorganic ions 
[18,19]. Therefore, multiple organic compounds and inorganic salts will 
coexist in industrial wastewater effluent. However, the mechanism of 
the influence of pollutant accumulation in the recycling system on a 
biological treatment unit needs to be understood, and which kinds of 
pollutant accumulation (organic accumulation and salt accumulation) 
preferentially affect the wastewater recycling system still needs inves-
tigation. The critical types of organic matters or inorganic salts 
responsible for biological treatment system deterioration are unclear for 
the recycling system, and the top easily accumulated or most influential 
organic matters and inorganic salts need to be revealed. 

As one of the most important pillar industries in China, the printing 
and dyeing industry exhibits high water consumption and pollution 
discharge [20,21]. To decrease the pollution discharge and fresh water 
consumption, policies were introduced by the Chinese government, 
which require that the recycling rate of PDWW should reach more than 
40%. Therefore, in this study, printing and dyeing wastewater (PDWW) 
was applied as a typical industrial wastewater that contains a high 
content of dyes, textile auxiliaries and salts, which are potentially toxic 
and exhibit poor biodegradability [22,23]. In addition, a closed-loop 
PDWW recycling system was established aiming at 1) investigating the 
types of pollutants responsible for PDWW recycling system deterioration 
based on organic and inorganic pollutant accumulation characteristics 
analysis; 2) revealing the critical factors leading to the biological system 
inhibition according to constrained redundancy analysis; 3) elucidating 
the different inhibition mechanisms due to organic pollutant and inor-
ganic salt accumulation in biological treatment unit. 

2. Materials and methods 

2.1. PDWW recycling system 

A PDWW recycling system with a treatment capacity of 5 m3/d was 
built, which includes a coagulation sedimentation tank, hydrolysis 
acidification tank, aerobic tank, secondary sedimentation tank and 
dissolved ozone flotation (DOF) process (Fig. 1). The detailed size and 

hydraulic retention time (HRT) of the PDWW system is shown in 
Table S1. The sludge from the anaerobic tank and aerobic tank was 
inoculated with the returned sludge from a wastewater treatment plant 
in the Tudian printing and dyeing industrial park in Zhejiang Province of 
China. The initial sludge concentration and DO of the aerobic tank were 
kept at 3000 mg/L and 2–3 mg/L, respectively. The sludge retention 
time (SRT) was set at 12 days. 

The DOF process was put forward in our previous study [24]. The 
dimension of the DOF tank is Ф0.8 × 3.2 m with a processing capacity of 
36 m3/d in intermittent operation mode. Polyaluminium chloride (PAC) 
was added with dosage at a 60–100 mg/L. The ozone dissolving pressure 
was 0.4 MPa. The recycling ratio was 40%. In the DOF tank, ozone was 
used instead of air, which was generated by an ozone generator (CF-G- 
2–100 g, Guolin Co. Ltd., Qingdao, China). The maximum ozone pro-
ductivity for a single generator was 100 g/h with an electric power of 2 
kW. The generated ozone concentration was 25 mg/Lair. In order to 
avoid the influence of water temperature fluctuation on the microbial 
community structure and function, the raw water tank, hydrolysis 
acidification tank and aerobic tank in the experimental system were 
heated by hot water circulation and foam board insulation. The water 
temperature of the system was maintained at 30 ± 0.5 ◦C. In addition, 
the system is equipped with three 5-m3 water distribution tanks. One 
water tank acts as an intermediate tank between the secondary sedi-
mentation tank and the DOF reactor. The other two water tanks act as 
the raw water tank and treated water tank alternatively. Therefore, the 
total HRT of the system was 80 h (approximately 3.3 d) according to 
Table S1, and thus, it took 3.3 days to recycle the water once. 

2.2. Simulated printing and dyeing wastewater 

The synthetic printing and dyeing wastewater consists of mixed dyes, 
auxiliaries and nutrients, as shown in Table 1. The composition of syn-
thetic PDWW is as follows with COD (Chemical oxygen demand): N: P =
200:5:1. The auxiliaries used were all from industrial products, which 
were close to the composition of the actual printing and dyeing waste-
water. The main components of the levelling agent included aliphatic 
alcohol polyoxyethylene ether (AEO) and polystyrene phenol. The 
deoiling agent is a mixture of sodium polyacrylate, white mineral oil and 
AEO. The softener was a cationic compound of monoglyceride quater-
nary ammonium salt. To make the synthetic printing and dyeing 
wastewater more representative, three dyes, reactive red 3BE-M, 
disperse rutile S/5BL and disperse yellow brown 4RL, were added, 
which rank in the top three in the consumption by typical printing and 
dyeing enterprises. The molecular structure and chemical formula of 
these three dyes are shown in Table S2, and Table S3 shows the COD 
contribution of each component from simulated printing and dyeing 
wastewater. Among them, the COD contribution of the levelling agent 
was approximately 42%, which was the main source of COD. The total 

Fig. 1. Experimental setup of printing and dyeing wastewater recycling systems.  
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contribution of dyes was approximately 6.5%. Therefore, the COD in 
PDWW was mainly from AEO in the auxiliaries. In addition, the bio-
logical oxygen demand (BOD) of the raw synthetic printing and dyeing 
wastewater was 183 ± 21 mg/L. 

2.3. Operation phases 

The PDWW recycling system was operated in two phases, i.e., an air 
flotation treatment recycling phase (RDAF) and a dissolved ozone flota-
tion treatment recycling phase (RDOF). Each phase included a 20-day 
startup. For every phase, there was a startup period. Auxiliary chem-
icals and dyes were added to domesticate microorganisms to adapt to 
dye degradation. The ozone dosage was 33 mg O3/L in the RDOF phase. 
During the recycling phase for RDAF and RDOF, the recycling ended when 
the MLSS was below 1000 mg/L or the specific oxygen uptake rate 
(SOUR) was below 1 g/(mg/L) [25]. The other operation conditions 
were consistent in the two phases, and the operation phases are shown in 
Table S4. 

2.4. Analytical methods 

Chemical oxygen demand (COD), MLSS, TDS and SVI were measured 
according to Chinese NEPA standard methods [26]. Conductivity was 
measured by a DDS-307 conductivity metre (INESA Scientific Instru-
ment Co., Ltd., China). Proteins and polysaccharides were determined 
by the Folin method and anthrone colorimetric method, respectively 
[27]. 

Pollutant accumulating rates (Ka) were calculated using the 
following equation (Eq. (1)): 

Ka =
(ct − c0)

t
× 100% (1)  

where Ka is the rate of pollutant accumulation (mg/L‧d), c0 is the 
pollutant concentration at the beginning of the recycling period (mg/L), 
ct is the pollutant concentration at the end of the recirculating period 
(mg/L), and t is the recycling time (d). 

Biomass activity was evaluated by determining the SOUR of acti-
vated sludge using Standard Method 1683 [28]. The SOUR determina-
tion of aerobic sludge was performed in a 500-mL biological oxygen 
demand (BOD) bottle. The BOD bottle was airproofed by a rubber 
stopper with an oxygen-sensing probe. The DO concentration was 
recorded by the oxygen-sensing probe at an interval of 30 s. The mixed 
liquor in the BOD bottle was mixed by a magnetic stirrer. The MLSS in 
the BOD bottle was regarded as constant during the whole experiment 
(30 min) due to the shorter operational time [11]. The SOUR was 
calculated from the DO-time curve based on the MLSS in the BOD bottle 
[29]. 

The organic species were analysed using GC–MS (Model 7890A- 
5975C, Agilent, USA) with an HP5-MS column (Text S1). AEO concen-
tration was determined by HPLC using a Hypersil NH2 column (Text S2). 
VFAs were analysed by GC (Text S3). In this study, the SMPs (proteins 
and polysaccharides) and VFAs (acetate, propionate, butyrate and 
valerate) were converted to COD according to stoichiometric conversion 
factors (1.5, 1.2, 1.07, 1.51, 1.82 and 2.04, respectively) [30]. The 

conversion of AEO to COD at 2.2 mg COD/mg AEO was obtained based 
on the experiments described in Text S4. 

2.5. Microbial community and metagenome analysis 

The sludge samples were sampled every 10 days. Each sample (V =
10 mL) was centrifuged at 3500 g for 10 min, after which the superna-
tant was discarded. The remaining sludge pellets were stored at − 20 ◦C 
for a maximum of two months until DNA extraction. Genomic DNA of 
the sludge samples was extracted with the Power Soil DNA Kit (MO 
Biomedical, U.S.) and were sent to Novogene (Beijing, China) for 
shotgun 16S rDNA library construction using an Illumina Hiseq2500 
platform [31]. 

By using bacterial primers 338F (50-ACT CCT ACG GGA GGC AGC 
AG-30) and 806R (50-GGA CTA CHV GGG TWT CTA AT-30), the V3-V4 
region of the 16S rRNA gene was amplified, and each sample was 
marked by using the reverse primer including a 6-bp barcode [32]. 

Bacterial serial numbers were obtained from the ribosomal database 
project (http://rdp.cme.msu.edu/). Sequence comparisons were con-
ducted with the BLAST search option in the NCBI nucleotide sequence 
database (http://www.ncbi.nlm.nih.gov/). 

Protein sequences of the predicted genes were searched against the 
Nonsupervised Orthologous Groups (eggNOG, V3.0) [33], and the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) function prediction was 
completed using I-Sanger based on 16S rRNA sequencing (http://www. 
isanger.com/). 

Principle coordinate analysis (PCoA) plots were generated based on 
the weighted UniFrac distance matrices. Constrained redundancy anal-
ysis was performed using the Vegan package in R (2.13.1) to obtain the 
critical environmental parameters (i.e., AEO, VFAs, SMPs and micro-
pollutants) that inhibited the microbial system. Specifically, distance- 
based redundancy analysis (db-RDA) via the capscale function in 
Vegan was performed to further analyse the obtained environmental 
factors in the unconstrained PCoA plot [32]. 

The metabolic dynamics of the activity sludge microbial commu-
nities were predicted by phylogenetic investigation of the communities 
by the reconstruction of unobserved states (PICRUSt) at the RDOF phase 
according to the online protocol of the PICRUSt pipeline [34]. Analysis 
of variance (ANOVA) was conducted using SPSS 20.0 software to anal-
yse the differences between various samples. The differences between 
samples with an adjusted p < 0.05 were considered statistically 
significant. 

3. Results and discussion 

3.1. Performance of the PDWW recycling system 

The PDWW recycling systems for the RDAF or RDOF phase were 
continuously operated for 40 days and 100 days, respectively, and the 
variations of COD, conductivity and TDS are shown in Fig. 2. As shown 
in Fig. 2a, at the RDAF recycling phase, the COD of raw wastewater and 
anaerobic tank effluent fluctuated and remained nearly constant at 750 
mg/L and 450 mg/L, respectively, and no accumulation trend can was 
observed. Nevertheless, the COD of the secondary effluent increased 

Table 1 
Composition of the synthetic printing and dyeing wastewater.  

Condition Ingredients Concentration (mg/L) Condition Ingredients Concentration (mg/L) 

Auxiliary Levelling agent 2115 0.6‰(V/V) Dyes Reactive Red 3BE-M 9 
Degreasing agent AK-1016 0.2‰(V/V) Disperse Yellow S/5BL 15 
Softener 0.7‰(V/V) Disperse Brown 4RL 30 
CH3COOH 0.2‰(V/V) Trace elements solution FeSO4 2.4 
CH3COONa 360 MnCl2 0.32 
Na2SO4 80 NH4Cl 14 
CaCl2 14 (NH4)2HPO4 8 
NaOH 80 MgCl2 0.5  
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from 93 mg/L to 309 mg/L (increased by 232%), and the COD accu-
mulation rate was 5.4 mg/L∙d. Fig. 2g shows that at the RDAF phase, 
compared with the original activated sludge, the SOUR of the activated 
sludge in the 40th day decreased from 5.5 mgO2/gMLSS h to 1.2 mgO2/g 
MLSS h with a decrease rate of 78%. This also indicated that the accu-
mulation of organic matter in the printing and dyeing wastewater 
recycling system inhibited the growth of microorganisms. However, at 
the RDOF phase (Fig. 2b), the COD of the secondary effluent and DOF 
effluent fluctuated approximately 90 mg/L and 70 mg/L, respectively, 
and no significant accumulation was observed during the first 60 days. 
Therefore, DOF process can inhibit the accumulation of organic matter 
for the first 60 days compared with the DAF process. 

In addition to the accumulation of organic matter during the PDWW 
recycling, the concentration of inorganic salts could also increase in the 
PDWW recycling system. Fig. 2c and show the variation of TDS and 
conductivity in the PDWW recycling system for the RDAF and RDOF 
phases, respectively. It can be seen that both the TDS and conductivity 
gradually increased during the PDWW recycling at almost the same 
accumulation rate. For both the RDAF and RDOF phases, the concentration 
of TDS increased from 960 mg/L to 3450 mg/L within 40 days, which 
increased approximately 2.6 times. In addition, the salinity also 
continued to increase from 40 to 100 days. Generally, a high salinity 
may affect the microbial community and function of the biological 
treatment unit [35,36]. Due to the same inorganic matter accumulation 
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performance for the RDAF and RDOF phases, the effect of inorganic matter 
accumulation on the PDWW recycling system is expected to be identical 
during first 40 days. Nevertheless, although the salinity increased within 
40 days, the removal performance and biological treatment unit 
exhibited good conditions in the RDOF phase according to Fig. 2. In 
addition, for the PDWW system, there are no specific treatment pro-
cesses for salinity removal. Therefore, the salinity accumulation was not 
the critical factor for the deterioration of the PDWW recycling system in 
the first 40 days. Because the DOF process can effectively decrease the 
organic matter accumulation compared with the DAF process, the 
organic accumulation can be better controlled at the RDOF phase. 
Therefore, the organic matter accumulation should be the critical factor 
for the PDWW recycling system operation within 40 days. Fig. 2e, f, g 
and h also confirm that the DOF process could maintain good operation 
of the activated sludge system within 60 days. In contrast, the DAF 
process could not maintain favourable condition for the activated sludge 
system, which was deteriorated in 40 days. In addition, according to 
Fig. 2b, although the DOF process can inhibit the organic matter accu-
mulation for the first 60 days, the removal performance at the RDOF 
phase started to deteriorate after 60 days, which indicated that inor-
ganic matter accumulation began to have an adverse effect on the 
recycling system. If the inorganic salts do not accumulate in the system, 
the recycling system can always run in an equilibrium state due to the 
good organic accumulation inhibition performance of the DOF process. 

3.2. Characteristics of accumulated pollutants in the PDWW recycling 
system 

3.2.1. Characteristics of accumulated organics 
Because of the biological treatment system deterioration due to 

organic matter accumulation within the first 40 days, the variation of 
organic matter composition in the PDWW secondary effluent was ana-
lysed in this study at the RDAF and RDOF phases, respectively (Fig. 3). 
Normally, the secondary effluent of the PDWW system is composed of 
SMPs and intermediate products derived from intermediate metabolites 
of dyes and auxiliaries. However, if the biological treatment system 
deteriorated, some originally added dyes and auxiliaries could appear in 
the PDWW effluent. Because the AEO was the highest contribution to the 
raw water COD according to Table S3, AEO was used as the typical 
organic representing originally added compositions. 

According to Fig. 3a, the secondary effluent is mainly composed of 
SMPs and intermediate products, which are derived from intermediate 
metabolites of originally added dyes and auxiliaries during biological 
decomposition at the initial stage (0 days). However, for the RDAF phase 
from the 20th to 40th days, the composition of the secondary effluent 
became four parts, i.e., SMPs, AEO, VFAs and intermediate products. 
Intermediate products were still the major component of the PDWW 
secondary effluent. In addition, the proportion of AEO increased from 
1% to 6%, and the proportion of VFAs increased from 1% to 17%. 
Nevertheless, for the RDOF phase, the composition of PDWW secondary 
effluent exhibited little variation. The AEO and VFAs were present in a 
very low proportion. The AEO is the major part of the levelling agent 
[37], and VFA is mainly generated from the anaerobic tank. AEO and 
VFA are very easy to degrade in the aerobic tank. The accumulation of 
AEO and VFAs indicated the deterioration of the aerobic activated 
sludge system at the RDAF phase. 

3.2.2. AEO, VFA and SMP analysis 
Fig. 3b and c represent the accumulation performance of AEO and 

VFAs in the PDWW recycling system, respectively, at the RDAF phase. 

Fig. 3. Performance of DAF and DOF effluent in terms of equivalent SCOD concentrations of AEO, VFAs, SMPs and IPs (a). Variation of DAF effluent for AEO (b), 
VFAs (c) and PN, PS and PN/PS (d) at the RDAF phase. 
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Fig. 3b and c show that for 0 days without PDWW recycling, AEO was 
lower than 1 mg/L, and the VFAs in the secondary effluent were lower 
than 0.6 mg/L. However, at the end of the cycles (40th day), the con-
centration of AEO in the secondary effluent increased to 5.94 mg/L 
(Fig. 3b). Although VFAs are easily degraded by microorganisms, they 
still accumulated in the PDWW system (Fig. 3c). Moreover, among the 
four kinds of VFAs, the accumulated VFAs were mainly composed of 
acetate, which was also added as an auxiliary in the synthetic PDWW, 
accounting for more than 85%. After 40 days of operation, the total 
concentration of VFAs increased to 42.9 mg/L. 

SMPs, which primarily consist of proteins, polysaccharides and 
organic colloids, are derived from biological treatment and constitute a 
majority of the soluble DOM, which contributes to the high COD level in 
biotreated PDWW [38]. Further details regarding proteins and poly-
saccharides are presented in Fig. 3d. At the RDAF phase, the protein in the 
secondary effluent increased from 4.6 mg/L to 16.1 mg/L within 40 days 
(Fig. 3d). Nevertheless, at the RDOF phase, the protein of the secondary 
effluent was maintained approximately 7 mg/L. Under RDAF conditions, 
the polysaccharides in the secondary effluent decreased from 12.5 mg/L 
to 3.1 mg/L, which can be due to the accumulation of pollutants and 
inhibition of microbial metabolic pathway activity [39]. However, at the 
RDOF phase, the concentration of polysaccharides in the secondary 
effluent remained between 13.7 mg/L and 14.9 mg/L during the first 40 
days. The PN/PS ratios in the second effluent at the RDAF phase increased 
from 0.37 to 6.23, while they remained stable at the RDOF phase. In 
general, when the environmental conditions are unfavourable, micro-
organisms produce a large quantity of exoenzymes, which leads to an 
increase in protein concentration in extracellular polymers (EPS) [11]. 
The PN/PS ratio in the secondary effluent at the RDAF phase was greater 
than that at the RDOF phase within 40 days. It can be suggested that PN at 
the RDAF phase effluent was more sensitive to the accumulation of 
organic matters than PS. 

3.2.3. Intermediate product analysis 
To analyse the variation of intermediate metabolites of dyes and 

auxiliaries in the secondary effluent during the PDWW recycling, 
GC–MS analysis was introduced in this study. Fig. S1 shows the chro-
matograms of the effluent samples at 0th, 10th, 20th, 30th and 40th days 
at the RDAF phase. The peaks represented different compounds, and only 
peaks with significant intensity were identified based on the NIST Li-
brary database with similarity above 80%. The detected compound 
names, chemical formulas and relativity peak areas are shown in 
Table S5. Most compounds can be grouped into alkanes, esters, benzene, 
alcohols, aldehydes and ketones, which are frequently found in biolog-
ical treatment effluents and are related to the aerobic bacteria meta-
bolism [38]. During the initial days, the total number of compounds in 
the secondary effluent was 76, and the number of these compounds in 

the secondary effluent is listed in Table S6. 
Fig. 4 shows the equivalent accumulation fold of detected organic 

intermediate metabolites in the secondary effluent at different days 
based on Table S5. At the 40th day, ether, heterocyclic and benzene ring 
organic compounds exhibited high fold accumulation, which increased 
by 1.96, 1.78 and 1.64 times, respectively. As listed in Table S5, ethers 
include 2-butoxyethanol and ethylene glycol dodecyl ether. The former 
is a major component of dispersants, which can inhibit the activity of 
microorganisms [38]. 

In addition, among the heterocyclic compounds, quinoline exhibited 
the highest fold accumulation, which is one of the components of the 
dyeing auxiliaries [40]. The peak area of quinoline at the 40th day 
increased by 4.77 times compared with that at the beginning. Naph-
thalene, which is another type of heterocyclic compound, was the main 
organic compound with the highest peak area in the secondary effluent, 
which is a typical intermediate during the degradation and trans-
formation of reactive dyes [41], and naphthalene accumulated 1.48 
times within the 40 days. 

In the PDWW recycling system, 2,4-di-tert-butylphenol had the 
highest concentration among the benzene compounds, which had 
adverse effects on flora and fauna [42] and caused environmental risk in 
water [34]. Additionally, the top three accumulation benzene com-
pounds are phenylpyruvate (3.58 times), biphenyl (2.91 times) and 2- 
aminobenzene sulfonate (2.73 times). Moreover, aniline, which also 
belongs to benzene compounds, was strictly controlled according to the 
discharge standards of water pollutants for dyeing and finishing of the 
textile industry (GB 4287–2012) (<1 mg/L). At the RDAF phase, aniline 
and dichloroaniline exhibited 1.43- and 1.91-fold accumulation, 
respectively (Table S5). It has been reported that 3,4-dichloroaniline (3, 
4-DCA), a type of raw material in the chemical industry, is widely used 
in the manufacturing of dyes [43], and it is known to accumulate at a 
hazardous level of approximately 0.68 μg/L in freshwater in the envi-
ronment [44]. 

Various alkanes were detected in the secondary effluent of PDWW, 
such as C14, C16 and C28, which were also observed by analysing the 
degradation of AEO [37]. AEO was first hydrolysed to free fatty alcohol 
(FFA) and polyethylene glycol (PEG), and C12, C14 and C16 are 
considered as the by-products of FFA and PEG during biodegradation 
[37], which increased by 1.90, 1.21 and 1.53, respectively. The peak 
areas of other additives, such as surfactant (tridecane) and antistatic 
agent (9-octadecenamide), increased by 1.54 and 1.63 times, 
respectively. 

3.2.4. Characteristics of accumulated inorganic ions 
Because the addition of CH3COONa, Na2SO4, CaCl2 and NaOH as 

auxiliaries in the simulated PDWW, Na+, Ca2+, SO4
2− and Cl− exhibited 

higher concentrations compared with other ions according to Table 2. 
For the first 40 days, the same detected inorganic ions indicated almost 
the same accumulation rate at the RDAF and RDOF phases. However, 
based on Fig. 2 and the above discussion, the inorganic salt accumula-
tion was not the crucial factor for the deterioration of the activated 
sludge system at the RDAF phase. However, after 60 days, the removal 
performance of the PDWW system at the RDOF phase started to be 
inhibited, which can be attributed to the inorganic ion accumulation. At 
the 100th day, the Na+, Ca2+, SO4

2− and Cl− concentrations reached 
1989, 231.4, 806 and 2772 mg/L, respectively, according to Table 2. In 
addition, an inorganic matter accumulation model was built according 
to Fig. S2, and the detected inorganic matter accumulation is consistent 
with the established inorganic matter accumulation model (Text S5 and 
Fig. S3). 

3.3. Critical accumulation factors for activated sludge systems 

3.3.1. Organic pollutant accumulation 
PCoA was applied to analyse the critical accumulation factor for the 

PDWW recycling system. From the PCoA plot (Fig. S4) representing the 
Fig. 4. Accumulation fold of detected organic intermediate metabolites in 
secondary effluent at different days. 
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phylogenetic variation between microbial samples (i.e., based on the 
weighted UniFrac distance metric), it can be observed that the activated 
sludge samples at the RDAF and RDOF phases diverged considerably. The 
results of a constrained redundancy analysis (i.e., RDA) (Fig. 5a) showed 
that the intermediate metabolites of dyes and auxiliaries are the pa-
rameters that can best explain the deterioration of the activated sludge 
system observed in the PCoA diagram (Fig. S4). The first two axes of the 
RDA (i.e., RDA1 (87.2%) and RDA2 (8.94%)) explain approximately 
94% of the phylogenetic variation shown by the first two axes of the 
unconstrained db-RDA plot (i.e., PC1 (77.84%) and PC2 (12.47%)) 
(Fig. 5b). 

These constraining parameters were selected from measured envi-
ronmental parameters because they were both significant (ANOVA test 
with p < 0.05) and non-redundant (VIF < 10) in the db-RDA. Therefore, 
the constrained redundancy analysis identified that 2,4-di-tert-butyl-
phenol, 1-methyl-naphthalene and resorcinol exhibited the most sig-
nificant influence on the variation in the microbial community structure 
observed during PDWW recycling at the RDAF phase. In general, phenol 
is a kind of dyestuff intermediate that widely exists in printing and 
dyeing wastewater [45]. It was confirmed that 2,4-di-tert-butylphenol 
(DTBP) is an antioxidant compound that exhibits antibiofilm activity 
[46]. Protein, polysaccharides and eDNA components of EPS were 
inhibited significantly (p < 0.05) upon exposure to DTBP [47]. Resor-
cinol is the intermediate product of reactive dyes in the process of mi-
crobial degradation after desulfonation and denitrification [41]. 
Compared with the initial value, the relative peak area of resorcinol in 
the 40th day of the secondary effluent in the PDWW recycling system 
doubled (Table S5). Because of its high initial concentration and rela-
tively large accumulation rate in PDWW, the activity inhibition of 

activated sludge by resorcinol was significant. Additionally, as one of the 
important PAHs, 1-methyl-naphthalene was also an intermediate prod-
uct during the biological degradation of reactive dyes [41]. 

The accumulation of organic matters can lead to the variation of the 
microbial community at the RDAF phase. Numbers of OTUs, Good’s 
coverage, and the Shannon, Chao1, ACE and Simpson indices of aerobic 
and anaerobic sludge samples in the PDWW recycling system at the RDAF 
phase (97% similarity) are shown in Table S7. Significant differences 
between the aerobic sludge at different days in terms of OTU (p < 0.03) 
and Chao1 (p < 0.01) can be observed in Table S7. In order to analyse 
the composition and abundance of the bacterial community structure, 
the composition and relative abundance changes for the bacterial 
community of aerobic and anaerobic sludge at the phylum and genus 
levels at the RDAF phase can be seen in Fig. S5. A detailed description is 
provided in Text S6. 

3.3.2. Inorganic salt accumulation 
Among the eight detected ions, the K+, Ca2+, Na+, SO4

2− and Cl− were 
the critical ions during the PDWW recycling for the deterioration of the 
aerobic activated sludge system at the RDOF phase according to the 
redundance analysis (Fig. 6). Compared with other ions detected in the 
recycling system, these five types of ions exhibited higher contents and 
rates of accumulation, which inhibited the performance of the activated 
sludge system. Based on the analysis of the bacterial community 
(Fig. S6), the abundance of salt-tolerant microorganisms increased with 
increasing recycling days. It was reported that these salt-tolerant mi-
croorganisms will accumulate high concentrations of ions to balance the 
high osmotic pressure [48]. Therefore, the cellular plasm will be sepa-
rated due to the high osmotic pressure [49,50], and the enzymatic 

Table 2 
Concentration of inorganic ions for different operation days.  

Item Days SO4
2− Cl− Na+ K+ Ca2+ Mg2+ Si Sb Fe Mn 

DAF 0 109 389 289  3.3  38.9  7.76  5.04  0.010  0.18  0.036 
10 264 590 674  4.4  67.4  6.32  3.54  0.032  0.27  0.049 
20 328 996 789  7.0  89.0  8.36  2.85  0.049  0.39  0.058 
30 306 1542 1030  7.5  103.0  7.00  2.12  0.050  0.48  0.058 
40 390 1709 1246  11.1  125.0  6.17  1.73  0.051  0.51  0.098 

DOF 0 157 441 316  2.3  35.4  7.64  5.04  0.01  0.18  0.023 
20 286 1130 801  6.7  91.7  6.85  1.72  0.051  0.46  0.065 
40 424 1850 1300  12.4  129.5  5.42  1.75  0.052  0.52  0.088 
60 516 2121 1498  20.3  183.0  6.95  1.64  0.058  0.56  0.079 
80 768 2518 1816  17.9  204.6  9.65  1.68  0.055  0.98  0.093 
100 806 2772 1989  21.6  231.4  10.56  1.55  0.051  1.10  0.101  

Fig. 5. Redundance analysis of inhibition of environmental parameters on microbial activity (RDA) (a); constrained distance-based redundancy analysis (db-RDA) 
(b) showing the environmental parameters that best explain the variation seen in the microbial community structure based on weighted UniFrac distances. 
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activity can be severely inhibited in a highly salty environment [51]. 
At the RDOF phase, the pollutant accumulation can also lead to the 

variations of microbial community. Numbers of OTUs, Good’s coverage, 
and the Shannon, Chao1, ACE and Simpson indices of the aerobic and 
anaerobic sludge samples in the PDWW recycling system at the RDOF 
phase (97% similarity) are shown in Table S8. Within the first 40 days, 
little difference between the aerobic sludge at different days in terms of 
OTU and Chao1 can be observed in Table S8, which indicates the stable 
operation for the first 40 days at the RDOF phase. However, there were 
significant differences between aerobic sludge for the first 40 days and 
after 60 days, which indicated the deteriorated operation performance 
for the aerobic activated sludge system. In order to analyse the 
composition and abundance of the bacterial community structure, the 
detailed composition and relative abundance changes for the bacterial 
community of the aerobic and anaerobic sludge at the phylum and genus 
level at the RDOF phase can be seen in Fig. S6. A detailed description is 
provided in Text S6. 

3.4. Biological activity inhibitory mechanism 

3.4.1. Microbial community function inhibition 
For functional annotation, reads were assembled into contigs, and 

genes were subsequently predicted from the contigs and functionally 
annotated through the KEGG databases. The predicted genes fell into 
four major functional groups of the genes: “metabolism”, “genetic in-
formation processing”, “environmental information processing” and 
“cellular processes” with corresponding numbers of genes of 86030 ±
8200, 23673 ± 3094, 22208 ± 1539, and 17847 ± 1303, respectively, at 
the beginning of the RDAF phase according to Fig. S7a. In the “meta-
bolism” group, the genes matched to the amino acid metabolism 
exhibited the highest (25622 ± 2364), followed by carbohydrate 
metabolism (23736 ± 2214) and energy metabolism (19484 ± 1807). 
Within 40 days at the RDAF phase, the highest gene number down-
regulation in the amino acid metabolism was Lysine biosynthesis with 
downregulation of 14.66%. Pentose and glucuronate interconversions 
exhibited the highest downregulation (16.88% downregulation) among 
the carbohydrate metabolism, and the gene number of oxidative phos-
phorylation decreased the most significantly in the energy metabolism 
(13.53% downregulation). 

The numbers of matched genes of the four functional groups were 
349964 ± 25000, 96815 ± 6541, 91167 ± 5557, and 7237 ± 4896, 
accounting for 57.3–61.1%, 10.9–11.9%, 10.7–11.5%, and 8.3–9.4%, 

respectively at the beginning of the RDOF phase. According to Fig. S7b, 
the highest abundant genes in the metabolism category were “carbo-
hydrate metabolism” (10383 ± 7891, 9.6–11.4%), followed by “amino 
acid metabolism” (97091 ± 7051, 9.9–11.3%) and “energy metabolism” 
(80237 ± 5500, 9.5–10.2%). As shown in Fig. S7b, the KEGG pathway 
analysis indicated that most of the functional genes increased in the first 
40 days, and then decreased from the the 40th to 100th days. It can be 
speculated that at the initial stage of the recycling at the RDOF phase, 
microorganisms gradually adapted to the gradually increasing salinity 
environment, and the activated sludge system started to deteriorate due 
to functional inhibition afterwards. Within 100 days at the RDOF phase, 
the number of matched genes in the galactose metabolism exhibited the 
highest downregulation (17.8%) in carbohydrate metabolism. In amino 
acid metabolism, the number of matched genes related to phenylalanine 
metabolism decreased the most (13.9%). The number of oxidative 
phosphorylation functional genes decreased by 15.6%, which was the 
highest downregulation in energy metabolism. 

3.4.2. Metabolic pathway analysis 
To further reveal the effect of accumulated organic matters on bac-

terial metabolic activities, a metabolic profiling technique was adopted. 
Because the intermediate metabolic products of dyes and auxiliaries are 
critical factor for the deterioration of activated sludge system at the RDAF 
phase, 76 kinds of detected intermediate metabolic products were 
further analysed. After the one-way ANOVA assessment, among the 76 
GC–MS detected intermediate metabolic products, 66 metabolites 
exhibited significance during the PDWW recycling (Fig. 7a). According 
to the volcano plot (p < 0.05, fold change greater than 1.5) (Fig. 7b), the 
number of significantly changed metabolites was reduced to 39. The 
PCA diagram (Fig. 7c) also indicated that there are significant changes in 
microbial metabolism at the early and late days. Meanwhile, based on 
MetaboAnalyst online programming, the metabolic pathway activities 
could be calculated (Fig. 7d) [52,53]. Fig. 7d shows that two pathways 
were influenced significantly due to the discrimination of the two sets of 
samples (pathway impact > 0.6, and -log (p-value) > 5), which were 
phenylalanine metabolism and synthesis and degradation of ketone 
bodies. These two pathways are closely related to the amino acid 
metabolism and lipid metabolism, respectively [53,54]. In addition, it 
should be noted that the other two influenced pathways are butanoate 
metabolism and pyruvate metabolism, both of which are closely related 
to carbon metabolism. Therefore, the details of the four influenced 
metabolic pathways were analysed according to the KEGG database. The 
details of phenylalanine, synthesis and degradation of ketone bodies, 
butanoate metabolism and pyruvate metabolism pathway are shown in 
Fig. 8 for 0 and 40 days. 

The pathways of phenylalanine metabolism were associated with 
amino acid metabolism [55]. Fig. 8a shows that the gene numbers 
corresponding to phenyl acetaldehyde dehydrogenase (feab) and aro-
matic amino acid decarboxylase (AADC) were obviously downregulated 
in the phenylalanine pathway. feaB is a kind of oxidoreductase that can 
metabolize aromatic compounds. Additionally, AADC catalyses decar-
boxylation reactions such as phenylalanine to phenethylamine in 
Fig. 8a. It has been reported that phenylalanine cannot be synthesized 
independently, which is an important compound involved in carbohy-
drate and lipid metabolism [54]. The decrease in phenylalanine meta-
bolic pathway activity will have a direct impact on microbial 
productivity. In this study, phenylpyruvate related to phenylalanine 
metabolism accumulated (increased 2.6 fold). In accordance with this, 
the activity of synthesis and degradation of ketone bodies shown in 
Fig. 8b was also significantly impacted, which belongs to lipid meta-
bolism. Fig. 8b clearly shows that hydroxymethylglutaryl-CoA synthase 
(EC 2.3.3.10) had the largest downregulated in the synthesis and 
degradation of ketone bodies. EC 2.3.3.10 is an enzyme that catalyses 
the reaction in which acetyl-CoA condenses with acetoacetyl-CoA to 
form 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA). 

Fig. 8c and d show the butyrate metabolism and pyruvate 
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metabolism pathways, respectively, both of which belong to carbohy-
drate metabolism. Fig. 8c shows that ACSM and PTB are the two en-
zymes with the largest downregulated genes, which correspond to the 
synthesis of medium chain acyl CoA and the transfer of phosphobutyryl, 
respectively. ACSM belongs to the family of ligases, specifically those 
forming carbon-sulfur bonds as acid-thiol ligases. PTB belongs to the 
family of transferases, specifically those acyltransferases transferring 
groups other than aminoacyl groups. Fig. 8d shows the change in the 
synthesis and degradation of acetic acid in the pyruvate metabolism 
pathway. There are 7 pathways involved in the acetic acid pathway, and 
the number of genes corresponding to 6 pathways is downregulated, 
which results in the inhibition of carbohydrate degradation activity and 
significant accumulation of organic matter in the secondary effluent. 

The general metabolic pathway variation at 0, 20, 40, 60, 80 and 
100 days at the RDOF phase is shown in Fig. 9. In addition to the first day, 
the influenced metabolic pathways are denoted with different colours. 
According to Fig. 9, the most influenced metabolic pathways were 
related to glycan biosynthesis and metabolism at the 20th day. 
Furthermore, the number of influenced metabolic pathways increased 
obviously from the 20th to 60th days, which are mainly regarded as 

glycan biosynthesis and metabolism as well as xenobiotics biodegrada-
tion and metabolism. From the 80th day, lipid metabolic pathways 
began to be inhibited. The key genes coding for the metabolic pathways 
are shown in Table S9 (p < 0.05). 

4. Conclusion 

The pollutant accumulation characteristics during PDWW closed- 
loop recycling were investigated based on the established PDWW recy-
cling system. It was found that the activated sludge system in the PDWW 
recycling system will be first affected by organic matter accumulation 
rather than inorganic ions. The accumulated organic pollutants can be 
classified as fatty alcohol polyoxyethylene ether (AEO), volatile fatty 
acids (VFA), soluble microbial products (SMPs) and other organic matter 
that is mainly composed of organic dye intermediates. According to GC/ 
MS and constrained distance-based redundancy analysis (db-RDA), 
organic dye intermediates are the critical types of organic matter 
responsible for activated sludge system deterioration. Based on Metab-
oAnalyst online programming, phenylalanine metabolism, synthesis and 
degradation of ketone bodies, butanoate metabolism and pyruvate 

Fig. 7. Statistical analysis of metabolites extracted from the second effluent during 0th and the 40th days: (a) One-way ANOVA analysis, red dots represent me-
tabolites with significant difference between the two groups. (b) Volcano plot, red dots represent metabolites of the 0th day sample upregulated more than 1.5 times 
and p < 0.05 compared with those of the 40th day, whereas blue dots represent metabolites of the 0th-day sample that was downregulated more than 1.5 times and p 
< 0.05 compared with those of the 40th day. (c) PCA analysis. (d) The impact and significance of metabolic pathways for the discrimination between the 0th and 40th 
day sample R-low metabolomics profiles as analysed by MetaboAnalyst. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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Fig. 8. Metabolomic fold variation for the 40th-day activated sludge sample compared with the 0th-day samples for relevant pathways at the RDAF phase. The 
metabolites upregulated and downregulated are marked in blue and red, respectively. The metabolites that could not be recognized are marked in black. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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metabolism were determined to be the four most significantly influ-
enced metabolic pathways in the PDWW recycling system. In addition, 
although the organic accumulation can be mitigated at the RDOF phase 
within 40 days, inorganic ions began to inhibit the removal performance 
of the recycling system after 60 days. It was revealed that the lipid 
metabolic pathways as well as xenobiotic biodegradation and meta-
bolism and glycan biosynthesis and metabolic pathways were influenced 
due to the accumulated inorganic salts at the RDOF phase, which ulti-
mately deteriorated the biological treatment system. 
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