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Abstract Given the environmental challenge 
caused by the wide use of polyacrylamide (PAM), an 
environmental-friendly treatment method is required. 
This study demonstrates the role of Acidovorax sp. 
strain PSJ13 isolated from dewatered sludge in effi-
ciently degrading PAM. To be specific, the strain 
PSJ13 can degrade 51.67% of PAM in 96 h (2.39 mg/
(L h)) at 35 °C, pH 7.5 and 5% inoculation amount. 
Besides, scanning electron microscope, X-ray photo-
electron spectroscopy, liquid chromatography–mass 

spectrometry and high-performance liquid chroma-
tography were employed to analyze samples, and 
the nitrogen present in the degradation products was 
investigated. The results showed that the degrada-
tion of PAM by PSJ13 started from the side chain and 
then mainly the –C–C– main chain, which produced 
no acrylamide monomers. As the first study to report 
the role of Acidovorax in efficiently degrading PAM, 
this work may provide a solution for industries that 
require PAM management.
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Introduction

Polyacrylamide (PAM), a synthetic linear poly-
mer with a high molecular weight, is extensively 
utilized as a viscosity enhancer, flocculant, or soil 
conditioning agent (Xiong et  al. 2018) in various 
industries, including sewage treatment (Guezen-
nec et al. 2015), oil production (Abidin et al. 2012), 
and papermaking (Wong et  al. 2006). However, its 
widespread application is associated with several 
challenges. In the sewage treatment process, for 
instance, PAM accumulates in dewatered sludge 
during the sludge dewatering process. Conse-
quently, the water content of the dewatered sludge 
containing PAM remains at 70–80%, leading to 

agglomeration and difficulties in dispersion, as well 
as increased drying costs (Yu et al. 2015).

In oil recovery, PAM is employed to enhance the 
viscosity of injected water, subsequently improving 
water mobility and oil recovery (Al-Kindi et al. 2022). 
This process generates significant amounts of PAM-
containing water, which necessitates treatment and 
disposal. Although PAM is considered nontoxic, its 
natural degradation produces acrylamide monomer, a 
substance that poses risks to both ecological environ-
ments and human health (Kolya and Tripathy 2014). 
Acrylamide monomer is a skin and respiratory irri-
tant that can be absorbed through the skin and mouth. 
In higher animals, acrylamide absorption can damage 
the central nervous system, resulting in peripheral 
axonal disease (Erkekoglu and Baydar 2014; Pundir 
et  al. 2019). Furthermore, acrylamide is classified 
as a Class 2A carcinogen by international research 
bodies, such as the European Food Safety Authority 
(Song et  al. 2018). Consequently, the development 
of safe degradation methods for PAM is of utmost 
importance.The biodegradation of PAM has garnered 
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significant attention due to its environmentally 
friendly nature and absence of secondary pollution 
(Joshi and Abed 2017; Nyyssola and Ahlgren 2019). 
Research on PAM biodegradation commenced in the 
1990s, with subsequent studies exploring its degrada-
tion efficacy. Kay-Shoemake et al. (1998) investigated 
the biotransformation potential of PAM and demon-
strated its use as an organic nitrogen source for soil 
microorganisms. Matsuoka et al. (2002) isolated Aci-
netobacter from soil samples, which could degrade 
16–19% PAM under aerobic conditions at 37  °C. 
Ma et  al. (2008) reported Clostridium bifermentans 
H1’s ability to degrade PAM under anaerobic condi-
tions, achieving a degradation efficiency of 30.8%. Yu 
et al. (2015) isolated Pseudomonas putida HI47 from 
dewatered sludge, with the strain metabolizing PAM 
as its sole nutrient source and achieving a degradation 
efficiency of 31.1% within 7 days. Bao et  al. (2010) 
isolated Bacillus cereus and Bacillus sp. from poly-
mer flooding-produced water, which degraded 36.3% 
PAM under aerobic conditions at 40  °C for 7 days. 
Despite the demonstrated ability of various bacterial 
strains to biodegrade PAM, its large molecular vol-
ume and highly stable C–C and C–H covalent bonds 
within the main chain render it biologically resistant, 
resulting in low biodegradation efficiency (Li et  al. 
2015; Nyyssola and Ahlgren 2019; Sun et al. 2016).

To improve the biodegradability of PAM, research-
ers have shifted their focus to using biological combi-
nation strategies to degrade polymers after pretreat-
ment, which demonstrates huge potential (Chen et al. 
2021; Zhang et al. 2019). For example, Pi et al. (2015) 
constructed a Fenton/combined biological treatment 
ABR process for PAM-containing wastewater, reach-
ing a removal rate of PAM up to 71.81% under the 
conditions of  H2O2 5.3  mmol/L,  Fe2+ 1.44  mmol/L, 
and pH 3.0 at 30 °C. Song et al. (2021) constructed 
an OUA multi-stage treatment system combining 
ozone and biological treatment, with the degradation 
efficiency of 500  mg/L PAM increasing from 33.29 
to 48.40% when ozone changed from 15 to 30 g  O3/g 
TOC. Such biological combination methods, which 
improve the degradation effect, brings about high 
energy consumption and considerable secondary 
pollution. In addition, the physical/chemical com-
bined biological treatments usually produce acryla-
mide monomers (Xiong et al. 2018). Accordingly, it 
remains worthwhile to investigate and isolate efficient 

PAM-degradation strains and whether they will pro-
duce acrylamide monomer after biodegradation.

This study isolates PSJ13, an efficient PAM-
degrading strain, from dewatered sludge, which can 
decompose polymers without producing acrylamide 
monomer. The degradation efficiency reaches 50% 
within 96  h under the optimized conditions. Strain 
PSJ13 is identified as Acidovorax sp. To our knowl-
edge, this is the first report on the degradation of 
PAM by Acidovorax sp. The effects of factors, includ-
ing temperature and pH, on bacteria degradation per-
formance are investigated. Furthermore, this paper 
also studies the degradation characteristics of PAM 
by strain PSJ13.

Methods and materials

The sample of sludge and PAM

Sludge samples were collected from sewage treatment 
plants in Beibei District, Chongqing. The debris was 
removed with tweezers and other tools, and excess 
activated sludge was stored in a refrigerator at 4 °C. 
The PAM sample was obtained from Musheng Bio-
technology Co. Ltd (Chongqing, China). The relative 
molecular weight of PAM was about 5 ×  106.

Media

This study adopted two kinds of media. One was a 
Polymer Medium (PM) with PAM as the sole carbon 
and nitrogen source, and the other was Luria–Ber-
tani (LB) as the enrichment medium. The composi-
tion of PM medium was as follows: NaCl 0.5  g/L, 
 MgSO4·7H2O 0.51  g/L,  CaCl2·2H2O 0.1  g/L, 
 NaH2PO4·2H2O 0.65  g/L,  K2HPO4·3H2O 1.4  g/L, 
 FeSO4·7H2O 0.018  g/L. The composition of LB 
medium is as follows: NaCl 10  g/L, Yeast extract 
5 g/L, Tryptone 10 g/L. The pH of LB was adjusted 
to 7.0, and the pH of PM was adjusted to 7.2–7.4 by 
adding NaOH or HCl, and sterilized in an autoclave 
sterilizer at 121 °C for 20 min before use.

Isolation of PAM-degrading strain

PM liquid medium containing 500 mg/L, 1000 mg/L, 
1500 mg/L, and 2000 mg/L PAM was prepared. The 
culture flask containing 100  mL LB liquid medium 
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and 10 g sludge sample was cultured on a shaker at 
150 r/min and 25 °C for 2 days. Subsequently, 5 mL 
of the initial culture was added to 100 mL 500 mg/L 
PM and incubated at 150 r/min and 25 °C for 7 days. 
At the end of this stage, 5  mL of the medium was 
transferred to a fresh 1000  mg/L PM and incubated 
for 7  days. The steps were repeated until the PAM 
concentration in the PM medium reached 2000 mg/L. 
1  mL of the final culture solution was obtained and 
put into 9 mL sterile water to prepare 6 gradient dilu-
ents of  10–1–10–6. 200 μ of each gradient dilution 
was transferred to PM solid medium, spread with a 
triangular coating rod, and cultured at 25 °C in an 
incubator.

Colonies with different morphological character-
istics on PM medium were isolated and purified by 
continuous streaking. The purified strain was inocu-
lated in 150 mL PM liquid medium. The culture was 
subjected to PAM degradation tests at 150 r/min and 
25 °C aerobic conditions, during which the cell con-
centration and PAM degradation ability were evalu-
ated. In addition, three bottles of uninoculated PAM 
medium were used as blank controls. The strain 
PSJ13 could grow with PAM as the sole nutrient 
source and showed a strong degradation ability to 
PAM, so the strain was selected for further study.

Identification of PAM-degrading strain PSJ13

Bacterial isolate identification was carried out 
via the amplification and sequencing of approxi-
mately 1400 bp of the bacterial 16S ribosomal DNA 
(rDNA). The universal primers employed for bacte-
rial amplification were 27F (5′-AGA GTT TGA TCC 
TGG CTC AG-3′) and 1492R (5′-AAG GAG GTG ATC 
CAG CCG CA-3′). DNA extraction from the isolates 
was performed using a column-based method. The 
PCR amplification procedure involved a reaction sys-
tem containing 21 μL PCR mix, 1 μL Primer F, 1 μL 
Primer R, and 2 μL DNA templates. This process was 
carried out over 35 cycles in a GeneAmp PCR 9700 
thermal cycler from Applied Biosystems, with each 
cycle consisting of 96 °C for 20 s, 62 °C for 30 s, and 
72 °C for 10 s. Initial denaturation was performed at 
96 °C for 5 min, and final extension was carried out at 
72 °C for 7 min.

The sequencing was completed by Wuhan Huada 
Gene Technology Co. Ltd. Sequence data were sub-
sequently analyzed using BLAST (NCBI) to identify 

the bacteria. The phylogenetic tree was constructed 
using MEGA-X software, and the phylogenetic tree 
was drawn using the adjacency algorithm (bootstrap 
number = 1000).

The physiological and biochemical properties 
of strain PSJ13 were tested according to Bergey’s 
decisive bacteriology manual. The characteristics of 
Gram reaction, ammonia production, nitrate reduc-
tion, catalase, oxidase and amylase activity were stud-
ied. In addition, the morphology of strain PSJ13 was 
observed by SEM (Song et al. 2019a).

Inocula preparation for degradation studies

PSJ13 was cultured in LB medium at 25 °C, 150 r/
min for 12 h. The bacteria were collected after cen-
trifugation at 8000 r/min for 5 min, and then washed 
three times with phosphate buffer to prepare inocu-
lum  (OD600 = 1.0).

Biodegradation of PAM by strain PSJ13

Effects of culture conditions on degradation of PAM 
by PSJ13

In order to investigate the effect of culture condi-
tions on strain PSJ13, the prepared inoculum was 
inoculated into the PM medium containing 500 mg/L 
PAM. The effects of culture temperature (20 °C, 30 
°C, 35 °C, 45 °C, 55 °C), initial pH (4.5, 5.5, 6.5, 7.5, 
8.5) and initial inoculum (1%, 2%, 3%, 4%, 5%) on 
the degradation of PAM by strain PSJ13 were stud-
ied. When designing the experiment on the effect of 
culture temperature, pH and initial inoculum on the 
degradation of PAM by strain PSJ13, five treatment 
groups and a control group were designed for each 
condition to determine the relevant indicators. The 
PAM concentration was determined after centrifuga-
tion of the degradation solution on the 2nd and 4th 
days, while cell concentration was determined on the 
4th day.

Effects of exogenous additives on PAM degradation 
by strain PSJ13

Glucose, sucrose, tryptophan, yeast extract,  NaNO3, 
 NH4NO3,  NH4Cl and  (NH4)2SO4 were added to the 
PM as exogenous additives, and the concentration 
of exogenous additives was 100 mg/L. Similarly, the 
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PAM concentration was determined after centrifuga-
tion of the degradation solution on the 2nd and 4th 
days, while cell concentration was determined on the 
4th day.

Degradation characteristics of PAM by strain PSJ13

To study the degradation characteristics of strain 
PSJ13 on PAM, solid and liquid samples of original 
PAM and treated samples were prepared. The solid 
sample was prepared as follows: the culture solu-
tion before and after degradation was centrifuged at 
8000 r/min for 15  min to remove the bacteria. And 
the supernatant was mixed with anhydrous ethanol 
(1:2, volume ratio) to make a mixture. After standing 
for 10 min, the mixture was centrifuged at 3000 r/min 
for 15 min to collect precipitates, which was repeated 
thrice. The precipitates were collected, washed with 
chloroform (3 times), and then dried in a freeze dryer 
for subsequent study. As for the liquid sample, the 
culture solution before and after degradation was 
centrifuged at 8000 r/min for 5  min to remove the 
bacteria, and the supernatant was filtered through a 
0.45 μm filter membrane.

The morphological changes of PAM before and 
after degradation were observed by SEM (Hitachi 
S-4800, Japan). Changes in functional groups before 
and after PAM degradation were analyzed by FT-IR. 
FT-IR (Thermo Scientific Nicolet 6700, America) 
detection wavenumber is 400–4000/cm, detection 
mode is transmittance. Further, changes in func-
tional groups before and after PAM degradation 
were analyzed by XPS, which was performed on an 
ESCALAB 250 spectrometer (Thermo Fisher Escalab 
250Xi10300, America) equipped with a monochro-
matic Mg Kα X-ray source (1253.6  eV). The C1s 
electron binding energy corresponding to graphitic 
carbon was set at 284.6  eV and used as a reference 
to position the other peaks on the XPS spectra. High-
performance liquid chromatography (HPLC) was 
used to detect the existence of acrylamide monomer. 
HPLC (Toshimazu LC-20AD, Japan) equipped with 
Ultimate XB-C18 (4.6 × 250  mm) chromatographic 
column. The mobile phase consisted of 90% water 
and 10% methanol. The flow rate was 1.0  mL/min. 
Detection wavelength 210 nm. The gradation of PAM 
molecules was preliminarily explored by LC–MS. 
LC–MS (Agilent 1290UPLC-Agilent QTOF6550) 
equipped with Waters BEH C18 (2.1 × 100  mm) 

chromatographic column. ESI + mode: volt-
age 4000  V.Total nitrogen, ammonium nitrogen 
 (NH4

+–N), nitrate nitrogen  (NO3
−–N), nitrite nitrogen 

 (NO2
−–N) and hydroxylamine  (NH2OH) were deter-

mined by ultraviolet spectrophotometer to explore the 
changes of nitrogen forms during the degradation of 
PAM by strain PSJ13. In addition, solid samples were 
adopted for SEM, FI-IR, LC–MS, and XPS analysis, 
while liquid samples for HPLC, LC–MS and nitrogen 
forms analysis.

Analysis method

PAM concentration was determined by the starch-
cadmium iodide method (Bao et  al. 2010). The 
removal efficiency of PAM was calculated as follows:

where  C0 and  C1 represent the concentration of PAM 
before and after degradation, respectively. The con-
centration of TN,  NH4

+–N,  NO3
−–N,  NO2

−–N and 
 NH2OH during PAM degradation were determined 
according to the water and wastewater test standard 
method (Gui et al. 2021).

Triplicate measurements were performed for 
each sample, and the results were expressed as 
mean ± standard error. In addition, Excel 2016, SPSS 
Statistics 19, and Avantage 5.5 were adopted for sta-
tistical analysis, and Origin Pro 9 and MEGA-X for 
plotting.

Result and discussion

Bacteria isolation and identification

23 strains that can grow on polymer medium were 
isolated from sludge during preliminary screening. 
Among them, strain PSJ13 exhibited high removal 
efficiency of PAM, with a degradation efficiency 
of 25% after culturing for 48 h, and 42% after 96 h, 
which outperformed microorganisms reported previ-
ously (Bao et al. 2010; Ma et al. 2008; Yu et al. 2015). 
In addition, the pH of the culture medium increased 
during the degradation, which was contrary to previ-
ous reports that microbial degradation of PAM pro-
duces carboxylic acids resulting in a decrease in pH 

R =
(

C0 − C1

)

∕C0,
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(Sang et al. 2015). It’s speculated that such difference 
is caused by degradation pathway.

The 16S rDNA of the strain was amplified and 
sequenced. BLAST search results showed that the 
isolated strain had the closest relationship with the 
Acidovorax strain B78, with the similarity being 
99%. The phylogenetic tree of strain PSJ13 was con-
structed by the neighbor-joining method (Fig.  1a). 
The nucleotide sequence determined in this study 

was stored in the GenBank database with accession 
number ON740684. Further, the authors explored 
the morphological, physiological and biochemical 
properties of Acidovorax PSJ13, and the morphologi-
cal characteristics are shown in Fig. 1b and c, which 
reveals strain PSJ13 to be rod-shaped with a smooth 
surface and a length of 0.46 × 0.84 μm. Besides, the 
physiological and biochemical properties of strain 
PSJ13 were studied, and the biochemical results are 
listed in Table 1. The strain PSJ13 is Gram-negative, 

Fig. 1  Scanning electron microscope image and Phylogenetic tree of Acidovorax PSJ13: a Phylogenetic tree of Acidovorax PSJ13, b 
Morphology at ×40,000 magnification, c Morphology at ×60,000 magnification
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and its ammonia production and nitrate reduction 
performance was positive. The strain’s properties are 
similar to those of Acidovorax facilis, a rhizosphere 
microbe reported by Kim and Cho (2006) for the 
remediation of oil-contaminated soil. 

Acidovorax sp., belonging to Proteobacteria β 
subclass, plays an important role in the degradation 
of refractory organic pollutants (Liao et  al. 2021; 
Shehu and Alias 2019). There have been reports 
on its role in degrading benzene, chlorobenzene, 
polychlorinated biphenyl (Hirose et  al. 2019), high 
concentrations of phenanthrene (Liao et  al. 2021; 
Singleton et al. 2018), nitroaromatic compounds (Li 
et al. 2021; Pantke et al. 2012), cyclohexane (Sala-
manca et  al. 2021) and other organic substances. 
Instead, there exists no report on its role in PAM 
degradation, which makes this paper the first one.

Table 1  Physiological and biochemical characteristics of 
strain PSJ13

+ strain: display attribute, − strain: does not display this prop-
erty

Characteristic PSJ13 Characteristic PSJ13

Methyl red test − Glucose ferment −
Gram reaction − Ammonia production 

test
 + 

Hydrated cellulose 
test

 + Nitrate reduction test  + 

Gelatin liquidized test  + Citrate salt test  + 
Urease  + Starch hydrolysis −
Anaerobic growth − V-P test  + 
Peroxidase − Catalase reaction  + 
Indole test  + Soluble phosphorus 

test
 + 

Fig. 2  Effects of culture conditions on the degradation of PAM by Acidovorax PSJ13: a Temperature, b pH, c Inoculation amount, d 
Different exogenous nutrients
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Effect of culture conditions on PAM degradation by 
Acidovorax PSJ13

The effects of temperature, pH and inoculum 
amount on the degradation efficiency of the polymer 
were also investigated. As shown in Fig. 2, the bio-
degradation of the polymer became weakened with 
increasing temperature. To be specific, the degrada-
tion percentage was only 12.02% when the strain 
was cultured at 55 °C for 96  h. The degradation 
rate of PAM by microorganisms was 26.21% after 
incubation at 30 °C (the optimum temperature for 
the growth of strain PSJ13) for 48 h, and the value 
reached 52.17% after 96 h (2.45 mg/(L h)). Moreo-
ver, low pH negatively impacts PAM degradation 
by strain PSJ13. Notably, when the pH ranges from 
4.5 to 5.5, the degradation efficiency of PAM by 
microorganisms remains low, with the efficiency 
reaching only 20.69% after 96 h of incubation at pH 
5.5. However, the degradation efficiency reaches its 
peak at a pH of 7.5. The degradation efficiency of 
the polymer was 29.37% at 48 h and 53.68% at 96 h 
(2.79 mg/(L h)). In terms of the inoculation amount 
of the culture medium, it was in direct proportion 
to the degradation efficiency of strain PSJ13, that 
is, the degradation efficiency of bacteria increased 
with higher inoculation amount. When the inocula-
tion amount was 5%, the degradation rate of PAM 
reached 51.67% after 96 h culture (2.39 mg/(L h)). 
Therefore, the degradation efficiency of Acidivo-
rous PSJ13 was far higher than that of Bacillus sp. 
(0.60  mg/(L h)) reported by (Bao et  al. 2010) and 
Pseudomonas putida HI47 (0.93 mg/(L h)) reported 
by (Yu et al. 2015).

Previous studies have shown that the degradation 
efficiency of polymers by microorganisms varies 
greatly with different types of nutrients added, and 
the degradation pathways of polymers by strains also 
differ (Wen et al. 2010). This study adopted glucose, 
sucrose, peptone, yeast extract,  NaNO3,  NH4NO3, 
 NH4Cl and  (NH4)2SO4 as exogenous nutrients to 
explore the degradation effect of PSJ13 on polymer, 
and the concentration of each nutrient was 0.1  g/L. 
According to the results, the degradation efficiency 
of PAM after 48  h was low when glucose, sucrose, 
peptone and yeast extract were added, recording 
only 4%, 2%, 9% and 11%, respectively; while that 

of PAM was 18%, 30%, 26% and 22%, respectively, 
when  NaNO3,  NH4NO3,  NH4Cl and  (NH4)2SO4 were 
added. This indicated that when PAM was used as 
the sole nitrogen source, the addition of the carbon 
source was not conducive to the degradation of PAM. 
In contrast, when PAM was used as the sole carbon 
source, the addition of the nitrogen source could 
notably increase the bacteria degradation efficiency. 
Despite the lower degradation efficiency of PAM 
when adding an exogenous carbon source than that 
of adding a nitrogen source, the biomass concentra-
tion was higher, which supported that PSJ13 mainly 
used PAM as the carbon source. Accordingly, PSJ13 
mainly employed the main chain –C–C– bond for the 
efficient biodegradation of PAM. Sun et  al. (2016) 
also found that the degradation efficiency of PAM 
depends on the –C–C– backbone structure rather than 
the  NH2-group.

The excess sludge normally features a temperature 
of 20–35 °C and pH 6.5–8.0, which puts strain PSJ13 
in a favorable position to degrade PAM. In addition, 
the larger inoculation amount of the culture medium 
benefits the degradation efficiency. The addition of an 
external nitrogen source can effectively improve the 
degradation efficiency of the polymer with  NH4NO3 
being the most effective nitrogen source. Therefore, 
to improve the degradation effect of PSJ13 in actual 
practice, the inoculation amount of bacteria can be 
appropriately increased, and some nitrogen source 
substances such as  NH4NO3 can be added.

Degradation characteristics of PAM by Acidovorax 
PSJ13

Morphological changes of PAM after degradation

Samples before and after the biodegradation of PAM 
were observed at ×10,000 and ×30,000 magnification 
by SEM to study the morphological changes of PAM 
degraded by strain PSJ13, as shown in Fig.  3. The 
samples before biodegradation had many cavities and 
complete structures, which varied greatly with those 
after biological treatment. Besides, the degradation 
products of strain PSJ13 exhibited cavity collapse, 
quantity reduction, loose and irregular structure, indi-
cating the obvious treatment effect of strain PSJ13 on 
PAM.
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Structure analysis of PAM biodegradation products

To explore the changes of functional groups in the 
process of PAM biodegradation, FT-IR, XPS and 
LC–MS were used to analyze the PAM without bio-
degradation and with biodegradation. According to 
Fig. 4a that illustrates the FT-IR results, the bands of 
2800–3000/cm can be assigned to –C–C– extension 
(Song et  al. 2017), and the energy band intensity of 
the degradation products at 2800–3000/cm decreased, 
which indicated the breaking of the main chain of 
–C–C– of PAM after biological treatment. Besides, 
the bands at 3400/cm and 1600/cm are –NH2 and 
–COOH vibration peaks of –CONH2, respectively 

(Song et al. 2019b), which weakened, indicating that 
the amide group has been hydrolyzed and the side 
chain group was decreasing. The reason may be that 
the breakage of the carbon main chain caused the 
shedding of the side chain group. In addition, the 
structure of PAM and degradation products was ana-
lyzed by XPS as shown in Fig. 4b. In the XPS spec-
trum, 284.8 eV, 287.88 eV and 288.90 eV correspond 
to the characteristic peaks of C- (C, H),  CONH2, 
COOH of PAM (Sun et al. 2016). The peak area of C- 
(C, H) and COOH decreased from 59.46% and 7.16% 
to 23.18% and 4.34%, respectively, while –CONH2 
disappeared during the degradation process, which is 
consistent with Sun’s findings (Sun et al. 2016). This 

Fig. 3  SEM images of PAM before and after biodegradation: 
a SEM image of PAM original sample at ×30,000 magnifica-
tion, b SEM image of PAM original sample at ×10,000 magni-

fication, c SEM image of PAM degradation sample at ×30,000 
magnification, d SEM image of PAM degradation sample at 
×10,000 magnification
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implies that microorganisms play a role in degrading 
PAM, leading to alterations in its molecular structure. 
Figure 4c shows the LC–MS chromatography analy-
sis of the polymer degradation products, according 
to which, the retention time and number of peaks of 
PAM degradation products increased, indicating that 
PAM was degraded into small molecular fragments 
with different degrees of polymerization (Yu et  al. 
2015). Moreover, we detected a –CN peak in the 
breakdown products. This, along with the observation 
that adding a nitrogen source boosts the efficiency of 
microbial degradation, suggests that the breakdown of 
PAM by Acidovorax PSJ13 mostly takes place in the 

main carbon chain structure, not the side chain group. 
Furthermore, these broken-down fragments have the 
ability to rejoin and form –CN. The chain breakage 
of PAM under aerobic condition was accompanied 
by the production of carbon dioxide. However, a peak 
also appeared at 286.23  eV, and the relative peak 
area after degradation was reduced, which has not 
been reported. The peak, which is assigned to bond 
–C–O–C/–C–OH according to the XPS spectrum 
library, may be caused by the introduction of related 
structural substances during the synthesis of PAM.

Fig. 4  FT-IR, XPS and LC–MS analysis of PAM before and after biodegradation: a FT-IR spectra, b XPS spectra, c LC–MS spectra
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Changes of nitrogen forms during PAM 
biodegradation

Furthermore, the concentration of nitrogenous 
substances (TN,  NH4

+–N,  NH2OH,  NO2
−–N and 

 NO3
−–N) during PAM degradation was determined 

as shown in Fig.  5. Specifically, the content of TN 
and  NH4

+ changed dramatically during PAM biodeg-
radation. The concentration of TN decreased from 
81.11 to 64.27 mg/L after 120 h, which indicates its 
conversion into other forms of nitrogen. The con-
centration of  NH4

+–N climbed rapidly with time 
going by, from 0.64 to 20.52 mg/L within 24 h and 
finally to 34.52  mg/L at 120  h, which demonstrates 
that the strain PSJ13 could degrade PAM to produce 
 NH4

+–N, and the strain’s good ammoniation ability. 
The rapid increase of  NH4

+–N concentration in 24 h 
indicated that PAM underwent deamination reac-
tion during biodegradation, which further triggered 
the breakdown of the PAM main chain. To sum up, 
the large reduction of TN concentration and the for-
mation of  NH4

+-N corresponded to the phenome-
non that the peak of –CONH2 in the XPS spectrum 
disappeared during the degradation process. The 
concentration of  NH2OH increased from 4.98 to 
8.14  mg/L, showing an upward trend. The  NO2

−–N 
and  NO3

—N, whose amount was small with concen-
tration of 0.1–0.2 mg/L, exhibited negligible changes. 

 NO2
− showed an upward trend, while  NO3

− showed a 
downward trend. The results demonstrated the good 
ammonification ability but weak nitrification abil-
ity of strain PSJ13. Although  NH4

+–N was oxidized 
to the intermediate product  NH2OH, the further oxi-
dation products  NO2

−–N and  NO3
−–N exhibited 

small concentration. Eventually, the accumulation of 
 NH4

+–N and the decrease of –COOH led to higher 
pH in the culture medium. The biodegradation of 
PAM is usually initiated by deamination (Nyyssola 
and Ahlgren 2019). Combined with the SEM results 
that showed the structural changes of the degradation 
products, the degradation of polymer by Acidovorax 
PSJ13 started with deamination, and then the main 
chain part, followed by the breaking of side chain.

PAM biodegradation pathway hypothesis

The biodegradation of PAM is complex, with the 
degradation pathways of different bacteria varying. 
Bao et al. (2010). proposed that the main degraded 
part of PAM was –NH2, and the oxidized part was 
first the main chain part α-C and then –COOH, 
resulting in lower pH (Bao et  al. 2010). Nyyssola 
et al. concluded that in addition to the oxidation of 
α-C, the oxidation of β-C also occurred in the main 
chain of PAM, that is, such oxidation led to the for-
mation of a –C=C– between α-C and β-C, followed 

Fig. 5  Changes of nitrogen 
forms during the degrada-
tion of PAM by Acidovorax 
PSJ13



592 Biodegradation (2023) 34:581–595

1 3
Vol:. (1234567890)

by the hydration of the –C=C–, and oxidation of 
the resulting β-OH group to –C=O (Nyyssola and 
Ahlgren 2019). Instead, this paper showed that the 
degradation of PAM by PSJ13 had an α-C oxidation 
pathway (–COOH change detected), and the exist-
ence of β-C oxidation could not be proved (–C=O 
change not detected).

The authors proposed a hypothetical PAM degra-
dation pathway by Acidovorax PSJ13. The degrada-
tion process begins with deamination (①), as micro-
organisms require growth substrates for subsequent 
life activities (Nyyssola and Ahlgren 2019). The 
polymer –C–C– is then broken down into smaller 
molecules with varying degrees of polymerization 
and carbon dioxide (②④). This step involves weak 
oxidation of α-C, and the produced –COOH is uti-
lized by microorganisms through metabolic path-
ways similar to the tricarboxylic acid cycle (Yin 
et al. 2015), resulting in a decrease in –COOH (⑤). 
Subsequently, –NH2 is removed to form  NH4

+–N; 
a small portion of  NH4

+–N is oxidized to  NH2OH, 
 NO2–N, and  NO3–N, accompanied by gaseous 
nitrogen production due to the decrease in TN con-
centration (①). Moreover, the emergence of the –CN 
structure suggests that small molecular polymer 

fragments generated by the rupture of the polymer 
backbone may recombine in an unknown manner, 
and the –C=O of CONH2 may be broken (③). This 
process is illustrated in Fig. 6. The primary mode of 
degradation after physical and chemical treatment 
is typically the PAM main chain rupture. The main 
chain undergoes free radical chain reactions result-
ing from chain degradation, which can enhance 
PAM degradation efficiency (Song et al. 2018).

The backbone’s degradation may explain the role 
of strain PSJ13 in degrading polymers, and the frac-
ture mode is similar to the way of polymer degrada-
tion by plasma reported by Song et al. (2019b). Such 

Fig. 6  Hypothetical degradation pathways of PAM during biological treatment

Table 2  Difference of acrylamide concentration before and 
after biological treatment

Different letter markings indicate significant differences 
(P<0.05)

Treatment Acrylamide 
concentration 
(μg/mL)

Before biodegradation 0.609 ± 0.058a

After biodegradation 0.544 ± 0.093a
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degradation mode seems to be beneficial to PAM 
degradation.

Detection of acrylamide monomer after PAM 
biodegradation

The PAM samples before and after degradation were 
analyzed to determine the existence of acrylamide 
monomer after degradation, which revealed a small 
amount of acrylamide monomer before and after 
the degradation of the polymer by HPLC. Instead 
of attributing such phenomenon to the degradation 
of PAM by strain PSJ13, the authors attribute it to 
PMthe trace amount of acrylamide monomer pro-
duced by PM, which results from the weak decom-
position of the polymer caused by sterilization treat-
ment (Table  2). Previous studies have also reported 
that PAM treated with physical methods, such as 
temperature and light, produces acrylamide mono-
mers (Caulfield et  al. 2002; Joshi and Abed 2017). 
The concentration of acrylamide monomer before 
and after biodegradation was 0.609 ± 0.058  μg/mL 
and 0.544 ± 0.093  μg/mL, respectively, which was 
not statistically significant (P < 0.05). Therefore, the 
degradation of PAM by strain PSJ13 do not produce 
acrylamide monomers.

Conclusion

This paper is the first to demonstrate the role of Aci-
dovorax sp. in efficiently degrading PAM, and Acido-
vorax sp. Strain PSJ13 could degrade more than 50% 
PAM under optimal culture conditions after 96  h, 
with the degradation rate reaching 2.39 mg/(L h), sig-
nificantly higher than previous reports. The degrada-
tion of PAM by PSJ13 started from the side chain and 
α-C oxidation, then mainly –C–C– main chain. The 
experiment also proved the absence of toxic acryla-
mide monomers during the biological breakdown of 
PAM.
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