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perature shock on the treatment
of high-concentration organic wastewater by an
Fe0/GO-anaerobic system†

Xiangzhi Wang, a Yecheng Lin,a Longyu Wang,a Da Yanga and Huixia Lan*ab

In order to make up for the defects of traditional anaerobic fermentation systems, such as low energy

utilization rates and the slow growth and reproduction of microorganisms, an Fe0/GO (zero-valent iron/

graphene oxide) anaerobic biological treatment system was used as a treatment process in this paper,

and the impact of temperature shock on the system during the treatment of high-concentration organic

wastewater was studied. The experimental results showed that temperature shock reduced the CODCr

removal rate and gas production level in each system, but the Fe0/GO group maintained a higher level

and had the highest CODCr degradation rate after shocking. After temperature shock, the acetic acid

content in each system was higher (above 90%), and the volatile fatty acid (VFA) content in the Fe0/GO

group was the lowest. The mixed liquor suspended solids (MLSS) in all systems decreased after impact;

the decrease was less in the Fe0/GO group and the increase was largest after temperature recovery.

After shocking, the extracellular polymer substance (EPS) protein (PN) and polysaccharide (PS) levels in

each system were both low. After temperature recovery, the PN/PS ratio of the Fe0/GO group was the

highest, showing a strong impact resistance to temperature.
Introduction

At present, high-concentration organic wastewater is frequently
produced in daily life, e.g., citric acid pickling wastewater, food
wastewater, and brewing wastewater. The COD of high-
concentration organic wastewater is generally above
2000 mg L�1 and the composition is complex, involving a large
number of aromatic compounds and heterocyclic compounds,
suldes, nitrogen compounds, heavy metals, etc.; this waste-
water can also have strong toxicity, strong acidity, strong alka-
linity, high levels of coloring, and an unpleasant smell, having
a very bad impact on the surrounding environment.1 Therefore,
it is very necessary and urgent to improve the treatment efficacy
when it comes to high-concentration organic wastewater.
Treatment methods for high-concentration organic wastewater
can mainly be divided into physical methods, chemical
methods, and biological methods. Physical methods for treat-
ing high-concentration organic wastewater include distillation,
adsorption, extraction, membrane treatment, etc. These
methods usually transfer the organic matter in wastewater
rather than decompose it. For example, adsorption methods are
ring of Qingdao University of Science and
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4094
widely used in wastewater treatment because of their high
efficiency and low cost. However, the regeneration, modica-
tion, and treatment of the adsorbent and the post-treatment of
wastewater greatly increase the overall cost of this technology.
Therefore, it is generally not considered optimal to use physical
methods to treat high-concentration organic wastewater. A
better choice is to use other advanced technologies in
conjunction with physical methods.2 Chemical methods are
extremely effective and stable, and methods such as advanced
oxidation processes can effectively remove organic matter from
high-concentration organic wastewater. However, the cost of
chemical processes is prohibitive, and they also produce other
waste that is hard to dispose of, such as Fe(OH)3 from the
Fenton oxidation process, so chemical processes need to be
combined with other methods to reduce costs.3,4 Biochemical
methods include aerobic biological treatment technology and
anaerobic biological treatment technology. Compared with
aerobic biological treatment technology, anaerobic biological
treatment technology has the characteristics of low energy
consumption, high load resistance, and stable operation, with
the abilities to generate less residual sludge and to generate the
renewable energy methane.5 Also, because the COD concentra-
tion of high-concentration organic wastewater is high, aerobic
biological treatment technology is difficult to use; therefore,
anaerobic biological treatment technology has become the
mainstream technology for the treatment of high-concentration
organic wastewater. The anaerobic biological treatment process
can be divided into four stages, namely the hydrolysis stage,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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acid generation stage, acetic acid generation stage, and
methane generation stage. Methanogens can decompose acetic
acid to produce methane, which plays a key role in the meth-
anogenic stage. However, methanogens have low energy utili-
zation rates and slow growth and reproduction rates, leading to
low wastewater treatment efficiency and long treatment cycle
times.6 Therefore, it is necessary to improve the activities and
growth rates of methanogens in order to improve the anaerobic
digestion efficiency.

Temperature is a key factor affecting anaerobic biological
treatment technology. A change in temperature will have a great
inuence on the physicochemical properties of the anaerobic
sludge and the microbial community structure in the activated
sludge system, which will further affect the anaerobic digestion
efficiency and effluent quality. Liu et al. found that a low
temperature of 10 �C could reduce the relative abundance of
hydrolytic bacteria, decrease the removal of CODCr, and
increase the concentration of VFAs.7 In high-temperature
digestion, the anaerobic fermentation system is more sensi-
tive to temperature changes. Wu et al. studied the inuence of
temperature uctuations on the thermophilic anaerobic diges-
tion of domestic waste and found that aer a sudden drop in
temperature, gas production was almost zero, volatile fatty acids
rapidly accumulated, and methanogen activity decreased. Also,
the longer the sudden temperature drop lasted, the longer the
recovery time of the anaerobic system.8 During the practical
application of anaerobic biotechnology, temperature uctua-
tions are inevitable. Via adding zero-valent iron (Fe0) and gra-
phene oxide (GO), the growth and reproduction of
microorganisms can be stimulated, and the activities of related
enzymes can be enhanced, thus alleviating the impact of
temperature changes to a certain extent.

Compared with other iron materials, Fe0 has a larger specic
surface area and stronger adsorption capacity. As a cheap and green
reductive activemetal, Fe0 can provide electrons formicroorganisms
in an anaerobic environment through being oxidized to Fe2+ and
Fe3+, thus reducing the oxidation reduction potential (ORP) of the
system.9 Many studies have shown that Fe0 can promote the
anaerobic microbial degradation process, enrich the functional
microorganisms involved in the anaerobic degradation of aromatic
pollutants, signicantly improve the bacterial community structure,
and remarkably increase bothmethane production in the anaerobic
system and the wastewater CODCr removal rate.10,11 However, there
are still problems relating to the use of Fe0. Fe0 nanoparticles easily
agglomerate and the specic surface area decreases aer agglom-
eration, reducing the treatment efficiency. In addition, Fe0 will
undergo sedimentation aer addition, resulting in the accumula-
tion of iron powder at the bottom of the reactor, where it cannot be
fully functional. Via combining graphene oxide (GO) with Fe0, the
self-agglomeration of nano-Fe0 can be effectively reduced,12 thus
improving the treatment efficiency.

Graphene oxide (GO) is a functionalized derivative of gra-
phene with a large specic surface area and a layered structure,
and it shows good adsorption performance toward pollutants.
Compared with graphene, GO is easier to synthesize, without
further reduction using hydrazine hydrate, and it is lower cost.
Also, the GO surface has more abundant hydrophilic groups;
© 2021 The Author(s). Published by the Royal Society of Chemistry
the hydrophilic groups provide a number of active sites for
a variety of organicmolecules, polymers, and biological molecules,
raising the possibility of GO surface functionalization and offering
plenty of opportunities for the application of nanocomposite
materials.13 As an excellent electron shuttle, GO can accelerate the
electron transfer processes between anaerobic microorganisms,
thus improving the activities of microorganisms and promoting
the growth and reproduction of microorganisms. For example, GO
can improve the interspecies electron transfer efficiency between
Geobacter metallireducens and Methanosarcina barkeri.14 Zhang
et al. added GO to an anaerobic fermentation system for treating
pig manure, and it signicantly improved the degradation of
propionic acid andwas conducive to the formation of a stable acid-
type fermentation microbial climax community.15 When Fe0 and
GO are added into an anaerobic system at the same time, they can
not only fully show their respective advantages, but they can also
complement each other's defects, allowing pollutants to be
removed more efficiently. Therefore, it is a good choice to use an
Fe0/GO composite to strengthen anaerobic systems. However, in
the area of the anaerobic treatment of organic wastewater, there is
almost no research on the simultaneous addition of GO and Fe0 to
anaerobic systems.

In this paper, the anti-temperature shock performance of an
Fe0/GO-anaerobic system is studied from the following aspects:
(1) performance changes of the system under temperature
shock; (2) variations in the volatile fatty acid (VFA) content of
the system; (3) changes in the sludge concentration; and (4) the
effects of temperature shock on extracellular polymers.

Materials and methods
Wastewater and inoculated sludge

Simulated citric acid wastewater was used in the experiments.
The chemical oxygen demand based on K2Cr2O7 testing (CODCr)
was about 8000 mg L�1 and the pH was 4.0–5.0. Ammonium
sulfate ((NH4)2SO4) and potassium dihydrogen phosphate
(KH2PO4) were added as nitrogen and phosphorus sources with
a CODCr : N : P weight ratio of 200 : 5 : 1. The inoculated sludge
was obtained from the an upow anaerobic sludge bed (UASB)
reactor from a brewery in Qingdao, China.

Experimental methods

In order to reduce the cost of engineering and to seek better
promotion effects, micron-grade reduced iron powder was used
in the experiments in a compound with GO to obtain an Fe0/GO
composite. GO was prepared via a modied Hummers'
method.16 Fe0 and GO at a mass ratio of 5 : 1 (Fe0: 1.0 g and GO:
0.2 g) were placed in a 100 mL beaker, 20 mL of deionized water
was added, and ultrasonic treatment was conducted for 20 min
under nitrogen protection. Then, aer ultrasound treatment,
the material was put into a vacuum drying oven and dried at
105 �C to get the Fe0/GO composite. The amount of composite
combined with deionized water was 0.06 g. The activity of the
prepared Fe0/GO composite was maintained for at least 6
months in previous research, and at the end of use, the Fe0/GO
composite can be easily recovered with a magnet. A scanning
RSC Adv., 2021, 11, 24086–24094 | 24087
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Table 1 BET surface area data

Material BET surface area (m2 g�1)

Fe0 1.85
GO 4.89
Fe0/GO composite 16.72
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electron microscopy (SEM) image of the prepared Fe0/GO
material is shown in Fig. 1. In Fig. 1, GO sheets were coated with
a large number of small particles. The particles were evenly
dispersed, and agglomeration was not obvious, indicating that GO
and Fe0 were fully and evenly compounded. The average particle
size of the iron powder used was 37.4 mm. The BET surface areas of
Fe0, GO and the Fe0/GO composite are shown in Table 1.
Compared with Fe0 and GO, the BET surface area of the Fe0/GO
composite is greatly increased, which was conducive to the
adsorption of organic matter in the system and provided growth
sites for microorganisms; this promoted the growth and repro-
duction of microorganisms and improved the microorganism
activity, thus enhancing the wastewater treatment effects.

250 mL of inoculated sludge was added into four reactors.
The four reactors were labeled as follows: blank group; GO
group; Fe0 group; and Fe0/GO group. 0.1 g of GO, 0.5 g of Fe0,
and 0.6 g of the Fe0/GO composite were added into the GO
group, Fe0 group, and Fe0/GO group, respectively, with 250 mL
of experimental inuent. The four anaerobic reactors were put
into a shaking table at a temperature of 37 �C and with a treat-
ment cycle length of 12 h. The inuent and effluent volumes
from each cycle were 250 mL, and the pH of the inuent was
adjusted to 7.2. Aer a couple of cycles, the gas production
levels of the four reactors were 488 mL, 496 mL, 505 mL, and
511 mL, respectively, the CODCr removal rates were 82.7%,
85.8%, 88.9%, and 91.8%, respectively, and the MLSS levels
were 8.42, 8.35, 8.66, and 8.83 g L�1, respectively. Then the
temperature shock experiment was carried out.

The optimal temperature for the growth and metabolism of
anaerobic fermentation bacteria is between 35 �C and 45 �C,
and during actual production, the temperature of the anaerobic
system will not be lower than 30 �C; some bacteria will die when
the temperature is higher than 50 �C. Therefore, the low temper-
ature and high temperature were set to be 30 �C and 50 �C in the
temperature shock experiment. The temperature of the shaking
table was set to 30 �C and the treatment period was 12 h; the
effluent pH, gas production level, and CODCr removal rate of each
of the four reactors were measured in each cycle. At the end of the
seventh cycle, PN, PS, VFA, and MLSS levels were determined.
Fig. 1 An SEM image of the Fe0/GO composite.

24088 | RSC Adv., 2021, 11, 24086–24094
Then, the shaking table temperature was restored to 37 �C, and the
above steps were repeated for 7 cycles. Aer this, the shaking table
temperature was set to 50 �C and the above steps were repeated.
Analysis methods

pH values were determined using a pH meter (PHS-3C/501,
INESA, China) with composite electrodes. CODCr concentra-
tions were determined using a COD analyzer (DR1010, HACH,
USA). The produced gas volumes were measured via the
drainage method.

The volatile fatty acid (VFA) levels were determined by gas
chromatography (GC2014C, Shimadzu, Japan). Before determi-
nation, the supernatant in the reactor was adjusted to pH <2 using
1 mol L�1 hydrochloric acid, before standing for 5 min, and then
being centrifuged at 3000 rpm for 10 min; 5–10 mL of the super-
natant was then absorbed with a syringe, ltered through a 0.22
mm lter membrane, and nally analyzed using a gas chromato-
graph. The parameters of the gas chromatograph were as follows:
the detector was an ID detector; a DB-FFAP capillary column was
used, the size of which was 30 m � 0.32 mm (ID) � 0.25 mm; and
the capillary column ow rate was adjusted to 75 mL min�1. The
samples were injected with 5 : 1 shunting, with a volume of 2 mm
for each injection, and the retention time was 3.5 min. The
temperatures of the inlet, detector, and cylinder were set as 220 �C,
230 �C, and 100 �C respectively.

The mixed liquor suspended solid (MLSS) levels were
measured according to the national standard method.17 The
phenol-sulfuric acid method was used to quantify the poly-
saccharide (PS) content using glucose as the standard.18 The
protein (PN) content was determined via the modied Lowry
method using bovine serum albumin as the standard.19

BET surface areas were measured using a surface area and
porosity analyzer (ASAP2460-2, Mack Corporation, USA).

The extended uncertainty of each measurement was analyzed
via an evaluation of uncertainty in chemical analysis measure-
ments.20 The extended uncertainty results are shown in Table 2.
Table 2 The extended uncertainty relating to the calculation results

Method of measurement Extended uncertainty (U, k ¼ 2)

COD 67.1 mg L�1

pH 0.03
VFA (acetic acid, propionic acid,
butyric acid, valeric acid)

79.6 mg L�1, 8.1 mg L�1,
2.7 mg L�1, 0.7 mg L�1

MLSS 0.4 g L�1

EPS 5.3 mg L�1

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The effect of temperature shock on CODCr in effluent: (a) 30 �C and (b) 50 �C.
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Results and discussion
Effects of temperature shock on anaerobic system
performance

As can be seen from Fig. 2, the CODCr removal rates of all the
reactors decreased aer temperature shock, but the degrees of
impact of low temperature shock and high temperature shock
on the CODCr removal rates were different. Under the impact of
low temperature, the CODCr removal rate of each reactor
decreased signicantly; the blank, Fe0, and Fe0/GO groups
reached their lowest points on the fourth day aer impact, and
the GO group reached its lowest point on the third day. The
lowest CODCr removal rates of the four groups were 34.21%,
34.71%, 38.54%, and 42.58%, respectively. Aer the tempera-
ture was restored, the CODCr removal rate of each reactor
increased, and the Fe0/GO group picked up faster, tended to
stabilize earlier, and always maintained a high CODCr removal
rate. Under high temperature impact, the CODCr removal rate of
each reactor decreased less than in response to low temperature
impact, and the lowest values were 56.23%, 60.01%, 63.28%,
and 67.84%, respectively.
Fig. 3 The effects of temperature shock on gas volume: (a) 30 �C and (

© 2021 The Author(s). Published by the Royal Society of Chemistry
Aer temperature recovery, the change in the CODCr removal
rate of each reactor was similar to that under low temperature
shock conditions. The Fe0/GO group also recovered faster, and
the CODCr removal rate aer recovery reached 91.33%. It can be
seen from a comparison of high temperature and low temper-
ature impact that low temperature had a greater impact on the
anaerobic system.

As can be seen from Fig. 3, following temperature shock, gas
production was immediately affected. Gas production in each
reactor signicantly decreased and remained stable, indicating
that methanogens were very sensitive to temperature changes.
Aer temperature shock, the gas production levels of the blank,
GO, Fe0, and Fe0/GO systems were about 360, 380, 400, and 410
mL, respectively. When the temperature returned to normal, the
gas production of each system increased rapidly, and the gas
production of the Fe0/GO system always maintained a high
level, which was consistent with the results showing the CODCr

removal rate change. Following temperature shock, the activity
of methanogens was inhibited, and the gas production abilities
of the system were reduced, thus reducing the CODCr removal
rate. However, the gas production levels and CODCr removal
b) 50 �C.

RSC Adv., 2021, 11, 24086–24094 | 24089
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rates of the system with the Fe0/GO composite were relatively
high in response to temperature shock, and they rose quickly
and tended to be stable aer temperature recovery. This indi-
cated that the addition of Fe0/GO can signicantly improve the
abilities of anaerobic treatment systems with high-
concentration organic wastewater to resist the impacts of
temperature change and enable anaerobic systems to maintain
stronger performance under adverse temperatures, maintain-
ing normal systems operation. This was undoubtedly due to the
effects of Fe0 and GO on the anaerobic system and their mutual
assistance. GO had strong adsorption effects on organic
pollutants, and the addition of Fe0 can improve the activities of
some coenzymes of anaerobic bacteria, which is helpful for
promoting the conversion of propionate and butyrate to acetate
in the stage of hydrolytic acidication.9 At the same time, the
addition of Fe0 reduced the ORP of the system, provided good
growth conditions for anaerobic microorganisms, and further
improved the treatment effects in the Fe0/GO system toward
high-concentration organic wastewater. Hu et al. used biochar,
which also served as a carbon source, and iron to reinforce an
UASB reactor, and found that the COD removal rate and
methane production of the reactor were signicantly improved
and the reactor performance was enhanced.21 Sun et al. used
granular activated carbon modied with nanoscale zero-valent
iron (NZVI) to enhance methane production from synthetic
brewery water in an anaerobic system. They found that the COD
removal rate and methane production increased by 9.38% and
14.29% in the anaerobic system with Fe–C composite particles
compared with a control system.22 Compared with the studies
by Hu et al. and Sun et al., Fe0/GO also had a signicant
promoting effect on the performance of the anaerobic system.

The degradation kinetics related to the CODCr removal rate
in each system were investigated under temperature shock
conditions. As shown in Fig. 4, during temperature shock
experiments, the linear relationship of each system was good
and the R2 values were greater than 0.9000; rst-order reaction

kinetics were obeyed. Based on the formula �dCOD
dt

¼ kCOD,
Fig. 4 Fitted first-order kinetics curves: (a) 30 �C and (b) 50 �C.

24090 | RSC Adv., 2021, 11, 24086–24094
when the temperature was 30 �C, the equations describing the
degradation kinetics of each system are as follows:

Blank group : � dCOD

dt
¼ 0:0655COD

GO group : � dCOD

dt
¼ 0:0709COD

Fe0 group : � dCOD

dt
¼ 0:0780COD

Fe0
�
GO group : � dCOD

dt
¼ 0:0795COD

When the temperature was 50 �C, the equations describing
the degradation kinetics of each system are as follows:

Blank group : � dCOD

dt
¼ 0:0658COD

GO group : � dCOD

dt
¼ 0:0700COD

Fe0 group : � dCOD

dt
¼ 0:0781COD

Fe0
�
GO group : � dCOD

dt
¼ 0:0808COD

Comparing the equations describing the degradation
kinetics for each system, it was found that the values of the Fe0/
GO system degradation rate constant k (30 �C: k ¼ 0.0795 h�1;
50 �C: k ¼ 0.0808 h�1) were greater than every other system,
which indicated that the anaerobic microorganisms within the
Fe0/GO system retained high activity when subjected to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The effects of temperature shock on VFA levels: (a) 30 �C and (b) 50 �C (the insets show the VFA levels without acetic acid).
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temperature shock. Upon the addition of Fe0/GO, the anaerobic
system had a faster degradation rate and a shorter treatment
cycle than the other systems at unfavorable temperatures,
which made the anaerobic system more efficient in the treat-
ment of high-concentration organic wastewater. Therefore, the
addition of Fe0/GO can improve the impact resistance abilities
of anaerobic systems to temperature shock.
Effects of temperature shock on effluent VFA levels

As shown in Fig. 5, when the system was subjected to temper-
ature shock, the effluent VFA content of each system was at
a high level, and the effluent VFA content decreased aer the
temperature returned to normal. Also examining the pH
changes in each system (Fig. 6), the VFA content in the blank
group was the highest and the pH of the effluent was the lowest
aer impact. The VFA content in the Fe0/GO group was the
lowest and the effluent pH was the highest. By comparing the
changes in the VFA content in each system aer high and low
temperature shock, it was found that the impact of low
temperature shock on the VFA content in each system was
greater than the impact under high temperature shock. This
may be because there were large numbers of mesophilic
microorganisms and small numbers of thermophilic
Fig. 6 The effects of temperature shock on the pH of the effluent: (a) 3

© 2021 The Author(s). Published by the Royal Society of Chemistry
microorganisms in the systems. Low temperature inhibited the
activities of biological enzymes in the microorganisms and
affected the abilities of anaerobic bacteria to degrade organic
matter in wastewater; therefore, the effluent VFA content was
relatively high. In the experimental process, the acetic acid
content in each system always maintained a high level (above
90%), indicating that the anaerobic system involved a stable
acetic-acid-type climax fermentation community under
temperature shock conditions. As is shown in the comparison
of various systems, from the process of temperature shock to
temperature recovery, the effluent VFA content of the Fe0/GO
group was signicantly lower than every other group, and the
effluent pH was relatively higher. Therefore, the Fe0/GO group
had the strongest impact resistance to temperature. Fe0/GO can
enhance the degradation of organic matter in anaerobic
systems and improve the operations of anaerobic systems. This
is mainly because Fe0 and GO can promote electron transfer in
the system. An appropriate dosage of Fe0 can increase the
activities of methanogens, and promote the conversion of
Methanothrix to Methanosarcina (the acetic acid utilization rate
ofMethanosarcina is 3–5 times higher than that ofMethanothrix)
in the anaerobic reactor, so as to accelerate the utilization of
acetic acid.23 It also can promote the co-metabolism of acid-
0 �C and (b) 50 �C.
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Fig. 7 The effects of temperature shock on MLSS levels: (a) 30 �C and (b) 50 �C.
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producing bacteria and methanogens and reduce the accumu-
lation of VFAs in the system,24,25 thus alleviating the adverse
effects of temperature shock on the anaerobic system. Mean-
while, Fe0 can play a role in controlling sulfur,26 as wastewater
contains a certain concentration of SO4

2�. In the process of
wastewater treatment, anaerobic microorganisms convert
SO4

2� ions into H2S, which is easily soluble in water and reacts
with the added Fe0 to induce FeS precipitation, which reduces
the acidity of the system and keeps the pH of the effluent at
a high level. This prevented the accumulation of VFAs and the
decrease of system pH during temperature shock from affecting
the living environment of methanogens.
Inuence of temperature shock on system MLSS

It can be seen from Fig. 7 that the impacts of different
temperature shocks on MLSS were not very different. When the
system was impacted by high temperature or low temperature,
the MLSS level in each system decreased, and the MLSS
concentration slightly increased aer the temperature was
restored. Aer low temperature shock, the MLSS levels for each
system were 8.02, 7.97, 8.38, and 8.56 g L�1, respectively.
Compared with the levels before shocking, the MLSS value of
the Fe0/GO group decreased slightly and remained relatively
high. Aer the temperature was restored, the MLSS value of the
Fe0/GO group reached 8.85 g L�1, which was the largest
increase. Aer high temperature shock, the change in the MLSS
value of each system was the same as that seen in response to
low temperature shock. The Fe0/GO group was less affected and
the MLSS value rose more aer the temperature was restored.
This was because Fe0 and GO have a large specic surface area
and strong adsorption capacity; they can adsorb organic
pollutants on the surface for decomposition via microbial ora
on the surface to provide energy, thereby accelerating the
growth of anaerobic microorganisms and achieving an increase
in the MLSS level. Fe0 had a catalytic effect on the process of
anaerobic digestion, promoted the conversion of organic
substrates to biogas,27 provided energy for the growth of
microorganisms, and accelerated the growth of anaerobic
microorganisms. Moreover, Fe0 will be evenly dispersed on the
24092 | RSC Adv., 2021, 11, 24086–24094
GO surface, and a large number of anaerobic microorganisms
will begin to accumulate and grow on the GO surface under Fe0

catalysis, which improves the ocs and microbial population
structure of the sludge to a certain extent.28 In temperature
shock experiments, the Fe0/GO group always maintained
a higher sludge concentration. Combined with various effluent
indicators, it was further veried that the Fe0/GO complex can
enhance the activities of anaerobic microorganisms and
improve the performance of anaerobic systems. Therefore, the
system can show stronger resistance to temperature shock aer
the addition of Fe0 and GO.
Effects of temperature shock on extracellular polymers

Extracellular polymeric substances (EPS) are a mixture of high
molecular weight polymers secreted by microorganisms, which
alter the physicochemical characteristics of the cellular surface,
such as the charge and hydrophobicity. They are composed of
proteins, polysaccharides, nucleic acids, lipids, and humic
substances.29,30 Proteins and polysaccharides are the main
elements of EPS, making up 1–60% and 40–95% of the total EPS
components, respectively.31 Polysaccharides are hydrophilic
polymers that reversibly absorb and exude water or biological
uids and contribute to high water retention. An increase in the
bound water content of a oc results in poor settling and
dewatering. Proteins, and the amino acid components of these
proteins, contribute to the hydrophobic character of ocs.32 An
increase in the protein content will reduce the retained water in
the sludge, making the sludge and water easy to separate and
allowing cells to bind closely. In addition, the bonding abilities
between PN and cations are greater than bonding involving PS,
and a three-dimensional structure is formed to maintain the
integrity and stability of sludge via cationic bridges.33 In addi-
tion, the protein/polysaccharide ratio (PN/PS) is also an
important index reecting the occulation performance of
sludge.

As can be seen from Fig. 8, the changes in the protein and
polysaccharide content levels in each system under high
temperature shock and low temperature shock were basically
the same. Aer temperature shock, the levels of protein and
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04773f


Fig. 8 The effects of temperature shock on EPS: (a) 30 �C and (b)
50 �C. (The bars show the EPS content, while the lines show the PN/PS
ratio. S represents the PN and PS content levels and PN/PS ratio after
temperature shock, and R represents the PN and PS content levels and
PN/PS ratio after temperature recovery.).
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polysaccharide in each system were low, and there were no
signicant differences. Polysaccharides were maintained at 50–
60 mg L�1 and proteins were maintained at 25–35 mg L�1. The
PN/PS values of the systems were also roughly the same. Aer
the temperature was restored, the protein and polysaccharide
levels in each system increased signicantly, and the total EPS
level of each system was similar. The polysaccharide content
was above 70 mg L�1 and the protein content was above
50 mg L�1; out of all the groups, the polysaccharide content was
the lowest and the protein content was the highest in the Fe0/
GO group. The PN/PS ratio of the Fe0/GO group was the largest,
and the PN/PS values of the Fe0 group and the Fe0/GO group
were signicantly higher than those of the blank group and the
GO group. This may be because iron ions can act as chelating
agents, promoting EPS generation and allowing EPS to produce
more PN.34 In the experiments, the PN/PS ratio of the GO group
was slightly higher than that of the blank group. Studies by Guo
et al. also indicated that GO had little effect on the total EPS
content, but it changed the composition of EPS. The PN content
and PN/PS ratio increased when GO was added to aerobic
© 2021 The Author(s). Published by the Royal Society of Chemistry
granular sludge for nitrogen removal.35 The results showed that
the sludge activity of each system was affected and the occu-
lation performance of the sludge became worse at unsuitable
temperatures. In contrast, the addition of Fe0/GO did not
improve the occulation performance of anaerobic activated
sludge. However, when the temperature was restored, the
advantages of adding Fe0/GO to the system appeared. The PN
content increased signicantly, which made the PN/PS ratio rise
signicantly, indicating that Fe0/GO can improve the occula-
tion performance of the sludge at normal temperatures and
enhance the integrity and stability of the sludge.

Conclusions

An Fe0/GO complex system was less affected by temperature
shock, and its CODCr removal rate, level of gas production, and
CODCr degradation rate were better than other systems; they
also rapidly improved aer the temperature was restored.
Moreover, its effluent VFA content was lower, there was no
excessive accumulation of fatty acids, and the system pH was
higher, which enabled the anaerobic reactor to operate well
even under unsuitable temperature conditions. The sludge-
related indices of the system, such as MLSS and extracellular
polymer levels, showed little change aer temperature shock,
and the anaerobic microorganisms in this system had stronger
activities. Therefore, the addition of an Fe0/GO composite can
greatly improve the impact resistance of anaerobic systems to
temperature shock, laying good foundations for the application
of Fe0/GO in practical engineering.
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