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l2O3 and multi-walled carbon
nanotubes on the anaerobic mono-digestion of
sludge and the co-digestion of tobacco waste and
sludge
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and Xiaohong Cheng*a

Anaerobic digestion can help mitigate tobacco waste (TW) pollution. Both the mono-digestion of sludge

and the co-digestion of TW and sludge were considered in this study. Additionally, the effects of nano-

Al2O3 and multi-walled carbon nanotubes (MWCNTs) on these two digestion systems were investigated

through a 35 day digestion experiment. The microbial communities in the control reactors and the

nano-Al2O3 reactors were also examined. Kinetic analysis revealed that the Rm values for the mono- and

co-digestion nano-Al2O3 reactors increased by 8.88% and 13.5% compared with that of the MWCNTs

reactor, respectively. Furthermore, the co-digestion system exhibited a 34.8% higher Rm than the mono-

digestion system when nano-Al2O3 was added to both systems. Nano-Al2O3 was found to shorten the

lag phase, while MWCNTs prolonged the lag phase time. Furthermore, 16S RNA amplicon sequencing

results indicated that microbial species such as Methanobacterium sp., Hydrogenispora sp., Lutispora sp.,

and Ruminiclostridium sp. were more abundant in the nano-Al2O3 reactor. These results demonstrated

that biogas production in co-digestion systems was improved. Moreover, nano-Al2O3 addition enhanced

biogas production.
1 Introduction

Tobacco, as an important non-edible economic crop, and has
been widely cultivated in many countries.1,2 A lot of tobacco
waste (TW) is produced every year.3 TW is harmful to the envi-
ronment, and it is usually incinerated, pyrolyzed, composted, or
sent to landlls.4,5

Anaerobic digestion (AD) is the most effective renewable and
sustainable method to convert waste into biomass energy.
There are several advantages of AD: (1) it is characterized by
a high organic loading rate, high treatment efficiency, and low
sludge growth rate; (2) it can convert organic matter in waste
into biogas; and (3) biogas slurry and residues from AD are
valuable fertilizers in agriculture.6–9 Owing to these benets,
some researchers have focused on AD. In recent years, the
conversion of TW into biomass energy through AD has been
studied. Liu et al. obtained the maximum methane yield of
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0.163 m3 CH4 per kg VS from co-digestion of tobacco stalks,
wheat stalks and pig manure.9 González-González et al. ob-
tained a methane yield of 53.84 ± 14.48 Nm3 CH4 per t from
fresh tobacco under mesophilic conditions with a degradation
period of 16 days.10,11 Ye et al. studied the cellulose content of
TW, and the results showed that TW was suitable for AD owing
to its lower cellulose content.12

However, TW is characterized by a typical lignocellulosic
structure and lower biodegradability during the AD process.9

Moreover, AD could be inhibited because TW also has a higher
alkaloid nicotine content. For example, the effect of nicotine on
AD was investigated by Wang et al.13 They found that methane
production decreased when nicotine content was added to the
systems.13 According to a previous study, nicotine mainly affected
microbial growth. To improve methane production and enhance
microbial activity, some researchers have added additives,
particularly nanomaterials additives, to the AD systems for TW.
He et al. added biochar to the AD of ue-cured TW and studied its
effects. Biochar enhancedmethane production and shortened the
lag period.14 This nding suggests that biochar can promote direct
interspecic electron transfer.15–21 This interesting discovery
provides an important reference for the AD process of TW.
However, no studies have focused on the effects of other nano-
porous materials, such as nano-Al2O3 or multi-walled carbon
nanotubes (MWCNTs), on the co-digestion of TW and sludge.
RSC Adv., 2023, 13, 35621–35628 | 35621
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Table 1 TS and VS of waste tobacco and sludge

Raw materials TS (%) VS (%)

Tobacco waste 90.17 � 0.25 77.0 � 2.59
Sludge 44.07 � 7.51 77.87 � 3.45

Table 3 Design of experiments in dry AD systems

Reactors
Tobacco
waste (g) Sludge (g) Water (g)

Amount of
additives (mg kg−1)

C 0 20 200 0
CA 30 20 200 300
CC 30 20 200 300
CT 0 20 200 0
CTA 30 20 200 300
CTC 30 20 200 300
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Therefore, in this study, the changes in biogas production
and microbial community from air-cured tobacco leaf waste
and sludge using a dry AD system were investigated. To improve
biogas production, the effects of nano-Al2O3 and MWCNT
addition on AD performance were studied. The purposes of this
study were as follows: (a) to compare biogas production, coen-
zyme F420 activities, chemical oxygen demand (COD) concen-
trations, and volatile fatty acid (VFA) concentrations during the
dry AD process, and to explain the effects of two nanomaterials
in mono-digestion and co-digestion systems; (b) to investigate
the microbial community structure when nano-Al2O3 was added
to the mono-digestion system and the co-digestion system.
2 Materials and methods
2.1 Materials

The TW used in the experiment was obtained from Yunnan
Agricultural University, Yunnan Province. The samples were cut
into small pieces (1–2 cm). The dehydrated sludge was collected
from the Fih Water Purication Plant in Kunming, Yunnan
Province, and it appeared brown in color. The total solid (TS)
content and the volatile solid (VS) content of tobacco were
tested (Table 1). The C/N ratio of tobacco is presented in Table
2. The C/N ratio of TW was relatively low, and this ratio plays an
important role in the AD process.22 According to the literature,
a low C/N ratio can restrict VFA generation.25 C/N ratios between
20% and 30% are considered appropriate.23
2.2 Experimental setup

The experimental setup and the synthesis of nano-Al2O3 were
based on our previous research.26 We set up six dry AD reactors:
three reactors with sludge (the control [C], 300 mg per kg Al2O3

[CA], 300 mg per kg MWCNTs [CC]) and three reactors with TW
and sludge (the control [CT], 300 mg per kg Al2O3 [CTA], 300 mg
per kg MWCNTs [CTC]). All experiments were conducted at (35
± 1) °C for 35 days (Table 3).
2.3 Analytical methods

The pH was measured using a pH meter (OHAUS, ST2100C),
and the COD values were determined with a water quality rapid
Table 2 Elemental content analysis of TW

Raw materials

Element content

C (%) N (%) C/N (%)

Tobacco waste 37.20 � 0.092 3.30 � 0.021 11.26 � 0.05
Sludge 36.51 � 0.08 0.74 � 0.01 49.33 � 0.045

35622 | RSC Adv., 2023, 13, 35621–35628
tester (5B-6CU8.3). TS and VS were measured following stan-
dard methods.25 The analytical method for F420 has been
described in the literature.26 Total carbon and total nitrogen
were measured using an elemental analysis instrument (VARIO
EL 3, Germany). VFAs were tested using standard methods.27,28

2.4 Kinetic analysis

The modied Gompertz was used to t the measured biogas
production. The modied Gompertz was as follow:29,30

P = Pm exp(−exp(Rme/Pm(l − t) + 1))

where “P” is the cumulative biogas production at time, “Pm” is
the maximum cumulative biogas production. “Rm” is the
maximum biogas rate (mL d−1 g−1), “e” is Euler's number
(2.71828), “l”is the lag phase time (d), and t is innite digestion
time (t).

2.5 Microbial community analysis

The test steps were as follows: rst, DNA was extracted from 12
samples using the MIO-BIO Power Soil DNA Isolation Kit.
Second, polymerase chain reaction (PCR) primers were
designed, and the product was recovered. The V4–V5 variable
region of the bacterial 16S rRNA gene was amplied using
primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 926R (5′-
CCGTCAATTCMTTTGAGTTT-3′). The archaeal 16S rRNA gene
was amplied using primers Arch519F (5′-CAGCCGCCGCGG-
TAA-3′) and Arch915R (5′-GTGCTCCCCCGCCAATTCCT-3′). The
16S V4–V5 PCR system was as follows: 5× PCR buffer 10 mL,
dNTP 1 mL, DNA polymerase 1 mL, primer (F/R) 1 mL, template
DNA 5–50 ng. The PCR conditions were as follows: 2 min at 94 °
C, followed by 22 cycles of 30 s at 94 °C, 30 s at 55 °C, and 30 s at
72 °C, followed by a 5 min nal extension at 72 °C. The archaeal
PCR system was the same as the 16S V4–V5 PCR system. The
PCR conditions were as follows: 2 min at 94 °C, followed by 27
cycles of 30 s at 94 °C, 30 s at 55 °C, and 30 s at 72 °C, followed by
a 5 min nal extension at 72 °C. Finally, the PCR results were
analyzed through high-throughput sequencing using the NGS
Illumina platform.

3 Results and discussion
3.1 Effect of the two nanomaterials on AD

3.1.1 AD performance of the single sludge reactors. The
daily biogas production and the cumulative biogas production
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Effect of daily biogas yield (a) and cumulative biogas production
(b) in single sludge reactors (C: control reactor; CA: nano-Al2O3

reactor; CC: MWCNTs reactor).

Fig. 3 Variation in coenzyme F420 activity in single sludge systems (a)
(C: control reactor; CA: nano-Al2O3 reactor; CC: MWCNTs reactor)
and co-digestion systems (b) (CT: control reactor; CTA: nano-Al2O3

reactor; CTC: MWCNTs reactor).
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in three reactors were shown in Fig. 1. pH is an important factor
affecting acid production and in retaining methanogenesis
activity. The pH values in all systems remained in the range of
6.5–7.5 throughout the entire dry AD process. The daily biogas
production and the cumulative biogas production in the CA
reactor were noticeably higher than those in the other reactors
(C and CC reactors). This illustrated that nano-Al2O3 can
improve the biogas production of active sludge, while biogas
production was suppressed with the addition of MWCNTs.

3.1.2 Performance of co-digestion reactors. As shown in
Fig. 2, the daily biogas production and the cumulative biogas
production in the co-digestion reactors were higher than those
in the single sludge reactors. The largest daily biogas produc-
tion was 760.00 mL when nano-Al2O3 was added. Moreover, the
biogas production reached its peak on day 2. Aer day 15 and
day 24, another small peak occurred. The largest daily biogas
production for the second peak also came from the nano-Al2O3

reactor (CTA, 180 mL). From day 24, a third peak appeared. The
daily biogas production in the CTA reactor was lower than that
in the CT and CTC reactors. The effect of nano-Al2O3 on
methanogenic activity possibly became smaller in the later
stages of the AD process. The cumulative biogas production in
the CTA reactor (7310 mL) was higher than that in the CTC
reactor (4890 mL). The results illustrate that nano-Al2O3 can
improve biogas production in TW and sludge co-digestion
systems. As in previous research, nano-Al2O3 has no toxic
effects on the methanogenic activity and can provide a good
carrier for the AD process.24,31,32

As discussed above, the cumulative biogas production in co-
digestion systems was higher than that in mono-digestion
Fig. 2 Effect of daily biogas yield (a) and cumulative biogas production
(b) in co-digestion sludge reactors (CT: control reactor; CTA: nano-
Al2O3 reactor; CTC: MWCNTs reactor).

© 2023 The Author(s). Published by the Royal Society of Chemistry
systems. Nano-Al2O3 enhanced biogas production, while
MWCNTs inhibited it.

3.1.3 Coenzyme F420. Coenzyme F420, also known as 8-
hydroxy-5-deazaavin, is a low-potential electron carrier and an
important enzyme found in methanogens.33 It can be used to
reect methanogenic activity.34–36 Fig. 3 illustrates the variations
in coenzyme F420 activities. In mono-digestion systems, the
coenzyme F420 activity increased during the rst 15 days in the
group with nano-Al2O3, while it decreased in the group with
MWCNTs. This result shows that the addition of nano-Al2O3

improved the coenzyme F420 activity at the start of the experi-
ment. In the co-digestion systems, no signicant difference in
coenzyme F420 levels existed between the groups with nano-
Al2O3 and MWCNTs throughout the entire AD process. In the
nano-Al2O3-containing group, the coenzyme F420 activity
increased during the rst 18 days, while in the MWCNT-added
group, it initially increased and then decreased aer day 9.

3.1.4 Variations in COD concentration during the dry AD
process. The variations in COD concentration are shown in
Fig. 4. In contrast to the results of previous research, the COD
concentration uctuated signicantly. In a previous study,
during the AD process, the COD content was the outcome of the
balance between hydrolysis, acetogenesis, and methanogenesis
stages.37 The COD concentration have changed with different
AD time. From the 3rd to the 9th day of the AD, the COD
concentration in the CA and CTA reactors were lower, corre-
sponding to the increase of cumulative and daily biogas yields
Fig. 4 Changes in COD concentration in different reactors (in mono-
digestion C: control reactor; CA: nano-Al2O3 reactor; CC: MWCNTs
reactor; in co-digestion CT: control reactor; CTA: nano-Al2O3 reactor;
CTC: MWCNTs reactor).

RSC Adv., 2023, 13, 35621–35628 | 35623
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Fig. 5 Changes in VFA concentrations during the AD process in
different reactors.
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(Fig. 4). This illustrated that organic components in two systems
have been efficiently use to produce biogas.37

3.1.5 Responses of volatile fatty acids. Volatile fatty acids
(VFAs) are intermediate products in the methanogenic process
of anaerobic digestion and are a key factor in the smooth
progress of AD. A sequence of complex biochemical reactions
leads to the accumulation of fatty acids during the dry AD
process. Fig. 5 illustrates the concentration changes of VFAs in
different reactors. In both mono- and co-digestion systems, the
VFA concentration in the C and CT reactors increased rapidly in
the early stages of digestion, especially in the C reactors. The
accumulation of VFAs can lead to the reduction of biogas
production.38 In the middle stages of AD (from day 15 to day 21),
the VFA concentration was signicantly lower in the CTA
reactor. Trophic methane bacteria acetate can join in the
intermediate transfer of acetic acid. Acetic acid can reduce fatty
acid accumulation and the high-activity H2 trophic methane
bacteria can promote the degradation of VAFs.39 It was specu-
lated that the methanogenic archaea in the nano-Al2O3 systems
were mainly the acetate trophic and H2 trophic. The microbial
analysis would conrm this suspicion.
3.2 Kinetic study of cumulative biogas production

The Gompertz model was selected to t cumulative biogas
production, and the parameters of the Gompertz model are
presented in Table 4. As shown in Table 4, the tting based on
the Gompertz equation resulted in R2 values within the range of
0.95–0.99, indicating an effective t of the Gompertz equation.

Thus, the AD process can be accurately simulated. The
cumulative biogas production (P) is an important parameter
Table 4 Modified Gompertz model parameters of the cumulative bioga

Reactors Pa Rm
b

C 1642.2840 � 10.2682 149.0
CA 1973.6793 � 22.7508 135.1
CC 1718.3792 � 23.2571 122.6
CT 7310.0000 � 0 218.7
CTA 8230.6428 � 1044.7869 207.1
CTC 4890.0000 � 0 187.4

a Cumulative biogas production. b Maximum biogas production. c Lag ph

35624 | RSC Adv., 2023, 13, 35621–35628
used to evaluate biogas production. The P values for the six
reactors were as follows: 1642.28401 ± 10.2682 mL (control, C,
mono-digestion), 1973.6793 ± 22.7508 mL (nano-Al2O3, CA,
mono-digestion), 1718.3792 ± 23.2571 mL (MWCNTs, CC,
mono-digestion), 7310.0000 ± 0 mL (control, CT, co-digestion),
8230.6428± 1044.7869 mL (nano-Al2O3, CTA, co-digestion), and
4890.0000 ± 0 mL (MWCNTs, CTC, co-digestion). The order of
the P values was as follows: CTA > CT > CTC > CA > CC > C. The
Rm values for the mono- and co-digestion nano-Al2O3 reactors
increased by 8.88% and 13.5% compared with that of the
MWCNT reactor, respectively. Moreover, the Rm values of the co-
digestion system increased by 34.8% compared with that of the
mono-digestion system when nano-Al2O3 was added to both
systems. This further illustrates that nano-Al2O3 had a positive
impact on both co-digestion and mono-digestion systems. The
lag phase time (l) can also indicate biogas production. The
value of l was lower in the nano-Al2O3-added groups. The
results indicated that the lag time was reduced and the reaction
rate was improved when nano-Al2O3 was added to both systems.
3.3 Microbial community

3.3.1 Alpha-diversity and beta-diversity analysis. Consid-
ering the positive effects on the AD process, the microbial
communities of the control reactors and the nano-Al2O3 reac-
tors were selected for analysis. The four alpha-diversity indices
(Chao1, ACE, Shannon, and Simpson) are presented in Table 5.
In mono-digestion systems, the Chao1, ACE, and Shannon
indices of the bacterial community of the CA reactor were
higher than those of the CC reactor. This indicates that the
bacterial community was richer in the CA group. For archaea,
the order of the Chao1, ACE, and Shannon indices was the same
as the order of the bacterial community; that is, CA exhibited
higher bacterial and archaeal diversities. The Simpson index of
the bacterial and archaeal communities in CA was lower, sug-
gesting that the addition of nano-Al2O3 can increase the relative
abundance of dominant ora. A comparison of the co-digestion
system with the mono-digestion system revealed that the
Chao1, ACE, and Shannon indices of the bacterial community
in the CTA reactor were lower than those of the CT reactor. The
order of the Chao1, ACE, and Shannon indices for archaea was
the same as the order for the bacterial community. However, the
Simpson index for archaea in CTA was lower. This indicates that
nano-Al2O3 addition mainly inuenced the succession of
archaea in the co-digestion system.
s production in different reactors

lc R2d

84 � 4.6235 3.0344 � 0.1783 0.995
28 � 5.9486 1.7794 � 0.3252 0.988
28 � 6.1098 3.6927 � 0.3509 0.988
39 � 12.492 2.7250 � 0.9558 0.951
41 � 15.858 −0.7999 � 1.2377 0.977
06 � 7.790 7.7901 � 0.6653 0.971

ase time. d Correlation coefficients.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Indices of alpha diversity of archaeal and bacterial communities during the AD process

Reactors

Chao1 ACE Shannon's Simpson's

Bacterial Archaeal Bacterial Archaeal Bacterial Archaeal Bacterial Archaeal

C 2097.3920 64.7333 2127.0200 65.22086 5.5608 2.6572 0.01320 0.1109
CA 2137.0080 87.8846 2159.3540 88.8773 5.7024 2.8564 0.01009 0.08937
CT 2155.7780 93.7321 2175.6990 92.7387 5.6066 2.5088 0.01011 0.1966
CTA 1838.9040 89.5214 1858.5450 91.1168 5.1785 2.3526 0.02278 0.1631
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Beta diversity represents the differences in species compo-
sition between different reactors. As shown in Fig. 6, principal
coordinate analysis (PCoA) illustrates the variations in micro-
bial community composition. The contribution rates of prin-
cipal components 1 and 2 were 15.51% and 14.38%,
respectively. The rst and second ordination axes could explain
79.24% and 15.37% of the archaeal community, respectively.
Similarly, they could account for 40.6% and 10.69% of the
bacterial community, respectively. As shown in Fig. 6, the C and
CA reactors were notably separated from the CT and CTA reac-
tors in the PCoA plot. These results indicate that the microbial
community structure in mono-digestion and co-digestion
systems differs signicantly. Furthermore, the nano-Al2O3

reactors were distinctly separated from the control reactors in
the bacterial PCoA plot (Fig. 6(b)), showing signicant differ-
ences in bacterial community structure between the nano-Al2O3

reactors and the control reactors. Therefore, the addition of
nano-Al2O3 had a pronounced effect on microbial diversity,
richness, and composition during the AD process.

3.3.2 Analysis of microbial species. For a more in-depth
analysis of the effects of nano-Al2O3 addition on microbial
community structure, archaeal and bacterial species at the
phylum and genus levels were investigated. As shown in
Fig. 7(a), there were three phyla: Euryarchaeota, Thaumarch-
aeota, and Crenarchaeota. Euryarchaeota was the dominant
phylum, accounting for 99% of the relative abundance in all
reactors. The relative abundance of Crenarchaeota was smaller.
Studies have shown that Crenarchaeota played a key role in
ammonia oxidation.40,41 The results indicated that the addition
of nano-Al2O3 did not enhance the activity of Crenarchaeota. The
bacterial community consisted of 17 phyla. The dominant phyla
were Firmicutes, Bacteroidetes, Proteobacteria, Chloroexi, and
Synergistetes. Studies have demonstrated that these dominant
phyla are primarily involved in the degradation of organic
matter (such as proteins, lignocellulose, and fats).42–44 In mono-
Fig. 6 Archaeal (a) and bacterial (b) PCoA; differently colored points
represent different groups (orange: C; blue: CA; red: CT; green: CTA).

© 2023 The Author(s). Published by the Royal Society of Chemistry
digestion systems, the nano-Al2O3 reactor exhibited a higher
relative abundance of Bacteroidetes than the control reactor.
Nano-Al2O3 addition may promote the hydrolysis of poly-
saccharides owing to the effect of Bacteroidetes in hydrolyzing
polysaccharides.45 In co-digestion systems, Firmicutes showed
a signicant increase in the nano-Al2O3 reactor compared with
mono-digestion systems. Firmicutes are an important microbial
community with many signicant functional microorganisms.46

In summary, nano-Al2O3 had a positive effect on the microbial
community. Fig. 7(c) and (d) show the heat maps of archaeal
and bacterial genera in different AD systems. The top four
archaeal genera wereMethanobacterium sp.,Methanosarcina sp.,
Methanosaeta sp., and Methanospirillum sp. Co-digestion resul-
ted in a higher relative abundance of Methanobacterium sp. and
Methanosarcina sp. than mono-digestion. Methanobacterium sp.
played an important role in the AD process. Methanosarcina sp.
is a type of methanogen that produces acetic acid. This suggests
that the activities of Methanobacterium sp. and Methanosarcina
sp. could be enhanced in co-digestion. Moreover, the relative
abundance of Methanobacterium sp. in the nano-Al2O3 reactor
was higher than that in the corresponding control reactor.
Nano-Al2O3 addition resulted in an increase in the relative
abundance of Methanosarcina sp. but a decrease in that of
Methanosaeta sp. These results indicated that Methanosarcina
Fig. 7 Archaeal (a) and bacterial community (b) structure at the
phylum level. The heat map of the top 18 archaea (c) and 38 bacteria
(d) at the genus level in the four reactors during the dry AD process.
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sp. and Methanosaeta sp. have a competitive relationship.45 As
shown in Fig. 7(d), the dominant bacterial genera in all four
groups were Hydrogenispora sp., Lutispora sp., Syntrophomonas
sp., Longilinea sp., Hydrogenispora sp., and Ruminiclostridium
sp. Hydrogenispora sp., Lutispora sp., and Ruminiclostridium sp.
were more abundant in the CTA reactor. Hydrogenispora sp. and
Lutispora sp. belong to the Firmicutes phylum and are known to
be responsible for the degradation of cellulose and proteins in
the AD process.47,48 From the above discussion, it can be seen
that nano-Al2O3 addition inuenced the abundance and struc-
ture of the microbial ora.

4 Conclusions

Biogas production in both mono-digestion and co-digestion
systems was enhanced with nano-Al2O3 addition to the AD
process. Gompertz model analysis demonstrated that nano-
Al2O3 nanomaterials shortened the lag phase. Microbial species
such asMethanobacterium sp., Hydrogenispora sp., Lutispora sp.,
and Ruminiclostridium sp. were more abundant in the nano-
Al2O3 reactor. Nano-Al2O3 had a positive impact on both mono-
digestion and co-digestion systems. Maybe nano-Al2O3 have
large specic areas and highly porous structure.49 And nano-
Al2O3 is a typical catalyst carrier, which can provide a good
carrier for anaerobic medium and promote the occurrence of
hydrogenation and redox.50–53 In complex AD process, the effect
of Al2O3 as a carrier will be further research in the future.
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