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Abstract

In order to improve the efficiency of anaerobic digestion of long sludge retention time (SRT) sludge and seek a suitable dis-
posal method for the massive plants harvested from constructed wetlands, we prepared Calamus-derived biochar (Calamus-
BC) and added it to thermophilic anaerobic digestion (TAD) system of long SRT sludge. Moreover, the effect of Calamus-BC
supplemental level (0, 5, 10, 15, 20 g/L) on TAD was explored through a series of batch experiments. Results showed that
Calamus-BC addition can increase the conductivity and pH in TAD of long-SRT sludge obviously, thereby promoting meth-
ane production, reducing total VFAs accumulation and shortening the lag phases. When the Calamus-BC dosage was 15 g/L,
the cumulative CH, yield reached the highest 246.73 mL/g VS, which was 43.4% higher than the control group. Furthermore,
it proved the modified Gompertz model was suitable for the actual evolution of CH, production in TAD of long-SRT sludge.
This study provided an alternative for efficient biomass stabilization and bioenergy recovery from long-SRT sludge and sup-
plied a feasible resourceful approach for massive Calamus from constructed wetlands in water rehabilitation engineering.
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Resource utilization
Statement of Novelty

This study is the first time to propose an economical and
efficient additive that can improve the efficiency and stabil-
ity in TAD of long-SRT sludge. The results could supply
useful information for treating long-SRT sludge from BNR
process and massive Calamus from constructed wetlands.

Introduction

Biological nutrient removal (BNR) processes are widely
used in wastewater treatment plants to meet the stringent
limits of N and P discharges in China. However, compared
with the conventional waste sludge, the waste sludge from
BNR is an organic matter that is difficult to degrade and
usually has a long sludge retention time (SRT) and high
contents of N and P due to the long generation cycle of
nitrifying bacteria [1]. In addition, the increased amount
of municipal wastewater often leads to a gradual increase
in the output of waste sludge from wastewater treatment
plants. In brief, the properties of the waste activated sludge
(WAS) from the BNR process are significantly different
from those produced from the traditional activated sludge
process, and the waste sludge output of BNR increases
with the urban sewage quantity. Therefore, it is necessary
to find a suitable treatment method for the WAS produced
from BNR process.

Anaerobic digestion (AD) has been applied as an impor-
tant technology globally for sludge reduction, stabilization,
and resource utilization [2—4], which can be operated at mes-
ophilic (35 °C) and thermophilic (55 °C) temperatures on the
basis of methanogenic bacteria requirements [5]. Although
mesophilic AD (MAD) of WAS is applied widely because of
its good stability, the biogas production effect of MAD is not
ideal due to the complex structure, strong rigidity and slow
dissolution and hydrolysis process of sludge flocs [6]. There-
fore, to facilitate the disintegration of WAS, a lot of pretreat-
ment technologies have been widely studied such as alkaline,
thermal, ultrasonic, enzymatic and their combinations [7].
Considering the huge energy consumption and economic
cost, pretreatment is not always suitable in sludge anaerobic
digestion. Compared with MAD, thermophilic AD (TAD)
has higher energy consumption and poorer stability, but it is
considered to have a great application prospect because of
its rapid hydrolysis rate, high gas production potential and
high pathogen removal rate [8]. However, the research and
the application on the TAD of WAS are lacking at present
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[9]. Therefore, it is necessary to study the stability of TAD
of WAS to promote the practical application.

Acidification is one of the major factors for the poor
stability of TAD [10]. The fermentation rates enhanced by
TAD usually cause the accumulation of volatile fatty acids
(VFAs), which further leads to digester failure through
inhibiting the methanogenic activity due to decreased pH
[11]. For instance, Shi et al. [12] have found a fivefold higher
accumulation of total VFAs in the TAD compared with those
in the MAD. On the other side, ammonia nitrogen is another
major factor for TAD. Total ammonia nitrogen (TAN) exists
as ammonium ions and free ammonia nitrogen (FAN), and
FAN is the main toxic form, which can diffuse passively
into microbial cells and cause proton imbalance [13]. FAN
concentration is affected by pH, T, and equilibrium reactions
as Eq. 1 [14].

-1
FAN { 10~PH }

LY iy — )
TAN 0 [0.0901 8+ 27*9'”]

T(K)

where T (K) refers to the Kelvin temperature. From the
above formula, it is easy seen that higher pH would result
in a higher concentration of FAN. In addition, the opera-
tion of digesters at elevated temperature would increases the
negative effect of FAN. Therefore, the FAN concentration is
another factor for the poor stability of the TAD [15, 16]. To
resolve these problems, a variety of strategies that improve
the stability of TAD are conducted, including domestica-
tion of resilient thermophilic microbiome, co-digestion with
complementary substrates, microbial batteries, and applica-
tion of conductive materials within TAD systems [17].

The direct interspecies electron transfer (DIET) is a
recently discovered form of interspecies electron transfer,
wherein the bacteria transfer electrons directly to metha-
nogens without reliance on metabolites (e.g., H,) [18]. The
addition of conductive materials, such as active carbon, can
enhance methanogenesis by promoting the DIET among
bacteria and methanogens [19]. Moreover, active carbon
can adsorb the inhibitory compounds during the anaerobic
digestion process, which leads to the enhanced stability of
anaerobic digestion [20]. It is well known that TAD is more
unstable and easily accumulates the inhibitory compounds
compared with MAD. However, most of the studies on the
conductive materials addition are focused on the MAD,
whereas very limited information is available on the effects
of conductive material addition on TAD [21-23].

As an economical and efficient carbon material, bio-
char has been reported that can improve microbial activi-
ties and the system biostability in the AD process due
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to the porous surface [24]. In addition, biochar was also
proved to promote DIET by acting as an electronic con-
ductor to metabolize ethanol during AD process [25].
Shen et al. [26] had observed that the biochar promoted
the biostability of the AD process and enhanced the utili-
zation of the digestion residues as soil amendment, which
elevated the feasibility of biochar in AD processes. How-
ever, the effect of biochar made from waste Calamus in
of constructed wetlands on sludge TAD is not clear. The
constructed wetland is a cheap and widely applied facil-
ity in the rehabilitation of polluted water bodies, but it
unavoidably produces a great deal of plants during water
purification (such as Calamus and Phragmites communis
etc.). These plants must be harvested to ensure the nor-
mal and stable operation of the constructed wetland when
they are aged and withered regularly with the change of
seasons. Thus, the produced plants cover a lot of land
and increase the disposal costs of municipal solids [27].
Being the most popular plant in worldwide constructed
wetlands, Calamus disposal becomes an important issue
in the application of constructed wetlands.

This study aims to investigate the characterization of
biochar derived from Calamus and explore the effects
of Calamus-derived biochar (Calamus-BC) addition on
the TAD of long-SRT sludge. Furthermore, the perfor-
mance of the TAD reactor is evaluated in accordance with
the production of CH,, TAN, and VFAs at various con-
centrations of Calamus-BC. This study could supply an
important strategy for the stable operation of long-SRT
sludge TAD system and offer a low-cost alternative for
the resource utilization of wetland plants.

Materials and Methods
Substrates and Inoculum

The dewatered activated sludge (DWAS) used in this
study was collected from the sludge dewatering work-
shop of the third wastewater treatment plant of Xi’an,
China, which adopted an orbal oxidation ditch craft
to treat municipal wastewater of 200 000 m>/day. The
sludge is retented in the orbal oxidation ditch craft for
18-20 days, which led the waste sludge to be a typical
long-SRT. The collected DWAS was stored at 4 °C before
use, and its solid content was adjusted to 8% by using
pure water when need to use as the substrate for this test.
The inoculation sludge was collected from a laboratory-
scale anaerobic reactor (35 °C) and domesticated for some
time. The physicochemical properties of the DWAS and
inoculation sludge are listed in Table 1.

Table 1 Physical and chemical properties of DWAS and inoculation
sludge

Parameters DWAS Inoculation sludge
pH 7.2 7.01
TS (g/kg) 153.98 33.87
VS (g/kg) 91.60 16.58
VS/TS (%) 59.49 48.95
COD (g/kg) 115.56 96.69

Preparation and Characterization of Calamus-BC

The Calamus stem collected from a constructed wetland of
Xi’an was heated at 105 °C for 24 h to completely remove
H,0, ground into a fine powder, and sieved using 100
mesh in this study. The biomass was filled in a porcelain
crucible, compacted and covered tightly, then pyrolyzed
in a muffle furnace at a heating rate of 20 °C/min to a final
temperature of 600 °C for 2 h according to our optimum
experiment previously. All biochar samples were stored in
sealing bags before use.

The pH level of Calamus-BC was determined using a
portable pH meter (PHS-3C) at a Calamus-BC to H,0O
ratio of 1:20. The surface morphology of the Calamus-
BC was observed using a scanning electron microscope
(SEM, JSM-6510LYV). The total surface area, pore size dis-
tribution, and pore volume of Calamus-BC were measured
using the BET surface analyzer (V-Sorb 2800P).

TAD of WAS

Batch experiments were conducted in a series of serum
bottles, including the total volume of 100 mL with the
working volume of 60 mL, and the total volume of 250 mL
with the working volume of 200 mL. The serum bottles of
100 mL were used for the biogas sample collection, and
the serum bottles of 250 mL were used to collect the lig-
uid samples for hydrolysis analysis. The inoculum—DWAS
ratio used in the test was set to 20% (based on volatile
solid). The series of experiments were set as BCO, BCS,
BC10, BC15, and BC20 (setting three replicates), where
BCO represented the control group, and BC5, BC10,
BC15, and BC20 represented the Calamus-BC concentra-
tions of 5.0, 10.0, 15.0, and 20.0 g/L, respectively. All bot-
tles were flushed with N, for 5 min to maintain anaerobic
conditions and placed in a shaking water bath maintained
at 52 °C and 140 r/min for TAD. Blank experiments with
inoculum only were performed to remove the biogas pro-
duced from the inoculation sludge. The properties of each
group of mixture at the beginning of the TAD are listed
in Table 2.
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Table 2 Parameters of each group of mixture at the beginning of
TAD

Parameters BCO BC5 BC10 BCl15 BC20
pH 7.16 7.45 7.71 7.92 8.11
TS (g/kg) 79.68 84.83 87.24 89.93 96.88
VS (g/kg) 44.65 47.82 4931 52.06 54.93
VS/TS (%) 56.04 56.37 56.52 57.89 56.70

Conductivity (S/m)  2.62 3.40 4.98 5.18 5.78

Sample and Analytical Methods

The biogas production was determined daily by using a
calibrated glass syringe. Biogas was collected once every
five days, and its composition was analyzed by withdraw-
ing a 300 pL sample using an Agilent syringe, then inject-
ing it into a gas chromatograph (Agilent6890N, TCD) with
a packed column (Agilent packed TDX-01). Argon was
used as the carrier gas at a flow rate of 25 mL/min. The
oven, column and detector temperature were 70, 100 and
170 °C, respectively. Liquid samples (10 mL) were collected
from the serum bottle once every five days for determina-
tion. The pH was determined using a portable pH meter
(PHS-3C). In addition, TS and VS were determined via the
weight method. The TAN, soluble chemical oxygen demand
(SCOD) and chemical oxygen demand (COD) were deter-
mined using standard methods (APHA, 1998). The samples
were centrifuged at the relative centrifugal force of 8944 g
for 10 min and passed through a cellulose acetate filter with
pore size of 0.22 pm. The VFAs, including acetate, propi-
onate, butyrate, and valerate, were analyzed using the GC
(Agilent6890N, FID) equipped with a capillary column (PE
WAX 30 mx250 pm X 0.25 pm). Nitrogen was used as the
carrier gas at a flow rate of 7.4 mL/min. The initial tem-
perature for the oven, column and detector were 70, 220
and 300 °C and final temperature were 200, 220 and 300 °C,
respectively.

Processing Parameters and Analysis

The modified Gompertz model (Eq. 2) was applied to deter-
mine the lag phase time (1) and the maximum production
potential (Py). The time to produce 90% of CH, yield (Ty)
and the time for effective CH, production (T;) [28] could
be using Egs. 3 and 4, respectively. Equation 1 was used to
calculate the concentration of the FAN in accordance with
the actual pH and temperature.

R, €
P=P0-exp{—exp[ 3 (A—t)]+1} 2)

0
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where P (L/kgVSadded) is the cumulative CH, yield at time
t, eis exp (1)=2.71828, R, (L/’kgVSadded/day) is the
maximum specific CH, production rate, P, (L/kgVSadded)
is the CH, production potential, and 1 (day) is the lag phase
time. The parameters in this equation (Py, R,,,,, and 1) are
estimated using the nonlinear fitting of Origin 2017.

Results and Discussion
Characterization of Calamus-BC

Figure 1 shows the SEM images of Calamus-BC, and
Table S1 shows some parameters of Calamus-BC. Vari-
ous micropores were connected to some narrow channels
on the surface of Calamus-BC. The average pore size, total
pore volume, and specific surface area (Sggzy) of Calamus-
BC were 153.9 nm, 0.68 cm3/g, and 15.2 mZ/g, respec-
tively. Xiong et al. [29] have reported that the biochar made
from rice straw and rice husk have an Spp; of 61.681 and
41.512 m*/g, respectively; total pore volume of 0.025 and
0.019 cm?/g, respectively; and average pore size of 19.335
and 19.306 nm, respectively, under the same production con-
ditions (pyrolysis at 600 °C for 2 h and sieving at 100 mesh).
Thus, the Calamus-BC has smaller Sy, and a larger aver-
age pore size and total pore volume than the biochar made
from rice straw and rice husk. Luo et al. [30] have reported
that the physical characteristics of biochar especially porous
structure can enhance the microbial activity and improve
the resistance to various inhibitors by promoting the biofilm
formation. At the same time, the porous structure promoted
the methanation process due to acceleration of the DIET
between bacteria and methanogens [31]. Therefore, the
Calamus-BC could promote the CH, production process in
TAD due to its porous structure.

Effects of Calamus-BC Dosage on the CH,
Production in TAD

The batch experiment of 25 days was conducted. The daily
biogas production rates of the test groups with Calamus-BC
addition were evidently higher than that of the control group,
and the biogas production rate increased with the increas-
ing Calamus-BC dosage from day 1 to day 8 (Fig. S1). This
finding might be ascribed to that the Calamus-BC increased
the conductivity of the mixture (Table 2) and promoted the
DIET process, thereby accelerating the biogas production
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Fig. 1 Scanning electron microscope (SEM) of Calamus-BC: a tubular structure; b pore structure

rate. However, no significant difference was observed in the
biogas production rate among the groups after eight days.
The daily biogas production rate of BC15 was the highest
among the four dosages and increased by 51.3% compared
with the control group. Remarkably, the daily biogas pro-
duction rate of the control group was higher than that of the
test group on days 4, 8, and 11, which might be ascribed to
that the test group had begun to decrease when the biogas
production rate of the control group increased. These results
indicated that the addition of Calamus-BC to TAD of long-
SRT sludge led to an enhancement of CH, production rate
but also caused the fluctuations of the CH, production in the
initial stage of TAD.

The average contents of CH,, CO,, H,, and N, in the total
biogas volume during the whole experiment are shown in
Table 3. The content of CH, in the biogas of BCS5, BC10,
and BC15 was 64%, whereas those of the BCO and BC20
were 61% and 67%, respectively. The contents of CO, and
N, in the biogas were 31-36% and 2-3%, respectively, but
H, was not detected in all groups. Compared with that of
the control group, the CH, content in the biogas of the
BC20 group increased from 61 to 67%, and the CO, con-
tent decreased from 36 to 31%. Theredfore, the addition of

Calamus-BC increased the CH, content but reduced the CO,
content, which might be attributed to the alkalinity of the
biochar can convert CO, to HCO,~ or CO5>~. This phenome-
non increased the pH and promoted the CH, production [32].

Biochemical Methane Potential (BMP) Analysis

Based on the test results and the modified Gompertz model,
the CH, production modeling was conducted (Fig. 2). The
cumulative CH, production of the test group with the Cal-
amus-BC addition was significantly higher than that of the
control group (Table 3).

The kinetic parameters obtained using the nonlinear curve
fit through the Gompertz model are listed in Table 4. The
test group had significantly higher R, (mLCH,/ gVS/day)
and P, (mLCH,/gVS) than the control group. Compared
with those in the control, R,,,, and P, were enhanced by
29.92% and 22.9%, respectively, in the BC5; 44.56% and
25.12%, respectively, in BC10; 63.91% and 36.83%, respec-
tively, in BC15; and 76.08% and 61.48%, respectively, in
BC20. The A of the test groups was significantly lower than
that of the control group. In addition, the Ty, and the T
decreased with increasing Calamus-BC dosage, indicating

Table 3 Effects of the addition

Cumulative methane yield Average CH, content

Average CO, content
(%) (%)

Average N,
content (%)

. . Groups

of blocha.r on gas production (mL/gVS)

characteristics
BCO 172.09
BC5 225.09
BC10 213.94
BC15 246.73
BC20 240.21

61 36 3
64 34 2
64 33 3
64 34 2
67 31 2
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Fig.2 Experimental data (symbols) and model simulation/prediction
(lines) of cumulative methane yield

that the high Calamus-BC dosage shortened the retention
time of sludge digestion efficiently.

Therefore, adding Calamus-BC to TAD system of the
long-SRT sludge increased P, and R, and effectively

shortened A of TAD. Shen et al. have reported that the addi-
tion of biochar enhances R, and P, [33]. Jang et al. [34]
have also found that 4 in MAD and TAD of animal manure
decreases by 26.9% and 24.4%, respectively, when 10 g/L
biochar is added. This study showed that the proper addition
of Calamus-BC (15 g/L) increased the CH, production. The
excess addition of Calamus-BC might negatively affect the
production of biogas and CH, in TAD.

Effects of Calamus-BC on the stability of TAD

The changes in SCOD and TVFAs concentration in the
liquid phase during TAD are shown in Fig. 3. The changes
in SCOD concentration in all groups increased rapidly at
the beginning and then gradually decreased until the final
increase after 20 days. On day 10, the differences in SCOD
concentration of each group were evident, and a negative
correlation was observed between SCOD concentration
and the Calamus-BC dosage (R*=0.9363). This result
could be ascribed to that Calamus-BC promoted the CH,
production process and reduced the SCOD concentra-
tion, and these findings were consistent with the previous

Table 4 Kinetic parameters

Calamus-BC r(d R, L/ P, (L/kgVS R? Ty (d Ty (d
of methane production by the d:s:;:u(;m) @ kg{;s(/day) o LkeVS) %0 (@ or (@
amended Gompertz equation

BCO 0 0.61 13.80 177.31 0.9944 15.97 15.36
BC5 5 0.05 17.93 218.48 0.9904 14.62 14.57
BCI10 10 0.00 19.95 221.86 0.9861 13.27 13.30
BCI15 15 0.01 22.62 242.61 0.9924 12.83 12.82
BC20 20 0.19 24.30 233.13 0.9875 11.66 11.47
—e—BC0 ——BC5 —e—BCI0 —=—BC(CI15 —e— BC20
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Fig.3 Evolution of SCOD and TVFAs concentration in the liquid phase during TAD process: a SCOD; b TVFAs
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results of the daily biogas production rate. In addition,
the Calamus-BC reduced the SCOD concentration through
adsorption due to its porous structure and large Sy, as
Siddique and Wahid [35] reported. Moreover, during days
10 to 20, the SCOD concentrations of BC10, BC15, and
BC20 were significantly lower than those of BCO and
BCS, indicating that the adsorption and the degradation
of SCOD were more evident when the Calamus-BC dos-
age reached a certain concentration.

As the important intermediates in TAD, the TVFA con-
centration represented the acidification stage of the sludge,
which usually accounted for about 50% of the SCOD con-
centration [36]. Figure 3b shows that the TVFA concentra-
tion in the control group is higher than those of the Calamus-
BC addition during the TAD process. The results showed
that the substrate was difficult to digest without biochar and
the addition of biochar could avoid acidification and improve
the stability of TAD, which were consistent with the results
of Shen et al. [37].

Figure 4 illustrates the evolution of different VFAs (i.e.,
acetate, propionate, butyrate, isobutyrate, valerate, and
isovalerate) under different Calamus-BC dosages during
TAD. The main components of VFAs were acetate, pro-
pionate, and isovalerate in the early stage of TAD (days
1-10) in all groups. However, the VFAs except for acetate
and propionate were degraded almost completely after
20 days. Acetate is the main component of the VFAs and
an important intermediate of the CH, production process.
The peak concentrations of acetate negatively correlated
with the dosage of Calamus-BC (R?=0.9747), indicating
that Calamus-BC promoted the degradation of acetate to
produce CH,. The propionate is the most difficult interme-
diate to be degraded in the AD process. On the 15th day
of TAD, the concentrations of propionate were 1417.94
(BCO0), 547.28 (BC5), 48.08 (BC10), 0.00 (BC15), and
15.0 (BC20) mg/L. It is worth noting that the contents
of acetate and propionate in BCO and BC5 were higher
than those in other groups. These results indicated that
the long-SRT sludge is difficult to be digested, but the
addition of a certain amount of Calamus-BC (> 10 g/L)
can promote substrate degradation in a relatively short
time. Similarly, Watanabe et al. [38] found that the propi-
onate accumulation in the control group was earlier than
that in the test group with biochar, and Giwa et al. [39]
also believed that biochar accelerated the degradation of
acetate and propionate during AD.

The changes in butyrate, isobutyrate, valerate, and
isovalerate (Fig. 4c—f) in the test groups with Calamus-BC
addition were reduced and degraded completely at the end
of the TAD. The concentrations of butyrate and isobutyrate
in the test groups were low throughout the AD process
and significantly different from those in the control group,

indicating that Calamus-BC evidently promoted the degra-
dation of butyrate (>93.47%) and isobutyrate (>75.47%).

Figure 5 shows the changes in pH, TAN, and FAN in the
liquid phase during the TAD process. The pH is affected
by many factors, such as temperature, alkalinity, VFAs,
and NH; concentration [40]. After 5th days of AD, the pH
value of each test group remained in the slightly alkaline
range (8.10-8.40), which was significantly higher than that
of the control group. because of the alkalinity of Calamus-
BC. Wang et al. [32] reported that the alkalinity of biochar
increased the pH of TAD systems by promoting the conver-
sion of CO, to HCO;™, or CO,*", reducing the VFA accu-
mulation and improving the reactor stability.

Except for VFAs, TAN is another typical inhibitor to
anaerobic digestion inhibitor, the inhibitory concentration
of TAN ranges from 1500 to 7000 mg/L [41]. As shown in
Fig. 5b, the change trends of TAN in all groups are similar.
The final TAN concentrations were 2320.79 (BCO0), 2309.79
(BCS), 2353.79 (BC10), 2548.28 (BC15), and 2430.78
(BC20) mg/L, indicating that the addition of Calamus-BC
had no significant effect on TAN in TAD of the long-SRT
sludge. Figure 5c shows the change trends of FAN concen-
tration along the TAD process. The FAN concentrations in
the test groups were significantly higher than those in the
control group, which were 774.90 (BC0), 1022.60 (BCS5),
936.52 (BC10), 1116.34 (BC15), and 1131.66 (BC20) mg/L
at the end of the TAD, indicating that the decrease in the
CH, production in BC20 might be caused by the FAN inhi-
bition (Fig. 2). This result showed that the CH, production
in TAD of sludge was inhibited by the accumulation of FAN
especially the TAD with excess Calamus-BC.

Conclusion

Calamus-BC addition enhanced CH, production and yield
through the increased conductivity and pH in TAD of long-
SRT sludge. The optimal dosage was 15 g Calamus-BC/L,
which increased which increased 43.4% of cumulative CH,
production, while reduced 0.6 days of the lag phases com-
pared with the control group. The control system was not
capable of fully removing short VFA, which made WAS
indigestible, but the addition of Calamus-BC effectively
reduced the accumulation of VFA and promote DIET pro-
cess in TAD. However, the synergistic reaction of long-SRT
sludge and Calamus-BC addition might lead to a high FAN
concentration, which may have a negative effect on the CH,
production process. Hence, the appropriate dosage of Cal-
amus-BC is crucial. This study showed that biochar made
from wetland plants represented by Calamus can effectively
promote the anaerobic digestion of sludge and achieve the
purpose of treating waste with waste.
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