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ABSTRACT

To investigate the effect of seaweed (SW) addition on anaerobic co-digestion of food waste (FW) and sewage sludge (SS), batch experiments
were conducted at various substrate concentrations (2.5, 5.0, 7.5, and 10.0 g volatile solids (VS)/L) and mixing ratios (FW or SS):SW = 100:0,
75:25, 50:50, 25:75, and 0:100 on a VS basis). The effect of SW addition on FW digestion was negligible at low substrate concentration, while
it was substantial at high substrate concentrations by balancing the rate of acidogenesis and methanogenesis. At 10 g VS/L, CH, production
yield was increased from 103 to 350 mL CHy/g VS by SW addition (FW:SW = 75:25). On the other hand, SW addition to SS enhanced the
digestion performance at all substrate concentrations, by providing easily biodegradable organics, which promoted the hydrolysis of SS. kyy.
(hydrolysis constant) value was increased from 0.19 to 0.28 d™' by SW addition. The calculation showed that the synergistic CH; production
increment by co-digesting with SW accounted for up to 24% and 20% of total amount of CH, production in digesting FW and SS, respectively.

Keywords: Co-digestion, Food waste, Seaweed, Sewage sludge, Synergistic effect

1. Introduction

Due to the high content of organic matters and moisture, organic
solid wastes such as food waste (FW) and sewage sludge (SS)
generate huge amount of odor, leachate, and greenhouse gases
during their decomposition. Thus, they should be handled through
appropriate treatment methods including anaerobic digestion
(AD), which was proven as an environmentally friendly technology
capable of recovering bioenergy in the form of methane (CH,)
[1-3]. AD is a biological process, consisting of four steps of reaction:
hydrolysis, acidogenesis, acetogenesis, and methanogenesis, and
the balance among each step is known to be critical for the success-
ful digestion performance [4].

The characteristics of FW might vary depending on the region
and season, but it is generally characterized to have a high C/N
ratio (20 to 50) and salinity concentration (2 to 5%), and insufficient
trace element for the stable long-term operation [5, 6]. Also, FW
contains a huge amount of easily biodegradable carbohydrates,
causing the excessive hydrolysis and acidogenesis [7]. It could
result in the accumulation of organic acids with pH drop under
high-strength condition [8]. To avoid this failure, anaerobic di-
gesters fed with FW should be operated at a low organic loading

rate (OLR) range, from 1 to 4 g volatile solids (VS)/L/d, or long
hydraulic retention time (HRT) up to 80 d [9, 10]. On the other
hand, SS has a poor hydrolysis rate due to having microbial
cells and extracellular polymers substances (EPS). The EPS are
composed of various substances such as protein, carbohydrates,
lipids, nucleic acids, and humic acids [11]. It forms a tight ex-
tracellular matrix to prevent the penetration of hydrolytic enzymes
during AD [12]. To overcome this barrier, physical, thermal, and
biological pretreatment methods have often been applied to SS,
but their economic benefit is still questioned [13].

Extensive researches have been carried out on co-digestion,
which can overcome some problems in the mono-digestion such
as lack of trace elements, imbalanced C/N ratio, and high or low
biodegradability [14-16]. For example, Zhang et al. [14] reported
a 40% increase in a total CH, production yield (MPY) compared
to the mono-digestion of FW, by co-digesting with cattle manure
at a FW/cattle manure ratio (on a VS basis) of 2. They mentioned
the supply of buffer capacity and lowering C/N ratio, as the main
cause of the increased performance. Higher amount of CH; was
produced by adding microalgae to SS, which was ascribed to
the fact that the easily biodegradable portion in microalgae helped
the degradation of SS [17].

This is an Open Access article distributed under the terms
s ©f the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-n¢/3.0/) which per-

mits unrestricted non-commercial use, distribution, and reproduction in any

medium, provided the original work is properly cited.
Copyright © 2019 Korean Society of Environmental Engineers

Received August 6, 2018 Accepted November 2, 2018

T Corresponding author

Email: dhkim77@inha.ac.kr

Tel: +82-32-860-7562 Fax: +82-32-873-7560
ORCID: 0000-0002-0471-9982



Sang-Ryong Shin et al.

Since 2000, the third-generation biomass has gained a lot of
attention as a bioenergy feedstock, owing to its negligible lignin
content, and higher CO, uptake rate than terrestrial biomass. In
particular, seaweed (SW) does not require land for its growth,
and is easier to cultivate compared to the fresh-water algae. SW,
for example brown algae, is, in general, composed of 30 to 40%
carbohydrates, 35 to 40% of minerals, 15% of proteins, and 5%
of lipids. It has a higher content of carbohydrates than SS, and
its main carbohydrate unit is cellulose while it is starch in case
of FW [18, 19]. Starch and cellulose are well known poly-
saccharides consisting glucose units, while their binding patterns
are different with each other. In starch, each glucose is bound
with o-linked connection, while each glucose is bound to p-linked
connection in cellulose [20]. This structural feature can lead to
the big differences in the biodegradability because p-linked is
stronger than a-linked.

In the present work, we hypothesized that SW has a lower
anaerobic biodegradability than FW, while higher biodegradability
than SS, which in turn, a certain amount of SW addition to these
organic solid wastes might enhance AD performance. To inves-
tigate this, batch anaerobic co-digestion experiments were per-
formed at various substrate concentrations (2.5, 5.0, 7.5, 10.0
g VS/L) and mixing ratios ((FW or SS):SW = 100:0, 75:25, 50:50,
25:75, 0:100 on a VS basis). The synergistic increment by co-diges-
tion with SW was calculated, and the reasons were revealed by
monitoring pH and organic acids during digestion, and by applying
first-order kinetic model.

2. Materials and Methods

2.1. Seeding Inoculum and Feedstock

The granular sludge taken from the anaerobic digester in a waste-
water treatment plant of local beer factory in Cheongju, South
Korea, was used as an inoculum after grinding less than 2 mm
of diameter. Prior to seeding, it was kept at 35°C for two weeks
to remove residual biogas. FW was collected from the cafeteria
in Inha University, where around 1,000 people eat two times
of meal every day. It was also ground with blender having less
than 2 mm of diameter. Laminaria japonica, which collected at
Yeosu of South Korea, was chosen as a SW, and it was washed
with tap water to remove salt, and dried at 105°C for 2 h. Then,

the dried SW was pulverized with blender, and diluted with
distilled water. The SS used in this study was the mixture of
primary sludge and secondary sludge at the same volume ratio,
taken from the local wastewater treatment plant. The character-
istics of seeding inoculum and feedstock are shown in Table 1.

2.2. Experiment

The co-digestion experiments were conducted by using 280 mL
serum bottle, with a working volume of 100 mL. The seeding
inoculum was injected into each serum bottle at a concentration
of 7.5 g VS/L. Substrate concentrations of co-substrates (1. FW
and SW, and 2. SS and SW) were set to 2.5, 5.0, 7.5, and 10.0
g VS/L at the mixing ratios of 100:0, 75:25, 50:50, 25:75, and
0:100 on a VS basis. The corresponding I/S (inoculum to substrate
on a VS basis) ratios were 3.0, 1.5, 1.0, and 0.8 at each substrate
concentration of 2.5, 5.0, 7.5, and 10.0 g VS/L, respectively. In
addition, an experiment was conducted to produce CH, from
the inoculum itself, and all results presented exclude this CH,4
production. The initial pH was adjusted between 7.8 and 8.0
with 2 N KOH solution, and then sufficiently replaced with nitro-
gen gas (99.999%) to provide anaerobic condition. Nutrients media
including buffer were not added to clarify the role of SW in
the co-digestion. The fermentation was carried out in an incubator
(VS-8480SRN, VISION Co., Korea) set at 35°C and at the agitation
speed of 150 rpm. All experiments were conducted duplicates,
and the results were averaged. Gas and liquid samples were taken
every 2-5 d to analyze biogas amount, CH, content, pH, and organic
acids.

2.3. Analysis

The concentration of total solids (TS), VS, total nitrogen (TN),
alkalinity (as g CaCOy/L), and total chemical oxygen demand (COD)
were measured according to standard methods [21], while carbohy-
drate concentration was determined by the colorimetric method
[22]. pH value was measured using a pH meter (HM-3R, DDK-TOA).
The amount of biogas produced was measured using a gas syringe,
and was converted to standard temperature and pressure (STP).
CHj, gas content was measured by taking 0.5 mL of the gas phase
in serum bottle with Gas-tight syringe (HAMILTON CO., USA)
and using gas chromatography (GOWMAC series 580, USA) equip-
ped with a thermal conductivity detector. The temperature of
injector, column, and detector was set to 50, 80, and 70°C,

Table 1. Characteristics of Seeding Sludge, Food Waste, Sewage Sludge, and Seaweed

Item Units Seeding sludge
TS® gL 31.3

vs® gL 27.4
COD* gL 37.8
Alkalinity g CaCOs/L 4.1
Carbohydrate g COD/L -

TN® gL -

C/N ratio® - -

Food waste Sewage sludge Seaweed
83.6 24.2 26.3
77.2 18.9 20.7
104.6 29.9 26.9
N.D.* 1.1 N.D.*
62.2 2.0 12.5
2.9 2.3 0.6
36.0 13.0 44.8

TS = Total solids; VS = Volatile solids; COD = Chemical oxygen demand; N.D. = Not detectable; TN = Total nitrogen; C/N ratio

= COD/TN ratio
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respectively. The column was a 183 cm (Length) 0.32 cm
(Diameter) stainless steel column with porapak Q (80/100 mesh).
Nitrogen (N, 99.999%) gas was used as the carrier gas and the
flow rate maintained at 30 mL/min. The organic acids were ana-
lyzed by HPLC (Model VP, Shimadzu Co., Japan) after filtered
the supernatant in the reactor with a 0.2 um membrane.

2.4. Synergistic Effect

In this study, the amount of CH, production at mono-digestion
of each substrate was used to determine the increased CH, pro-
duction at co-digestion. The amount of CH, production increase
by the synergistic effect was calculated by defining as follows
(Eq. (1)):

Synergistic CH, = M, — (A< C)) + (Bx G,)) (1)
where ‘M, was the actual amount of CH, production, while ‘A’
and ‘B, were the amount of CH, production from the mono-diges-
tion of FW or SS, and SW, respectively. ‘C;’ and ‘C,’ indicates
the mixing ratios in co-digestion of FW or SS and SW, respectively.
In other words, the value of ‘(A X C;) + (B X C.)) indicates
the expected amount of CH, production in the co-digestion of
FW or SS with SW.

2.5. Kinetic Model Applied

First-order kinetic model has been widely applied in AD of organic
matter, in particular, SS degradation [23, 24]. The amount of
cumulative CH, production in the anaerobic co-digestion of SS
and SW was fitted using the first-order kinetic model as shown
below (Eq. (2)):

My = Fyx (1—¢™") ®)
where ‘M’ is the cumulative CH, production at time (mL CH,);
‘F4 is maximum CH, production potential (mL CH,); ‘K’ is hydrol-
ysis rate constant (d); and ‘¢ is digestion time (d).

3. Results and Discussion

3.1. Comparison of Biodegradability

The biodegradability under anaerobic condition of individual feed-
stock can be determined at a low substrate concentration (2.5
g VS/L), under which both substrate and product inhibition on
AD are negligible [25]. CH, production began as soon as the diges-
tion started, indicating that the seeding inoculum was suitable
for degrading all types of feedstock (Fig. 1). The MPY increased
up to 10 d, and reached 425, 344, and 169 mL CHy/g VS in cases
of FW, SW, and SS, respectively. These amounts correspond to
the CH, conversion efficiency (MCE) (actual CH; production/theo-
retical CH, production, on a COD basis of 1 g COD = 350 mL
CH,) of 89, 76, and 31%, respectively. This difference in the
AD performance might be linked to the characteristics of main
composition of individual feedstock. SS has less biodegradability
than other feedstocks, since it is mainly composed of diverse
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1. Cumulative CH,4 production yield in the anaerobic digestion
of food waste (FW), sewage sludge (SS), and seaweed (SW)
at 2.5 g VS/L.

microorganisms and organic and inorganic compounds clumped
together in a polymeric network by EPS [13], while FW and SW
have a high content of carbohydrates that are easier to degrade.
However, the main carbohydrates in FW consist of starch, whereas
the carbohydrates of SW (brown algae) are mostly composed of
cellulose [18, 19, 26]. As previously mentioned, each glucose
is bound to the next glucose by either 1,4-a or 1,6-o glycosidic
bonds (o-linked) in starch, while each glucose is bound to the
next glucose by 1,4-f glycosidic bonds (B-linked) in cellulose
[20]. The fact that B-linked is stronger than o-linked is why AD
performance of SW was less than FW. As hypothesized, the bio-
degradability of SW was found to be between FW and SS, which
could be a suitable co-digesting material for enhanced AD.

3.2. Co-digestion of FW and SW

3.2.1. Performance and synergistic effect

The amount of CH, production, MPY, and MCE are arranged
in Table 2. Biogas production was completed within 14 d, and
hydrogen production was negligible during whole experimental
period (Fig. S1). The MPY of FW (FW:SW = 100:0) decreased
as substrate concentration increased. In particular, there was a
huge drop at 10 g VS/L, exhibiting only 103 mL CH./g VS. In
cases of low substrate concentration range (2.5, 5.0 g VS/L) in
FW digestion, SW addition did not show any improvement. It
rather decreased the MPY, probably due to the less biodegradable
characteristics of SW compared to FW. However, in cases of high
substrate concentration range (7.5 and 10.0 g VS/L) of FW digestion,
the MPY significantly increased, by up to 1.2 and 3.5 times at
7.5 and 10.0 g VS/L, respectively. In terms of MCE, SW addition
increased MCE from 60% to 74% and 22% to 76% at 7.5 and
10.0 g VS/L, respectively. By applying Eq. (1), it was found that
the ‘Synergistic CH; was negligible at low concentration, while
it was increased at high concentration with SW addition increase.
In particular, 85 mL CHy/g VS of ‘Synergistic CH; was produced
at a substrate concentration of 10.0 g VS/L and FW:SW = 25:75,
accounting for the 24% of total amount of CH; produced. To
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Table 2. Batch Performances in the Anaerobic Co-digestion of Food Waste (FW) and Seaweed (SW) at various substrate Concentrations and
Mixing Ratios

25 25 25 25 25 50 50 50 50 50 75 75 75 75 75 100 100 100 100 100

(100:0" (75:25) (50:50) (25:75) (0:100) (100:0) (75:25) (50:50) (25:75) (0:100) (100:0) (75:25) (50:50) (25:75) (0:100) (100:0) (75:25) (50:50) (25:75) (0:100)
ﬁ‘}dmpr"d“mﬂ 06 100 97 93 8 18 187 177 167 160 212 226 240 255 245 103 168 265 350 319
CH; production yield
i, Cig VS 92 402 390 33 34 3% 375 33 33 320 282 300 39 0 37 103 168 265 350 319

CH, conversion efﬁciencf’

%) 89 76 84 81 76 83 80 76 73 71 60 64 69 74 72 22 36 57 76 70

T
E’qu)de CH, production 0 % o 189 179 170 00 w8 2 5 1 2%
Synengistic CEL" (m) 1 2 2 2 2 3 6 12 18 1% %

*Substrate concentration unit = g VS/L

“Mixing ratios = (FW:SW) on a VS basis

bActual CH, production/theoretical CH; production (COD basis, 1 g COD = 350 mL CH,)

‘It was obtained by “((A X Ci) + (B X C,))”, where ‘A’ and ‘B’ are the amount of CH; production from mono-digestion of FW and
SW, while ‘Cy’ and ‘C,’ are the mixing ratios in co-digestion of FW and SW, respectively.

dActual CH, production — Expected CH, production

explain the reasons for the synergistic effect, some analytical
results are shown in the next chapter.

3.2.2. Reasons of synergistic effect

The change of pH during digestion and cumulative organic acids
concentration are shown in Fig. 2 and Table 3, respectively. When
FW was digested alone at 2.5 g VS/L, the cumulative organic
acids concentration was negligible, and the pH remained high
near 7.0. The SW addition showed little effect on the change

—e— 2.5 FW:SW=100:0)

6.5 1 v 2.5 FW:SW=75:25)
——m—— 2.5 (FW:SW=50:50)

6.0 ——o— 2.5 FW:SW=25:75)
— 4 — 2.5 FW:SW=0:100)

5.5 ; ‘ . : ‘ :

0 2 4 6 8 10 12
Time (d)

14

of pH and organic acids accumulation at 2.5 g VS/L. On the other
hand, in the mono-digestion of FW at 10.0 g VS/L, organic acids
were accumulated to over 7,000 mg COD/L, and pH rapidly drop-
ped to about 5.5, which did not recover above 6.5 until the end
of digestion. This indicates that the drop of AD performance at
high substrate concentrations of FW was due to the excessive
production of organic acids, while the rate of methanogenesis
process could not follow at high substrate concentration. Organic
wastes, which contain many readily biodegradable organic matters

8.5
@ —e— 10.0 (FW:SW=100:0)
80« 0 v 10.0 (FW:SW=75:25)
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Time (d)

Fig. 2. The variation of pH in anaerobic co-digestion of food waste (FW) and seaweed (SW) at (a) 2.5 g VS/L, and (b) 10.0 g VS/L.

Table 3. Cumulative Organic Acids Concentration in the Broth in Co-digestion of Food Waste (FW) and Seaweed (SW) at 2.5 and 10.0 g VS/L

(Samples were taken after 12 d and 14 d of operation.)

2.5 2.5 2.5 2.5
(100:0)* (75:25) (50:50)  (25:75)
Organic acids (mg COD/L) 40 20 50 70

*Substrate concentration unit = g VS/L
“Mixing ratios = (FW:SW) on a VS basis
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such as FW, cause process failure due to quick hydrolysis [27, the rate-limiting step in using SS as a feedstock. Under all substrate
28]. However, in case of SW mono-digestion, there seemed to concentrations, SW addition to SS substantially increased the
be a balance between the rate of acidogenesis and methanogenesis digestion performance. For example, MPY and MCE at 10.0 g
even at 10 g VS/L. Compared to FW digestion, the cumulative VS/L increased from 180 to 308 mL CH,/g VS, and from 33 to
organic acids concentration was lower, and pH drop was less. 64%, respectively. However, it could not be a surprising result
As mentioned earlier, this might ascribe to the difference in the since SW had a higher biodegradability than SS as seen in Fig. 1.
biodegradable characteristics between FW and SW that they have Therefore, it is very important to see the synergistic effect
similar anaerobic biodegradability (in terms of MCE or MPY), in co-digestion of SS by employing Eq. (1). It was found that
but different rate. In addition, although alkalinity concentration the ‘Synergistic CH, increased with SW addition increase at all
of raw SW was negligible, there might have been a production substrate concentrations. In particular, 51 mL of ‘Synergistic CH/
of buffering materials from SW like microalgae. In a previous was produced at 10.0 g VS/L and SS:SW = 75:25, accounting
work of Yun et al. [29], there was an increased concentration for the 20% of the total amount of CH, produced. Assuming that
of alkalinity during anaerobic acidogenesis of microalgae, which MPY of SW was equal in all cases, this meant that SW addition
was attributed to the release of buffering materials caused by triggered the anaerobic biodegradation of SS. To explain the rea-
cell hydrolysis. Therefore, it can be concluded that SW addition sons for the synergistic effect, some analytical results are shown

to FW under high organic loading is beneficial to gain high CH, in the next chapter.
production with maintaining high MPY and MCE. However, other

factors such as supplementing of trace elements like Ni, Co, Fe, 3.3.2. Reasons of synergistic effect
and Se rich in SW [5, 30], and the dilution of salinity might The amount of cumulative CH; production in the anaerobic co-di-
also have contributed to the enhanced digestion performance [6, gestion of SS and SW was well fitted (R* > 0.98) using first-order
31]. These effects can be critical in the continuous operation, kinetic model (Eg. (2)). As shown in Table 5, Fy and kg increased
but chances are low in the batch-type operation. The seeding with SW addition increase, at both low (2.5 g VS/L) and high
inoculum (digester sludge) generally contains enough amounts concentration (10.0 g VS/L). In particular, kyq is an important
of trace elements, which would be depleted in the long-term indicator reflecting hydrolysis rate and substrate biodegradability
operation [32]. [23, 24]. kpa value in the co-digestion of SS and SW at 10.0
g VS/L and the mixing ratio of SS:SW = 75:25 was increased
3.3. Co-digestion of SS and SW about 37% (0.19 to 0.26) compared to AD of SS alone (10.0 g
3.3.1. Performance and synergistic effect VS/L, SS:SW = 100:0). In addition, as shown in Fig. 3, further
In co-digestion of SS and SW, biogas production was completed and faster pH drop with SW addition confirmed the promoting
within 8 and 14 d, and hydrogen production was negligible during effect on the hydrolysis and acidogenesis of SS [10]. However,
whole experimental period (Fig. S2). Compared to FW and SW, when SW was digested alone, it showed lower k4 value comparted
the MPY of SS was lower, ranging 170-180 mL CHy/g VS (Table 4). to the mixed cases, probably due to the too much pH drop below
However, the inhibition at high substrate concentration was negli- 6.5. Like our study, many studies have been reported to increase
gible, probably indicating that initial steps (hydrolysis or acido- the AD efficiency by improving the hydrolysis rate of SS through
genesis) rather than the final step (methanogenesis) in AD were co-digestion of substrates with higher biodegradability than SS.

Table 4. Performances in the Anaerobic Co-digestion of Sewage Sludge (SS) and Seaweed (SW) at Various Substrate Concentrations and Mixing
Ratios
2.5* 2.5 25 25 2.5 5.0 5.0 5.0 5.0 5.0 7.5 7.5 7.5 7.5 75 100 100 100 100 10.0

(100:0)" (75:25) (50:50) (25:75) (0:100) (100:0) (75:25) (50:50) (25:75) (0:100) (100:0) (75:25) (50:50) (25:75) (0:100) (100:0) (75:25) (50:50) (25:75) (0:100)
Actual CH, production
(mL)
CH, production yield
(mL CHyg VS)
CH; conversion efficiencyb
(%)
Expected CH, production’
(mL)
Synergistic CH,® (mL) - 2 5 2 - - 36 12 - - 7 10 16 - - 51 26 23
"Substrate concentration unit = g VS/L
“Mixing ratios = (SS:SW) on a VS basis
YActual CH, production/theoretical CH4 production (COD basis, 1 g COD = 350 mL CH,)
‘It was obtained by “((A X Ci) + (B X C))”, where ‘A’ and ‘B’ are the amount of CH; production from mono-digestion of FW and
SW, while ‘C;’ and ‘C,’ are the mixing ratios in co-digestion of FW and SW, respectively.
dActual CH, production — Expected CH, production

42 55 70 78 86 87 108 130 154 160 133 169 199 233 245 180 267 278 308 319

170 220 276 310 344 174 215 261 309 320 177 224 265 310 326 180 267 278 308 319

42 55 65 76 31 41 52 64 71 32 42 52 65 72 33 50 55 64 70

53 64 75 - - 105 124 142 - - 161 189 217 - - 216 251 285
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Table 5. Estimated Parameters Obtained through the First-order Kinetic Model

2.5 2.5 2.5 2.5 2.5 10.0 10.0 10.0 10.0 10.0

(100:0)*  (75:25)  (50:50)  (25:75) (0:100) (100:0) (75:25) (50:50)  (25:75)  (0:100)
R? 0.98 0.99 0.99 0.98 0.99 0.98 0.99 0.98 0.99 0.99
Ff 57 66 77 86 92 218 296 302 340 363
Kiyd® 0.40 0.44 0.46 0.50 0.51 0.19 0.26 0.28 0.27 0.24

“Substrate concentration unit = g VS/L
"Mixing ratios = (sewage sludge:seaweed) on a VS basis

°Fq and kyyq were the values obtained through the first-order kinetic equation of M,y = F; X (1—e Fuut ), where ‘M’ is the actual CH,
production at time (mL CH,); ‘Fy is maximum CH, production potential (mL CH4] ‘knyd is hydrolysis rate constant (d); and ‘¢ is

digestion time (d).

a 8.5 @ 8.5
50 *&_\‘\'\k_,—&’—‘,‘ "
\iv ¥ 5 N\“.—H'O—O/""
7.5 - \\b\\;\\; R o ",___,»,’@ > ‘\\‘\\v SR S & - =
A :;:gf:::&' ’i o 7.0 | \P_ﬂ,/ufffﬁ_g:—:g_ o — P
T 7.0 A o I
e 7 =4 g
—e— 2.5(SS:SW=100:0) 6.5 1 s —e— 10.0 (SS:SW=100:0)
6.5 A v 2.5 (SS:SW=75:25) 6.0 g 10.0 (SS:SW=75:25)
——-8—— 2.5 (SS:SW=50:50) : ——-=—-— 10.0 (SS:SW=50:50)
6.0 - ——o— 2.5 (SS:SW=25:75) ss | ——o— 10.0 (SS:SW=25:75)
— & —  2.5(SS:SW=0:100) — & —  10.0 (SS:SW=0:100)
5.5 T T T T T T 5.0 T T T T . . .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 16
Time (d) Time (d)
Fig. 3. The variation of pH in anaerobic co-digestion of sewage sludge (SS) and seaweed (SW) at (a) 2.5 g VS/L, and (b) 10.0 g VS/L.
For example, Zhang et al. [33] reported the increase of MPY to substrate concentrations, by providing easily biodegradable organ-
82% in the co-digestion at SS:pig manure = 1:2, with kyq value ics to anaerobic consortium, which promoted the hydrolysis of
increase from 0.062 to 0.094. Zhen et al. [34] also found that SS.

the addition of aquatic plant (Egeria densa) increased the MPY
by 19% and Ky value from 0.175 to 0.194 as compared to digestion
of SS alone. To reveal the reason of increased CH, production Acknowledgments
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