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Abstract

The anaerobic digestion of the invasive water hyacinth (Pontederia crassipes Mart.) from eutrophic water bodies could
contribute to the sustainability of communities that have insecure energy sources. The optimization of critical process
parameters, e.g., feed to inoculum ratio (F//), temperature, supplementation, and inoculum acclimatization is important
for large-scale applications. In the present work, water hyacinth was anaerobically digested at different F//(1.0, 5.0, 10.0,
and 30.0), mesophilic temperatures (30 and 40 °C), and supplementation settings using non-acclimatized and acclima-
tized inoculum to determine the process’s optimal conditions through kinetics (modified Gompertz, Chen and Hashimoto,
and first-order) and energy analyses. The F/I ratio had a directly proportional effect on the methane yield [N mL-CH4/g-VS],
which ranged from 416.8+6.2 (F/I=1.0) to 263.8 £ 26.9 (F/I=30.0). The methane production rate [N mL-CH4/g-VS-day] was
highest at 40 °C (9.0+£0.8) and lowest at F//=30 (5.6 £ 2.8). The biomethanation of water hyacinth followed the modified
Gompertz and Chen and Hashimoto models when using the non-acclimatized and acclimatized inoculum, respectively.
A 30-day pseudo-lag phase was observed at the highest F// (30) and low temperature (30 °C) but was negligible at higher
temperature (40 °C). Fora 5.0 m3 biodigester, the highest estimated net energy occurred at f//=30 (370.5+22.6 MJ).The
doubling times at 40 °C (16.9 + 0.3 days) were lower than that at 30 °C (49.6 + 2.5 days). The anaerobic digestion of water
hyacinth in batch mode was optimal at higher F/I ratio and high mesophilic temperatures.

Keywords Eichhornia crassipes - Substrate to inoculum ratio - Anaerobic digestion - Modified Gompertz model - Chen
and Hashimoto

1 Introduction

Using the invasive water hyacinth (Pontederia crassipes
Mart.) as a feedstock for bioconversion processes like
anaerobic digestion can mitigate the costs associated
with weed removal from eutrophic water bodies in
developing communities. The energy produced dur-
ing the anaerobic digestion of water hyacinth as a post
weed management practice can be more than 10 times

the energy consumed in mechanical harvesting [1]. The
use of this weed as bioenergy feedstock would not only
meet the energy needs but also mitigate environmen-
tal problems [2]. Parametric studies on the kinetics and
energy balance could contribute to the scalability of
this bioconversion process. Some of the main factors
influencing the anaerobic digestion performance at
large scale are related to process control (e.g., organic
loading, temperature) and microbiology [3, 4]. However,
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the studies covering the main effect of these factors on
the anaerobic digestion do not consider their economic
impact at large scale.

During anaerobic digestion, the increase in organic load
compared to the inoculum content has been reported to
significantly reduce the methane percentage in biogas [5,
6]. For various substrates, the optimal feed to inoculum
ratio (F//) during anaerobic digestion has been reported
to be between 0.3 and 1.5 on volatile solids (VS) basis [5,
7-12]. For the anaerobic digestion of water hyacinth, the
optimal F/I was 2.0 over 4.0, 1.0, and 0.33 when using cow
dung as inoculum on VS basis, and 0.05 among 0.04 t0 0.16
when using poultry litter on total solids (TS) basis [13, 14].
Studies on anaerobic digestion of water hyacinth address-
ing an F/I ratio above 5 are scarce. Large-scale batch biodi-
gesters operating at low F/I are not practical because most
of the operating volume would be due to inoculum, and
the total methane production per batch would be small.
Therefore, evaluating the performance and energy impli-
cations of the anaerobic digestion of the invasive water
hyacinth at high F/lis important for large-scale systems.

High F/I ratios of water hyacinth from contaminated
water could inhibit the microbial consortium during
anaerobic digestion. For easily degradable substrates,
such as sugars, the acidogenic reactions are much faster
than acetogenic and methanogenic ones, leading to the
accumulation of VFA, H,, and CO,, and depressed pH
[15]. Similarly, the use of feedstock with phytoremedia-
tion properties targeting metals could induce substrate
inhibition. Water hyacinth is not only capable of uptaking
nutrients but also heavy metals from contaminated waters
[16-19]. The presence of high heavy metals in a soluble
free form within anaerobic reactors leads to the accumula-
tion of intermediate organic compounds and reduction in
biogas production [20, 21]. However, the inhibitory effect
of compounds within the anaerobic digesters can be mini-
mized by inoculum acclimatization [22-24]. Accounting for
inoculum acclimatization when determining the optimal
F/I during the anaerobic digestion of water hyacinth is nec-
essary for large-scale applications.

The use of single waste for anaerobic digestion has
been associated with unbalanced nutrients [25]. Trace
minerals such as selenium, molybdenum, manganese,
aluminum, and boron stimulate methanogenic activity
and are suggested to be added to anaerobic digesters to
improve the process performance [25, 26]. Standard bio-
chemical methane potential includes the addition of not
only trace minerals but also vitamins to the assays [27].
High-performance scalability of the anaerobic digestion
of the invasive water hyacinth needs to consider the need
for additional nutrients through co-digestion. The effect
of supplement addition on the biomethanation of water
hyacinth would determine whether this macrophyte can
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be used as feedstock for large-scale systems without addi-
tional nutrients or co-substrates.

The energy required for keeping anaerobic digesters
under steady temperatures is very important for the pro-
cess's performance and sustainability. In mesophilic biodi-
gesters, the anaerobic consortia operate at 30-40 °C [28].
When assessing the effect of various temperatures (25 °C,
37 °C, 45 °C) on water hyacinth biomethanation, the best
incubation temperature was 37 °C [29]. Similarly, studies
on the anaerobic digestion of sludge showed that 38 °C
was the optimal mesophilic temperature compared to
34 °C and 42 °C [30]. However, higher temperatures (i.e.,
50 °C) are linked to higher organic matter degradation of
fibrous materials, higher pH, and higher methane yield
[31]. Agro-waste digestion at 40 °C had a higher cumula-
tive gas yield than those at 25 °C, 30 °C, and 35 °C [32].
Costs related to operating temperature in anaerobic diges-
tion are important for decision-makers during large-scale
design. The effect of the lower (30 °C) and higher (40 °C)
mesophilic limit range temperatures on the biomethana-
tion performance and energy consumption in the anaero-
bic digestion of water hyacinth need to be determined.

Understanding the kinetics of methane production
is important for designing and evaluating anaerobic
digesters. The suitability of kinetic models on anaerobic
digestion has been studied for different types of reactors,
inoculums, and feedstocks [33-35]. The most popular
kinetic models used for anaerobic digestion batch sys-
tems are first-order, Chen and Hashimoto, and modified
Gompertz. The first-order model provides valuable infor-
mation about hydrolysis kinetics but does not estimate
the maximum methane potential and systems failure [33].
Chen and Hashimoto model predicts maximum biologi-
cal activity and is reliable on predictions about high solid
content anaerobic digestion systems [36]. The modified
Gompertz model assumes that methane production fol-
lows the microbial growth pattern and predicts maximum
methane potential, lag time, and methane production
rate. This model has been effectively applied (R*>0.81) to
batch anaerobic digestion of various feedstocks including
water hyacinth [1, 14, 37]. The use of these three models
on the biomethanation of feedstock gives a holistic picture
of the process kinetics. However, studies assessing these
kinetic models for the biomethanation of water hyacinth
at high F/I under various mesophilic temperatures have
not been conducted.

The goal of this paper is to determine the optimal con-
ditions for the biomethanation of water hyacinth based
on kinetics and energy analysis. The main and interaction
effects of high F/I ratios, mesophilic temperature, media
supplementation on the kinetics of the water hyacinth
biomethanation, and their alteration by inoculum acclima-
tization were studied through factorial experiments. Also,
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the differences in kinetics and energy balance between
the anaerobic digestion of water hyacinth at 30 °C and
40 °C were covered.

2 Materials and methods
2.1 Biomass

Water hyacinth was collected from the eutrophic fresh-
waters at El Naranjo (18°34'27.2" N 69°47'09.9"” W) within
Ozama River (Santo Domingo, Dominican Republic). Bio-
mass sampling, preparation, and composition are detailed
in previous work [1].

2.2 Inoculum

The microbial consortium was a mixture (1:2) of meso-
philic anaerobic sludge from the North Davis Sewer Dis-
trict (NDSD) and Central Valley Water Reclamation Facility
(CVWREF) collected in March 2019. The anaerobic sludge
from NDSD (Syracuse, UT, USA) was provided by the Plant
Superintendent, Mr. Myron Bachman. The CVWRF anaero-
bic sludge was obtained from the Sustainable Waste to
Bioproducts Engineering Center (Dr. Ronald Sims, Co-
Director) through a joint project and with permission of
the Plant Manager, Dr. Phil Heck. The non-acclimatized
sludge had a pH of 8.32, 2.58% TS, and 55% VS. The accli-
matized inoculum is the residual sludge of the experimen-
tal units after sieving with a 250 pm mesh to get rid of
the undigested water hyacinth. The acclimatized inocu-
lum had pH=7.97,0.6£0.05% TS, and 49.6 £ 0.7% VS. The
non-acclimatized and acclimatized sludge was incubated
at 40 °C for 72 h prior to use.

2.3 Experimental conditions
2.3.1 Non-acclimatized inoculum

The bio-reactions took place in 160-mL clear serum bot-
tles at 100 mL working volume. The total solids for all the
experimental units were 3.2+0.6%. A 2 x 3 full factorial
design was conducted for F// at 1.0, 5.0, and 10 on VS
basis; and supplemented vs non-supplemented anaero-
bic media. The supplemented media is a modification of
the media used during standardized biochemical methane
potential experiments without the addition of resazurin
[38]. The non-supplemented media is the anaerobic media
without vitamins and minerals. Each experimental unit
was run in duplicate.

2.3.2 Acclimatized inoculum

The factors considered when using the adapted sludge
were F/I at 5.0, and 10.0, and 30.0 on VS basis; the addi-
tion of anaerobic media (non-supplemented media and
no media); and temperature at 30 °C and 40 °C; resulting
in an un-replicated 3 x 2 x 2 factorial experiment. The aver-
age feed and total solids for the experimental units were
2.04+£0.12 g and 2.27 £0.05%, respectively.

2.3.3 Biomethane production

The produced gas was measured via volume displace-
ment using a lubricated glass syringe every 2-6 days and
analyzed using an Agilent 7890B Gas Chromatograph
(Agilent Technologies, Santa Clara, CA, USA). The method
used helium as the carrier gas, the thermo-conductivity
detector (TCD) is heated to 250 °C, and the column is
kept at 25 °C. The measured volume (V) was converted to
normal volume (V,)) using the ideal gas law (Eq. 1), where
Ty=273.15Kand Py,=101,325 Pa. The barometric pressure
(P) and temperature (T) during the gas measurements
were recorded and were 86,400+ 6.6 Pa and 294.3+0.4 K
in average. The volume of the accumulated methane was
reported per mass of VS added (feedstock) to the experi-
mental units.

Vo=V-P-Ty/Py-T M
W(t) = Wo(1 —e) @)
W(t):A-EXP(—EXP ((e'kZ/A)°(T|ag_t) +1)) 3)

W(t) = A( — (Kew/ (pm - t + Ky — 1)) (4)

2.4 Kinetic models

The first-order kinetic parameters for each experimental
unit curve were modeled using Eq. (2), where W [N mL
CH,/g VS feed] is the cumulative methane yield at diges-
tion time t, K [day '] is the first-order disintegration rate
constant, and W, [N mL CH,/g VS feed] represents the total
yield of hydrolysable VS at the beginning of the test. In
the modified Gompertz model (Eq. 3), A [N mL CH,/g VS
feed] is the maximum methane produced, K, [N L CH,/VS
feed*day] is the maximum methane production rate, and
T\ag [days] is the minimum time taken for bacteria to accli-
matize to the environment. The doubling time (T,) was
calculated from the model’s estimated A. The main kinetic
parameters for Chen and Hashimoto model (Eq. 4) are Acy,
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Kcw and p,, where K¢, is the Chen and Hashimoto kinetic
constant [dimensionless], and u,,, [day"] is the maximum
specific growth rate of microorganisms.

2.5 Energy analysis

The energy [MJ] produced (E,) from the biomethanation
units and the energy required for heating (Q) were calcu-
lated using Eq. 5 and Eq. 6, respectively. The energy analy-
sis will assume a biodigester with a working capacity of 5
m?3 (5000 L), which would require different loadings (m) of
freshwater hyacinth depending on the F// ratio (see Sup-
plemental Material). The bulk density and water content
of the fresh biomass were assumed to be 96 kg/m? and
91% [39, 40]. The inoculum was assumed to be anaero-
bic sludge from a wastewater treatment plant, with 2.5%
w/v solids and a dry density equal to 560 kg/m? [41]. The
overall heat capacity (Cp,) was calculated using Eq. 7. The
heat capacity of the fresh feedstock (plant leaves) and dry
sludge was assumed to be 1.75 kJ/kg °C and 1.35 kJ/kg °C,
respectively [42, 43]. The heat capacity of water is 4.19 kJ/
kg °C. The initial temperature for the digestion was set to
20 °C, which is within the range for water hyacinth growth
in tropical areas [44]. BMP [L CH,/kg] is the methane yield
expressed on a dry biomass basis. The higher heating
value (HHV) of methane is 0.0398 MJ/L. This analysis does
not take into account the energy consumed in processes
like harvesting and milling that are common to all the
experimental units and are important at large scale.

Ep =m-BMP - HHVCH4 (5)
Q=m- Cp - AT (6)

Cp = (mFeed /m)CpFeed + (mSIudge/m)CpSIudge + (mWater/m)CpWater

(7)

2.6 Statistical analysis

All the measurement units were used for the assessment
of the effects of F// and media supplementation. The effect
of anaerobic media was determined using all non-accli-
matized and acclimatized experimental units, resulting in
three levels for this independent variable (no media, non-
supplemented media, and supplemented media). A subset
of the experimental units was analyzed to determine the
effect of inoculum acclimatization on the biomethanation
of water hyacinth without the influence of confounding
factors. The dataset consisted in the data at F// equal to
5 and 10 for a total of 16 measurement units. Similarly,
the effect of temperature was determined using only the
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measurement units that were digested with acclimatized
inoculum.

The data collected from the factorial datasets were ana-
lyzed using the function ‘aov’in R Studio (version 3.6.1).
The differences between levels were determined using
Tukey's test (Tukey HSD), a post hoc analysis function in
R. For single comparison between values, t test (www.
graphpad.com) was used. The populations were assumed
to be independent, normal distributed, and with equal
variances.

3 Results and discussion
3.1 Media supplementation

After 105 days of digesting water hyacinth anaerobically,
the methane yield [N mL CH,/g VS] was no statistically
different (p=0.697) when using supplemented media
(356.4 £ 44.4), non-supplemented media (334.2 +48.3),
and no media (301.9+41.5). Also, the methane production
rate and lag time between the experimental units digested
under the studied media conditions were comparable
(p>0.317). These yield values [N mL CH,/g VS] are higher
(p=0.038) than those produced from sugar-rich wastes
such as cranberry (231 +33) and ice-cream (125 +48) when
co-digested with manure at a F/I below 5 [45]. Therefore,
water hyacinth from eutrophic freshwater contains the
minerals and vitamins required for the anaerobic consor-
tia to efficiently produce biogas. The essential minerals
required for the cultivation of methanogenic are Fe, Na, Se,
Co, Mn, Mo, W, Zn, Ni, B, and Cu, which are present in the
water hyacinth under study, with the exception of W and
Se [1, 46]. Thus, water hyacinth can be used as feedstock
for anaerobic digestion without additional supplementa-
tion or co-digestion.

3.2 Feed to inoculum ratio (F//)

The methane yield and production rate for the biometh-
anation of water hyacinth were significantly affected by
F/I.The yield [N mL CH,/g VS] for the anaerobic digestion
at F/I=1.0 (416.8 + 6.2) was the highest (p <0.001, Fig. 1)
and at F/I=30.0 (263.8 +£26.9) the lowest (p <0.001)
among all the ratios under study. However, the meth-
ane produced [N mL CH,/g VS] at F//=5.0 (336.6+13.2)
was not quite different (p=0.09) than that at F//=10.0
(318.2£9.3). When using acclimatized inoculum at 30 °C,
the methane production rate at F//=1.0, F/I=5.0, and
F/I=10.0 was 8.4+ 0.8 N mL CH,/g VS-day in average
(p=0.866, Table 1), which is higher (p <0.008) than that
at F/1=30.0 (5.6+2.8 N mL CH,/g VS-day). The effect of
F/I on methane rate has been previously reported to be
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Fig. 1 Biochemical methane potential of water hyacinth from Ozama River (Dominican Republic) at different feed to inoculum (F/I) ratios
when digested at 40 °C (a, b) and 30 °C (c)

Table 1 Methane yield (N mL CH,/g VS) and kinetic parameters at different feed to inoculum ratios (F//) and temperature (T) using non-
acclimatized (N-ACC) and acclimatized sludge (ACC)

TCC)  Inoculum  F/I CH, yield A Ack K, Ky Tl Taous
40 N-ACC 10 4168+62 4129475 639.8+138  97+04  0028+0001  1.0+03  224+06
50  336.1+7.9 3285+7.8 528.14420  9.4%06  0027+0004  47+12  223+24
100  317.0+53 3133463 589.9+340  82+0.5  0018+0002  7.8+09  272+15
40 ACC 50  3463+206 31494272  4136+393  96+0.1  0043+0003  00+00  166+16
100  3084+0.6 276.0+6.9 3562+13.1  95+03  0.048+0.007  00+00  147+08
300  2843+159  251.3+256  340.8+23.8  80+03  0042+0001  00+00  16.9+03
30 ACC 50 32804163 31204209 42074226  78+13  0035+0004  00+00  20.2+19
100  3303%52 3159+11.5  4254+185  80+07  0035+0005  00+00  20.1%25

A [N. mL CH,/g VS feed] is the methane potential, Kz [N. L CH,/g VS feed*day] is the methane production rate, T,,4 [days] is the lag time, and
Tyoub [days] is the doubling time according to the modified Gompertz model; Aq, [N mL CH,/g VS feed] is the maximum methane potential
as Chen and Hashimoto model; and K, [day '] is the disintegration rate constant from the first-order model

inversely proportional during the biogas production
of sheep paunch manure at f/I between 0.25 and 0.75
[47]. The methane yield from the anaerobic digestion
of wheat straw at F//=4.0 (287.3 N mL/g VS) and water
hyacinth at F//=1.0 (262 N. mL/g VS) was comparable
(p>0.085) to our results at F/I=30.0 [48]. Even though
the performance of the water hyacinth biomethana-
tion seemed to be compromised by an F// above 10, the
methane yield value under these conditions and the F/I
effect on the methane rate are comparable to studies
from other authors.

The effect of F/I on the lag phase of the water hyacinth
biomethanation depended on the acclimatization of the
inoculum. The effect of F// on the length of the lag phase
was negligible (p > 0.123) when using acclimatized inocu-
lum. However, when the inoculum was non-acclimatized,
the F/I ratio had a directly proportional effect (p <0.006,
Table 1) on the lag phase. At F/I=1.0, the lag phase was
more than four times than that at F//=5.0, and almost
eight times higher than at F/I=10.0. These results are in
accordance with previous findings that indicated the lag

phase depends on the concentration of bacteria during
batch culture [49].

3.3 Inoculum acclimatization

The differences in methane yield and production rate
between acclimatized and non-acclimatized anaerobic
sludge were negligible (p >0.641, Table 1). However, the
biodigestion with non-acclimatized sludge had a longer
(p<0.0001) lag phase (6.2 + 1.9 days) and doubling time
(24.0 + 2.8 days) than that with acclimatized inoculum
(Tlag <1 day, Tyou, 16.0+ 1.4 days). As expected, acclima-
tizing the anaerobic consortia for the anaerobic digestion
of water hyacinth eliminated the lag phase of the subse-
quential batch. This reduction might be due to the high
content of calcium and magnesium in the feedstock, since
the physiological need of bacteria for these nutrients is
highest during lag phase, implying their important role
in the transition from lag to exponential phase [1, 50]. The
biomethanation of water hyacinth when using anaero-
bic sludge as inoculum would take less than 10 days for
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exponential production of biogas during the biodigester
start-up and would continue on that stage when reload-
ing the system.

3.4 Temperature

The methane yield for the anaerobic digestion of water
hyacinth was not different (p>0.176) at 30 °C and 40 °C.
However, the methane production rate for the biometha-
nation of water hyacinth at 40 °C (9.0+0.8 N mL CH,/g
VS-day) was higher (p=0.0002, Fig. 1) than that at 30 °C
(6.4£2.5 N mL CH,/g VS-day). The effect of temperature on
methane production rate depends on the F//in the system
(p=0.0138). When water hyacinth was digested at 30 °C
using F/I=30, the methane production rate (3.2+0.2 N mL
CH,/g VS-day) was lower (p <0.002) than the other F// ratios
within the same temperature (7.9+0.8 N mL CH,/g VS-day).
As a result, in the anaerobic digestion of water hyacinth at
30 °C, doubling times increased by at least 3 days (p <0.01,
Table 1). However, there was no difference (p>0.218) in
the methane production rate between the digestions con-
ducted at 40 °C. These results are partially in accordance
with previous works. For the thermophilic anaerobic diges-
tion of food waste, 10 °C reduction in temperature, from
65 °C to 55 °C, did not affect (p=0.177) the production
rate of methane [51]. When comparing anaerobic diges-
tion of sludge at 34 °C, 38 °C, and 42 °C, the methane yield
was higher at 38 °C but foaming formed at this and higher
temperatures [30]. The biomethanation of water hyacinth
at 40 °C would lead to higher methane production rates
and shorter digestion times without compromising the
stability of the process.

300 b 60.000
Exponential phase

250 - 50.000
Pseudo-lag phase 90

200 40.000

150

N mL/g feed

100 20.000

Cummulative methane (N.mL CH4/ g VS)
o

50 -
5

0 . : . : . s 0.000
0 20 40 60 80 100 120 140

Time (days)

Fig.2 Anaerobic digestion of water hyacinth at 30 °C and F//=30.
a Kinetic profile of pseudo-lag and exponential phases that follow
the modified Gompertz model. b Biogas production (N mL/g feed)
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3.5 Kinetic models

The methane production per time curve was successfully
fitted (R?>0.993, Fig. 2a) to the modified Gompertz model
when non-acclimatized sludge was used as inoculum at
40 °C. However, the explanation of the data by this model
decreased after inoculum acclimatization (R?=0.965+0.02,
Fig. 1b, ¢). The maximum methane potential of water hya-
cinth when digesting at 40 °C with acclimatized sludge
is better explained (p=0.0003) by Chen and Hashimoto
model (R*=0.995+0.01) than by the modified Gompertz
model. After 105 days of digesting water hyacinth with
acclimatized sludge at 40 °C, the stationary phase had
not been reached (Fig. 1b), following an exponential
pattern proper of Chen and Hashimoto model. The first-
order kinetic model explained (R?>0.953) the hydrolysis
stage through the disintegration rate constant (K,). The
disintegration rate was larger (p <0.01, Table 1) when the
anaerobic digestion was conducted at 40 °C with accli-
matized sludge, leading to a higher methane production
rate (Table 1). These results differ from previous studies
that evaluated the biomethanation kinetics of food waste
and vegetable crop residues that concluded the modified
Gompertz model was better fitted than the first-order and
Chen and Hashimoto models [34, 52]. The inoculum accli-
matization seems to have favored an exponential behavior
in the biomethanation of water hyacinth.

When water hyacinth at F//=30 was digested at 30°, the
biomethanation profile could not be explained by any of
the models under study (Fig. 1¢). The biomethanation
kinetics under these conditions is different from the pre-
viously published works. The kinetic parameters included
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and methane percentage per period (~4-10 days). During the inhi-
bition phase (up to ~41 days), the biogas production was minimum
and had less than 50% methane
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a period of time, named pseudo-lag phase, which took
place after reaching an initial asymptote and before the
exponential phase (Fig. 2a). The pseudo-lag phase lasted
36 days and its asymptote was 43.4+2.5 N mL CH,/g VS.
During this phase, the methane production followed the
modified Gompertz model, which also governed the fol-
lowing exponential phase. The maximum methane poten-
tial for the exponential phase was 259.9+16.9 N mL CH,/g
VS, with a methane production rate of 3.9 N mL CH,/g VS.
The anaerobic digestion of water hyacinth high F// (30)
and 30 °C could have been assumed to be terminated after
30 days due to low biogas generation and low %CH, at
that time (Fig. 2b). However, the consortia seem to have
adapted to an F/I=30, since the biogas produced after
45 days of digestion had a % CH, above 65% (Fig. 2-B). Sim-
ilarly, the production of biogas after more than 120 days of
digestion did not seem to have ceased, which implies that
the maximum methane potential is higher than the yield
at that time (263.6 £23.0 N mL CH,/g VS, Fig. 2b).

3.6 Energy analysis

The conditions for the anaerobic digestion of water hya-
cinth that required the lowest heating energy were those
at higher F/l and lower digestion temperature (Table 2).
The difference between the produced and the heat-
ing energies was highest (p <0.01, Table 2) for F//=10 at
30 °C, and F/I=30 systems at 30 °C and 40 °C, and lowest
(p<0.05) for F/I=5.0 at 30 °C. The anaerobic digestion at
F/1=30.0 resulted in the most energetically efficient sys-
tem compared to those under study. The insignificant
difference (p>0.957) in the net energy E,-Q between the
biodigesters operating at 30° and 40 °C when F/[=30 is
due to the higher yield at 40 °C than at 30 °C.

The optimal conditions for the batch anaerobic diges-
tion of water hyacinth would generate the highest amount

of energy per time while having the minimum energy con-
sumption per batch. The digestion of water hyacinth at
F/I=30 and 40 °C has the highest difference between the
produced and the heating energies per batch (Table 2)
while keeping low doubling times (16.9+ 0.3 days).
Even though the energy produced from the digestion
of water hyacinth at F//=30 and 30 °C is more than 10
times the heating energy (Table 2), the doubling time
(49.6 £ 2.5 days) is above 40% (p < 0.006) those of the rest
of the experimental units. Also, the kinetics under these
conditions includes a pseudo-lag phase where the pro-
duction of methane is 20% of the methane yield and lasts
more than 30 days. The anaerobic digestion of water hya-
cinth at high F/I should consider increasing the tempera-
ture of the system to overcome the deficiencies of the high
substrate loading while keeping the energy efficiency of
the large-scale systems.

4 Conclusion

The anaerobic digestion of water hyacinth at different F//
ratios, mesophilic temperatures, supplementation con-
ditions, and inoculum acclimatization was conducted
through factorial experiments. The study showed that
using anaerobic media with and without vitamins and
minerals did not improve the methane yield or rate in
the batch systems. However, the F/I ratio affected the
biomethanation performance. At F/I=30, the methane
yield (263.8+26.9 N mL CH,/gVS) and rate (5.6 2.8 N mL
CH,/g VS-day) were lower than that at F//=1.0, F/I=5.0,
and F/I=10.0. Digesting the biomass at higher tempera-
tures did not affect the methane yield but increased the
production rate [N mL CH,/g VS-day] from 6.4+ 2.5 at 30 °C
10 9.0+0.8 at 40 °C, which leads to shorter digestion times.
The highest difference between the energy produced and

Table 2 Energy analysis for the anaerobic digestion of water hyacinth at 30 and 40 °C using different F/I for a 5 m? biodigester. The assump-

tions were calculated for a to keep the study conditions

Conditions  Assumptions Analysis parameters Energy analysis
TCQ FI Meeeq mSludge mHZO 15 Myotal Cp Slurry AT Yield CH4 Q Ep Ep -Q
kg) (M) (kg) (M) (kg) (M) (%) (kg) (ki/kg°Q) (C) (LCH/Kg) (M) (M) (m)!

30 50 269 28 538 0.09 2098 2.1 32 2421 3.85 10 3280163 932 316.0+157 2228+157A
100 347 36 347 0.062 1354 14 38 1736 3.65 10 330.3%5.2 634 4105+65 347.1£6.58B
300 425 44 142 0025 552 06 53 991 3.10 10 263.6+23.0 307 4004+348 369.7+30.7B

40 50 269 28 538 0.09 2098 2.1 32 2421 3.85 20 346.3%206 1864 333.7+19.8 1473+193C
100 347 36 347 0.062 1354 14 38 1736 3.65 20 3084%06 1268 383.3+0.7 256.5+0.7A
300 425 44 142 0025 552 06 53 991 3.10 20 2843+159 614 4328+242 3714+242B

The mass of the water hyacinth (mg.4) and the inoculum (mg,4,.) were expressed on fresh and dry basis, respectively. The water (m, o) con-

sidered in the study is from the sludge

'Different letters indicate a significant difference between sites for unpaired t test (alpha=0.05)
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the heating energy consumed during the anaerobic diges-
tion of water hyacinth occurred at F//=30 at 30° and 40 °C.
However, the doubling times at 30 °C were almost three
times that at 40 °C since 30 days pseudo-lag phase was
observed during the biomethanation of water hyacinth
at the lower temperature. The digestion of water hyacinth
at high F/I(30) using high mesophilic temperature (40 °C)
seems to be feasible.
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