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ABSTRACT

Thermophilic anaerobic digestion (AD) of cattail followed by hydrothermal carbonization (HTC)
was studied. The intent of the research was to develop agricultural waste-based biorefining tech-
nologies for bioenergy production along with value-added products. Cattail was anaerobically
digested at 55°C for 14 days and protein and cellulose components were partially degraded. The
average methane yield was 230-280mL/g volatile solids and the total solids decreased by
33-55%. When the particle size of cattail was reduced from 1in. to 1 mm, the lag phase was short-
ened from 1.48 to 0 d. Following the AD process of cattail, the AD digestate was hydrothermally
carbonized at 250°C for 4 h, yielding approximately 6.7-7.5wt % gaseous products, 64wt % liquid
products and 28wt % hydrochar. The gaseous products contained >5000 ppm H,S and liquid
products possessed fewer chemicals and higher ratio of phenolic compounds compared to the
liquid products from HTC of original cattail. The hydrochar had a higher carbon content
(76.8-79.8%) and a higher specific surface area (~10m?/g) than those of the feedstock. Hydrochar
was further activated by using Na,COs;, NaHCOs; and NaCl. The activation process increased the
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carbon content and specific surface area to 84-93% and 250-630 m?/g, respectively.

Introduction

Driven by global population growth, rapid urbanization,
changes in diet and economic growth, the human society
has shown a rapid increase in demand for food, energy and
water (FEW) resources.!"! These three important resources
are interlinked in several ways. Agricultural production and
food processing are the world’s largest consumers of fresh-
water resources, and more than a quarter of the energy used
worldwide is consumed for food production and supply.'>?!
Therefore, an integrated approach to ensure water security,
food security and global sustainable agriculture along with
energy production is essential. Waste-based integrated biore-
finery can be utilized for increasing the resilience of FEW
systems. The agricultural industry generates large amounts
of solid wastes and wastewater which threaten the quality of
the environment and impose an economic burden on their
producers and governments. However, the waste contains a
variety of fertilizer components and renewable energy sour-
ces. Recycling the resources in agriculture and effective util-
ization of renewable energy would minimize the import of
fertilizers and energy which would ensure environmental
sustainability and economic viability. This research used
aquatic cattail as a feedstock to study the agricultural waste
recycling technologies: anaerobic digestion (AD) and biochar
production, which provided a research foundation for

biorefinery technology that uses agricultural waste to pro-
duce energy and fertilizer.

The aquatic plant of cattail (Typha species) is a biomass
crop that is especially suitable for wetlands."* Cattail has high
pest resistance and high adaptability. Because of its superior-
ity in productivity (40+ metric ton/ha standing crops), cattail
is a potential and plentiful feedstock for AD.!!

AD is a cost-effective waste treatment technology that
produces methane (CH, also called biomethane) from
almost all organic wastes such as animal manure,'® crop
residues,””! food wastes'® and energy corps.!”’ Temperature
and pH are two of the most important aspects of AD as the
growth of microorganisms depends heavily on them. AD
can be carried out under mesophilic (25-37 °C) and thermo-
philic (55-65°C) conditions. Most of full scale anaerobic
digesters are carried out at mesophilic temperature. ")
However, mesophilic anaerobic digesters have longer start
up time and moderate rate of lignocellulose degradation.!"!
On the other hand, thermophilic temperature results in bet-
ter degradation of lignocellulosic biomass, thus improving
AD efficiency and eradicates pathogens as compared to mes-
ophilic AD. Therefore, thermophilic AD has gained popular-
ity as it provides better efficiency of AD and eradicates
pathogens."?! Hundreds of microbial species are involved in
the AD process, where methanogenic bacteria are extremely
sensitive to pH. The pH is an indicator of the accumulation
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of volatile fatty acids (VFA) in the system.!"* If a high con-
centration of VFA is formed, the pH will be lowered to a
level that severely inhibits methanogens. Thermophilic AD
typically operates at a pH of 6.5-7.5.1'

During AD, about 30-50% of the organic matter is
decomposed, while the remaining 50-70% becomes a large
amount of AD digestate which contains digestate solids and
effluent (liquid).!">! AD digestate is generally not suitable for
direct application on land because it contains a wide range
of chemicals and microorganisms that can pollute the envir-
onment.'®! Therefore, the recovery of nutrients and water
from the AD digestate, before releasing it in the environ-
ment, will not only benefit the sustainability of fertilizer and
water supply but also alleviate the pollution. Biochar (acti-
vated biochar or activated carbon-AC) can be an effective
adsorbent to recover nutrients like ammonia (N) and phos-
phates (P) from AD effluent.""”'®! For large-scale application
of AC, the production cost can be reduced by either choos-
ing a cheaper feedstock or applying a proper activation
method.!"”) The conversion of the digestate into AC would
eliminate the need for treating residue and increase the eco-
nomic value. In addition, extraction and concentration of
useful N and P nutrients from the AD effluent, using AC as
an adsorbent, could provide an opportunity for sustainable
fertilizer production, odor control, pathogen reduction and
farm nutrient balance management.

Hydrothermal carbonization (HTC) is a typical biochar
production method that is suitable for wet feedstock. HTC
obviates the need to dry the raw material, which may be a
cost-effective approach for feedstocks with high moisture
content like aquatic plants and AD digestate. HTC permits
reactions to be carried out at lower temperatures (<350°C)
in comparison with pyrolysis (350-650 °C). Low-temperature
HTC can mimic the natural process of coalification of bio-
mass, although in HTC the reaction rate is higher and the
reaction time is shorter compared to the slow process of
natural coalification of biomass which takes up to hundreds
of years.””! Biochar yield after HTC of biomass varies from
30% to 60% depending on the feedstock properties, reaction
temperature and pressure.”!! The biochar produced via
HTC is often called hydrochar. The physiochemical proper-
ties of biochar differ depending on the techniques applied.
Previous studies have compared the properties of hydrochar
produced via HTC to biochar produced via gasification/pyr-
olysis and concluded that the hydrochar is superior to bio-
char because hydrochar contains more functional groups,
has reduced alkali, and alkaline earth.[>-2*]

A salt melt synthesis (SMS) method was employed in this
study to enhance the quality of hydrochar.?>?*! SMS uses
molten inorganic salt as the medium for either the reaction
or activation step. SMS has emerged as an important com-
plementary route to the conventional liquid phase synthesis
over the years. A detailed review of this topic can be found
in the literature.”*”)

In this study, fresh and dried cattail was anaerobically
digested separately at thermophilic temperature and the effect
of different particle size on the methane yield was studied.
Following AD, HTC was conducted using the cattail digestate.

Analysis was run on the HTC products and the effect of AD
on these products was carefully studied. To improve the quality
of hydrochar, hydrochar was subjected to SMS method using
three sodium salts, including sodium carbonate (Na,COs),
sodium bicarbonate (NaHCO3), and sodium chloride (NaCl).

Materials and method
Materials

The aerial portions of cattail, Typha latifolia, were harvested
from the North Carolina Agricultural and Technical State
University farm in the summer of 2018. Fresh cattail was cut
into 1-in. pieces and was divided into two batches. The first
batch was directly used as the feedstock for AD, while the rest
was dried naturally at room temperature for at least 2 weeks.
Dried cattail was ground to a particle size of ~1 mm by using
a Thomas Model 4 Wiley Mill (Thomas Scientific,
Swedesboro, NJ, USA) and then stored in an airtight container
at room temperature. The solid contents of fresh and dried
cattail were 38.7£1.9% and 92.1 £0.7%, respectively. The bio-
mass composition of cattail was presented in our previous
publication,'*®! which includes 34.5% cellulose, 11.7% xylan,
26.4% Klason lignin and other sugars. Fresh cattail also con-
tains proteins, free amino acids, organic acids, dyes, enzymes,
hormones, other organic substances and minerals.'*”!

The inoculum for all AD experiments was the effluent which
was collected from an previous running anaerobic digester at
the University farm.*®) The anaerobic digester digested swine
manure with a solid content of 3wt % under continuous agita-
tion at 250 rpm at 55°C. The effluent was collected on the day
of the experiment and used immediately.

Anaerobic digestion

Fresh cattail (1-in. pieces) and dried cattail (1-in. pieces and
fine powder) were anaerobically digested using the
Automatic Methane Potential Test System (AMPTS II)
(Bioprocess Control, Sweden).*") For a typical experiment,
the biomethane potential test was performed in a 500 mL
flask with a working volume of 400 mL, in which ~20g (dry
basis) feedstock was inoculated with 400 mL effluent giving
a 0.25 g volatile solids (VS) inoculum/g VS. The experiments
were carried out in duplicate or triplicate at 55°C. The AD
of fresh cattail (1-in. pieces) and dried cattail (powdered)
was conducted for 14 days. The dried cattail (1-in. pieces)
was anaerobically digested for 7 days and 14 days. The bio-
methane potential was measured daily. The biogas compos-
ition was recorded using Biogas 5000 analyzer (Landtech
North America, Dexter, MI, USA) and the final pH was
measured at the end of the experiment. After the AD pro-
cess, AD digestate was filtered to yield AD solid digestate
(i.e. digested cattail) and the liquid AD effluent.

Kinetic model of biomethane production

The modified Gompertz Equation was used to fit the cumu-
lative methane production data as shown in Eq. (1)!;



R
P(t) = Pm x exp {—exp[ ;:e

(2—1)+1H €]

where P, is the maximum CH, yield (mL); R, is the max-
imum daily methane production (mL); 4 is the lag phase
(d); P(¢) is the cumulative methane yield at time ¢ (mL) and
e is the base of natural logarithm. Kinetic parameters of P,,,,
/ and R,, were determined using non-linear regression in
Microsoft Excel (Redmond, WA, USA).

Hydrothermal carbonization

The detailed experimental apparatus of HTC was described in
our previous publication.** Dried cattails (1-in. pieces) that
had been anaerobically digested for 14 days were used as raw
materials. The HTC of cattail was also performed to compare
the effects of AD. For a typical experiment, 3g (dry basis) of
the feedstock was mixed with 50 mL liquid AD effluent. In
case of HTC of cattail, 3g of cattail was mixed with 50 mL
deionized water. This mixture was hydrothermally carbonized
in a 75-mL Parr high-pressure reactor (Parr Instrument,
Moline, IL, USA). The temperature of the reactor was
increased at a heating rate of about 10°C/min and held at
250°C for 4h. The literature has different opinions on the
precise reaction conditions of the HTC reaction. It is generally
considered that the reaction temperature is between 150 and
350°C (preferably 180-250°C) and the reaction time is typic-
ally several hours.****) In this study, moderate reaction condi-
tions of 250°C and 4 h were chosen to prepare hydrochar.
When the reaction was completed, the reactor was cooled
down to the room temperature by using a fan that gave a
cooling rate of ~10°C/min. Once the reactor reached the
room temperature, the final pressure in the reactor was meas-
ured with a digital pressure gauge, and then the gaseous
products were collected in a 1-L Tedlar bag for gas chroma-
tography (GC) analysis. Both the final pressure and the com-
position of the gaseous products were used to calculate the
gas weight. The hydrochar was separated from the aqueous
fraction by filtration, washed with 50 mL acetone and then
dried at 105°C for 12h. The acetone soluble fraction was
companied with the aqueous products as the liquid products.
The product yield was defined as the following Eqs. (2)-(4):

_ weight of solid residue

. . o) — .
Yield of residue (%) weight of dry biomass x 100%

2)

weight of gas
weight of dry biomass

Yield of gas (%) = x 100%  (3)
Yield of liquid (%) = 100% — Yield of biochar(%)
— Yield of gas(%)

4)
Molten salt activation of hydrochar

Due to their availability and lower cost, the most common
molten salts are typically chlorides, sulfates, carbonates and
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hydroxides. Ensuring safety and minimizing environmental
pollution, the following three sodium salts were chosen:
Na,COj;, NaHCO; and NaCl. In a typical process, hydrochar
was mixed with one salt in a ratio of 1:3, and then the mix-
ture was homogenized with a mortar and pestle. The pow-
dered mixture was transferred to a ceramic crucible and was
placed in an electric furnace equipped with a continuous
nitrogen flow. After flushing with nitrogen for 30 min, the
furnace was ramped at 10°C/min to the carbonization tem-
perature of 900 °C and kept at this temperature for 1h. The
furnace was cooled to ambient temperature by switching off
the power; meanwhile, the nitrogen flow was maintained
until the temperature reached room temperature. The as-
obtained product (i.e. activated hydrochar) was crushed into
particles using a mortar and pestle and washed with suffi-
cient amount of water to remove the salts. The activated
hydrochar was dried in an oven at 105°C for 12h.

Characterization

Chemical compositions of the liquid products generated
from HTC were analyzed using an Agilent 7890-5975°C gas
chromatography-mass spectrometry (GC/MS) (Santa Clara,
CA, USA) with a DB-1 column. The GC was programed to
hold the temperature at 40°C for 2min and was gradually
increased at the rate of 10 °C/min to attain a temperature of
250°C and was held for 10 min. The injector temperature
was 300 °C, and the injection volume was 1 ul. The flow rate
of the carrier gas (helium) was 0.6 mL/min. The ion source
temperature was 300°C for the mass selective detector. The
compounds were identified with a comparison to the Mass
Spectral Database of the National Institute of Standards and
Technology (USA).

Gaseous products generated during HTC were analyzed
by using a Varian CP-4900 Micro-GC (Santa Clara, CA,
USA) with MS5A, PPQ and WAX columns and a thermal
conductivity detector for the analysis of hydrogen, carbon
monoxide, carbon dioxide, methane and other gases.

To obtain the morphology of the feedstocks and hydro-
char, scanning electron microscopy (SEM) images were
acquired on a JEOL JSM-7600F scanning electron micro-
scope (Tokyo, Japan) operated at a 5kV accelerating poten-
tial provided with an in-lens detector. Elemental
composition of samples was determined by using the same
SEM with the energy-dispersive X-ray detector operated at a
20kV accelerating potential.

To compare the specific surface area and pore size in
samples, physical adsorption was measured with a
Micromeritics ASAP 2020 surface area and porosity analyzer
(Norcross, GA, USA).

Results and discussion
Thermophilic anaerobic digestion of cattail

Cattail was anaerobically digested with 5% solid content and
at a thermophilic temperature of 55°C. Fresh cattail (1-in.
pieces) and dried cattail (fine powder) was digested for
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Table 1. Experimental results of cattail AD and kinetic parameters of cumulative methane production using modified Gompertz Model.

Experimental results

Kinetic parameters

Feedstock and Methane yield Mass pH Cumulative methane P R A
AD period (mL/g VS) reduction after AD yield (mL) (mL) (mL) (day)
Fresh 1-in. (14-day) 203+13 55.7% 7.8 957.2 4432 1151 4.5
Dried Fine powder (14-day) 27515 36.5% 7.5 1160 1184 130.8 0
Dried 1-in.(14-day) 258+24 33.2% 73 1039 1330 94.1 1.48
Dried 1-in.(7-day) 1967 18.9% 7.1 487 2447 70.7 2.15

(a)

1400
1200
Emn{: //"‘d
5 800 :
]
E 600
o
E 400
g =g Experimental ==0= Calculated
= 200
o
0
0 5 10
Time (d)

(b)

1200
1000
200
6K

A00
=g |:xperimental = == Calculaled

Methane Production {mL)

200

0

T'ime (d)

o
(¢}
—

1200

1000

800

M)

A0

Methane Production (mL)

200

Time (d)

Fig. 1. Experimental and calculated biomethane production during the 14-day
AD of (a) cattail in the form of dry fine power, (b) dry 1-in. cattail pieces and (c)
fresh cattail.

14 days only while dried cattail (1-in. pieces) was digested
for 7-day and 14-day. The biogas produced consisted of
about 60vol % CH,, while the CO, content was approxi-
mately 38vol %, with the balance of hydrogen sulfide,

nitrogen and oxygen. The cumulative methane production
was fitted in the modified Gompertz equation. The experi-
mental and modeling results are compared in Table 1 and
Figure 1.

As shown in Table 1, for a 14-day digestion, the average
methane production of dried cattails and fresh cattails was
258-275 and 203 mL/g VS, respectively. The total solid (TS)
reduction of dried cattail and fresh cattail was 33-36% and
55.7%, respectively. The pH values at the end of experiments
were between 7.1 and 7.8. The use of fresh cattails resulted
in a higher pH and a lower methane yield compared to
dried cattail, probably due to the presence of bioactive com-
pounds in fresh cattails. As analyzed in our previous publi-
cation, fresh cattail contains amino acids, organic acids and
some other metabolites.”” Since healthy thermophilic AD
requires a pH between 6.5 and 7.5, digesting cattail under
different conditions still requires careful pH control.

The cumulative biomethane production from the current
experimental set-up (400 mL working volume with 5% solid
content) was 957, 1039-1163 and 487 for 14-day AD of
fresh cattail, 14-day AD of dried cattail and 7-day AD of
dried cattail (1-in. pieces), respectively (Table 1). It was
observed that the modified Gompertz model was suitable to
describe the biomethane production of 14-day AD of dried
cattail, because the calculated values of P,, were close to the
experimental results. It was also found that the biomethane
production calculated under the condition of dried cattail
AD is in good agreement with the experimental value
(Fig. 1). The lag phases of the 14-day AD of dried fine pow-
der and 1-in. pieces were 0 and 1.8days, respectively.
Therefore, the use of the feedstock with a smaller particle
size could reduce the length of the lag phase. In the case of
fresh cattail AD and 7-day AD, the model gave these two
conditions a long lag phase and a very high maximum
methane vyield, indicating a slow and incomplete diges-
tion process.

HTC of cattail and digested cattail

HTC of cattail was done with DI water, while HTC of
anaerobically digested cattail (dried, 1-in. pieces and 14-day
AD) was conducted with the liquid AD effluent. The yields
of non-condensable gases, liquid products and hydrochar
from these processes are summarized in Table 2. A small
amount (3.3-7.5wt %) of gaseous products was produced
during the HTC process. The major gas component was
CO,, which accounted for 83-89vol % of the total gaseous
products, and the remaining balance was 1-2vol % H,,
7-13.5vol % CO, 0.1-0.36vol % CH,, etc. (Table 3).



Because the AD effluent was used as the reaction reagent,
H,S (>5000ppm) generated during the AD process also
entered the gaseous phase.

The majority products of these HTC processes were liquid
chemicals including water-solubles and acetone-solubles.
A list of GC/MC detectable chemicals is given in Table 4.
Because the cattail was harvested in the summer, it contained
protein and other metabolites in addition to cellulosic
components, therefore, the liquid products from HTC of
cattail contained several nitrogenated compounds such as
(1-methylethyl)-hydrazine, pyridine, ethanethioamide and
o-isopropylhydroxylamine. Products such as aldehydes,
ketones and alcohols are usually derived from the degradation
of cellulose and hemicellulose, while phenolic derivatives are
derived from the degradation of lignin.

The process of AD had an effect on the liquid products
of HTC. The ratio of the nitrogenated chemicals in the
liquid products of HTC of digested cattail was lower than

Table 2. Product yields of HTC of cattail and digested cattails at 250°C
and 4h.

Yields (wt %) Cattail 7-day AD 14-day AD
Gas 3303 6.7+13 7515
Liquid® 69.0 64.3 64.3
Biochar 27.7+£0.7 28.8+£0.5 282+1.1
“The liquid yield was calculated according to Eq. (4).

Table 3. The composition of gaseous products of HTC.

Gas component (vol %) Cattail 7-day AD 14-day AD
H, 1.08 1.32 1.77
co 7.82 10.53 13.54
CH, 0.13 0.12 0.36
CO, 89.36 87.43 83.69
H,S - 0.55 0.63

—: not detectable.
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that of original cattail. Because nitrogenated chemicals are
the degradation products of proteins, the result indicates
that the protein of cattail was partially degraded during AD.
The total number of chemical species in the liquid products
of HTC of digested cattail was also lower than that of ori-
ginal cattail, which may be due to the degradation of cellu-
lose and hemicellulose in cattail during AD. Meanwhile, the
ratio of phenolic derivatives in the liquid products obtained
via HTC of the digested cattail was higher than that of ori-
ginal cattail, confirming that lignin is non-digestible mater-
ial. Because the HTC reaction temperature of 250°C is
relatively low for complete degradation of biomass into
monomers, only limited organic chemicals in the liquid
products can be identified by GC/MS.

The yield of solid residues of HTC (i.e. hydrochar) was
~28wt %. Table 5 shows elemental analyses of cattail,
digested cattail (dried 1-in. pieces) and hydrochar. The car-
bon (C) content in cattail was about 72%. After AD, the C
content was reduced to around 63% due to the conversion
of carbon into methane and carbon dioxide. HTC of cattail
increased the C content to almost 80%, while HTC of
digested cattail increased the C contents to ~77%. Besides
C, hydrochar contained 20-22% oxygen (O) and ~1% cal-
cium (Ca). Phosphorus (P) existing in some samples may
originate from the AD process.

The morphology of cattail, digested cattail (dried 1-in.
pieces) and hydrochar were revealed via SEM analysis.
These three samples were magnified about 50,000 times, and
the scale in Figure 2 was 200nm. The surface of cattail
showed its characteristic texture (Fig. 2a). After 14-day
digestion, there was no obvious change in the surface of cat-
tail (Fig. 2b). However, after carbonization, it was noticeable
that the texture characteristic of cattail had disappeared
from the surface of the hydrochar (Fig. 2c). The material

Table 4. GC/MS analysis of liquid products of HTC of cattail and digested cattails (area %).

Retention time (min) Possible chemicals Cattail 7-day AD 14-day AD
1.63 Hydrazine, (1-methylethyl)- 1.5 1.4 0.4
1.73 Pyridine 4.0 1.2 1.1
1.92 2-Butanone 1.6 34 0.8
1.97 Ethane, 1,1-dimethoxy- 1.9 - -
2.47 Propanal, 3-methoxy- 1.1 - -
2.84 Propane, 1,1-dimethoxy- 0.9 0.9 -
3.64 Propane, 1,1-dimethoxy-2-methyl- 1.0 0.2 -
4.07 Cyclopentanone 24 5.0 2.0
4.99 2-Cyclopenten-1-one, 2-hydroxy- 1.2 2.6 0.7
5.07 Cyclopentanone, 3-methyl- 0.6 13 0.5
5.28 Ethanethioamide 0.6 0.7 -
538 o-Isopropylhydroxylamine 1.0 0.6 -
6.14 2-Cyclopenten-1-one, 2-methyl- 47 6.1 1.7
6.77 2-Butynoic acid 0.6 1.1

7.78 2-Cyclopenten-1-one, 2,3-dimethyl- 2.2 42 3.2
8.45 2-Cyclopenten-1-one, 3-ethyl- 4.1 4.7 2.9
9.3 2-Cyclopenten-1-one, 3,4,4-trimethyl- 19 26 2.2
9.36 Phenol, 2-methoxy- 9.0 1.3 16.2
10.48 1-Butanol, 2-ethyl- 29 0.8 1.9
10.68 Phenol, 3-ethyl- 1.5 - -
10.99 Creosol 33 6.1 7.4
11.24 Decanal 2.8 - -
12.25 Phenol, 4-ethyl-2-methoxy- 9.5 159 14.9
13.07 Phenol, 2,6-dimethoxy- 21.9 1.5 23.1
14.36 1,2,3-Trimethoxybenzene 3.1 1.6 1.6
15.35 Phenol, 2,5-bis(1,1-dimethylethyl)- 12.7 12.5 134
16.36 6-Ethyl-3-propionyl-2,3-dihydropyran-2,4-dione 2.0 42 6.2

—: not detectable.
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Table 5. Elemental analysis of cattail, digested cattails and hydrochar.?

Feedstock Hydrochar

Element Cattail 7-day AD 14-day AD Cattail 7-day AD 14-day AD
C 7218 62.71 63.53 79.79 76.84 77.55

0 26.03 35.56 29.51 19.97 22.28 20.97

K 143 - - 0.23 - -

Ca - 0.18 0.27 0.91 0.88 1.07
Mg - 0.44 - - - -

P - 0.36 0.17 - - 0.42

For each sample, 5-10 particles were analyzed, and average values were reported.

Figure 2. SEM analysis of (a) cattail, (b) cattail anaerobically digested for
14 days and (c) hydrochar produced from (b).

Figure 3. SEM analysis of hydrochar activated by using (a) Na,COs, (b) NaHCO3
and (c) NaCl.
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Table 6. Surface area and porosity analyses of cattail, digested cattails and hydrochar.

Digested cattail Hydrochar Activated hydrochar
Characteristics Cattail 7-day AD  14-day AD  Cattail 7-day AD residues ~ 14-day AD residues  Na,CO;  NaHCO; Nacl
BET Surface area (mz/g) 0.4505 0.431 0.4165 10.09 9.48 10.08 628.49 441.09 251.73
t-Plot micropore area (m?/g) - - 0.218 0.13 0.06 0.03 422.67 286.59 182.45
t-Plot micropore vqume(cm3/g) - - 0.00008 - - - 0.198 0.1344 0.0855
Meso pore volume(cm3/g) 0.001 - 0.0011 0.0327 0.0314 0.045 0.238 0.235 0.044
Average pore width(nm) 10.7 - 12.49 13.2 17.2 18.5 3.22 3.76 25
Table 7. SEM-EDX analysis of activated hydrochar. According to the experimental results, it can be clearly seen
Element Na,C05 NaHCO, NaCl  that sodium carbonate is the optimum activating agent, and
g 9??17 82-13 8;-;‘2 the hydrochar activated by Na,CO; had the highest specific
Ca 03 185 53¢ surface area. Sodium carbonate is more economical and
Al 0.05 0.05 004 safer than activators commonly used in industrial produc-
Mg 0.03 0.08 0.17 .
b 013 095 1gg tion such as KOH and ‘chlz. ‘
Ni 016 0.51 0.74 The proposed applications for the activated hydrochar
S 0.06 0.14 046  include phosphorus adsorption in wastewater or AD effluent
Na 0.63 0.59 0.17 . . .
a a - o044 and carbon dioxide adsorption. However, when all the acti-

turned black and had carbon particles of different sizes on
the surface.

Surface area and porosity analyses of the feedstocks and
hydrochar are summarized in Table 6. Cattail possessed a
very low surface area. Although AD degraded the feedstock
partially, the BET (Brunauer-Emmett-Teller) specific surface
areas of digested cattail (dried 1-in. pieces) were still negli-
gible and lower than 0.45m?/g. It was evident that the
14-day AD created a small number of micropores in this
material. HTC of cattail or digested cattail further increased
the BET specific surface area of hydrochar to ~10m?*/g with
only trace amounts of micropore area.

Melting salt activation of hydrochar and its application

Hydrochar produced from the 14-day AD digestate of dried
cattail (1-in. pieces) was further activated by using three
sodium salts of Na,CO3;, NaHCO; and NaCl at 900 °C. The
surface of activated hydrochar showed more gaps and more
carbon particles (Fig. 3). The BET specific surface areas of
activated hydrochar were approximately 630, 440 and
250 m*/g for the application of Na,COs, NaHCO; and NaCl,
respectively. The micropore area accounted for 64-72% of
total surface area. Activation process increased the C content
of hydrochar to 84.4-93.5% with the balance being 5-8.6%
0, 0.1-1.9% P and trace amounts of other elements like Ca,
Al, Mg, Ni, S, etc. (Table 7).

The melting points of Na,CO; and NaCl are 851 and
801 °C, respectively. The melting point of sodium bicarbon-
ate (NaHCO;) is any temperature over 50°C because it
starts to undergo thermal decomposition, forming sodium
carbonate (Na,CO;), water and carbon dioxide. Three mol-
ten salts behaved differently during carbonization. However,
the mechanism for formation of porosity in molten salts is
still unclear. Some publications attribute the formation of
activated carbon to the templating action of intentionally
added salts during the synthesis,>**”) while others consid-
ered carbonates as both template and activating agent.!*®

vated hydrochars synthesized in this study were compared
with commercially available activated carbon (Catalog #
242276, Sigma Aldrich, USA), all materials including com-
mercially available activated carbon showed similar and low
adsorption capacity. The results indicated that the physical
adsorption capacity of activated hydrochar for carbon diox-
ide (<0.1 mg/g hydrochar) and phosphorus (<5 mg/g hydro-
char) was very low. To improve the chemical adsorption
capacity of the activated hydrochar, further surface modifi-
cation such as loading magnesium is required."*”’

Conclusion

The cattail was anaerobically digested at 55°C for 14 days,
partially degrading its protein and cellulose components.
The average methane yield was 230-280mL/g VS, and the
total solids reduction was 33-55%. When using fresh cattail
as a feedstock, careful control of the pH during AD is
required. Reducing the particle size prior to AD might
reduce the length of the lag phase. A 14-day AD process
could create a small number of micropores in the cattail AD
digestate. Hydrothermal carbonization of this AD digestate
yielded approximately 6.7-7.5% gases, 28% hydrochar and
64% liquid products. Due to the AD process, HTC gaseous
products contained >5000ppm H,S and liquid products
possessed fewer chemical species but a higher ratio of phen-
olic compounds compared to the liquid products from HTC
of original cattail. The hydrochar had a higher carbon con-
tent (76.8-79.8%) and a higher specific surface area
(~10m?/g) than those of the feedstock which had a carbon
content of 63-72% and a specific surface area of <0.45m?/g.
Hydrochar was further activated by using three sodium salts
of Na,CO;, NaHCO; and NaCl. Activation process
increased the C content of hydrochar to 84-93% and the
BET specific surface area to 250-630 m*/g. Further surface
modification is required to improve the absorption ability of
the activated hydrochar.
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