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ARTICLE INFO ABSTRACT

Keywords: This paper presents, for the first time, a comprehensive comparative analysis of the potential of using biochars
Biochar from three distinctly different UK-sourced biomass feedstocks, produced via three different thermal processing
Hydmt}}ermal conversion techniques, to adsorb methylene blue dye. Biochars were made from rapeseed, whitewood, and seaweed
Ez:(i}f,;sﬁ on (Laminaria Digitata), produced via hydrothermal conversion, pyrolysis, and torrefaction. Adsorption kinetic
Wastewater treatment Methylene blue models were developed for each biochar at different temperatures, pH and initial dye concentrations. Relatively
Adsorption high levels of methylene blue adsorption capacity were achieved by seaweed-based biochars (~150 mg/g), with

reasonable levels for rapeseed-based biochars (~60 mg/g), whilst adsorption levels were found to be relatively
low for whitewood-based biochars (<30 mg/g). A Pseudo-second-order kinetic model provided the best fit with
experimental results. The Langmuir adsorption isotherm showed a better fit for seaweed biochars, while the
Freundlich adsorption isotherm was a better fit for the rapeseed-based biochars. The Langmuir adsorption iso-
therms showed relatively high maximum adsorption capacity (Q°) for seaweed-based biochars; ~175 mg/g for
seaweed-Torrefaction and ~ 117 mg/g for seaweed-Pyrolysis. Negative Gibbs free energy (AG°) values were
observed for the seaweed-Torrefaction < seaweed-Pyrolysis < 0, which indicates that the methylene blue
removal could be a thermodynamically favourable process due to the spontaneous nature of the adsorption. Our
investigation has shown that the removal of methylene blue from wastewater could be a potential application for
seaweed-based biochars as part of a holistic whole life cycle valorisation pathway. However, it is not suitable for
all types of biomasses which emphasises the need for tailoring unique valorisation pathways for different types of
biomasses.

1. Introduction torrefaction, and hydrothermal conversion are the most common ther-

mal conversion technologies to convert biomass feedstocks to “biochar”,

Biochars have great potential as a low-cost adsorbent because of
their availability, and inherent pore structure that can be modified to
create relatively high surface area material [1]. Biomass feedstocks are
relatively inexpensive and sustainable materials and are composed of
three major components — hemicellulose, cellulose, and lignin [2,3].
Biochars are porous carbon-rich materials, produced via the thermo-
chemical conversion of biomass below 700 °C in a low oxygen atmo-
sphere [4]. Biochar characteristically has relatively high energy
densities, calorific values, large surface areas, and abundant surface
functional groups, which make them effective, low-cost, and
environment-friendly carbonaceous materials [5,6]. Pyrolysis,

“bio-0il”, and “biogas” and the yield of these primary products depends
on the process conditions. Whilst numerous studies exist on individual
biomasses and/or thermal techniques [4,7-9], to date no study has
comprehensively compared the adsorption potential of biochars from
different feedstocks prepared using all three thermal processing
techniques.

Slow pyrolysis produces maximum biochar yields, with optimal
process temperatures ca. 400 °C, a slow heating rate (2-7 °C/min), and
long residence times (hours to days) under an oxygen-free environment
[10]. Torrefaction also converts biomass feedstocks into medium-grade
solid products (biochars) with a process temperature of 200-300 °C
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Fig. 1. Biomass feedstocks (LD, RS and WW) and biochars produced from these biomass feedstocks through hydrothermal conversion, pyrolysis, and torrefaction.

under low-oxygen or inert atmospheres by removing the moisture and
low energy volatiles from biomass [10]. Hydrothermal carbonisation
(HTC) is an alternative method of producing biochars with a low-
temperature hydrothermal conversion under sub-critical conditions
(180-250 °C, 15-40 bar) [11,12]. Pyrolysis and torrefaction processes
are usually conducted with low moisture content biomass, whereas
hydrothermal conversion is used for the high moisture content biomass
[13]. Hydrothermal conversion can be done in three forms: hydrother-
mal carbonisation (180 °C, 15-40 bar), liquefaction (250-370 °C,
25-240 bar) and gasification (350-700 °C, <300 bar) [14]. Hydro-
thermal conversion facilitates the physio-chemical transformation of
biomass in hot-compressed water to produce biochars, bio-oil, and
biogas, as well as value-added chemicals (ethanol, acetone, acetic acid
etc.) [15]. Most studies focus on comparisons of pyrolysis and torre-
faction to hydrothermal carbonisation and/or single biomass feedstock
types or groups [16,17]. Currently, only limited studies compare the
three-carbonisation techniques for biochars production for dye removal
[18].

Biomass feedstock type, conversion process, and process conditions
such as temperature, pressure, residence time, and heat transfer rate
have a major effect on the physicochemical properties of biochars [19]
surface area, pore structure, carbon content, and surface functional
groups [20,21]. As these physicochemical properties play a crucial role
in determining the performance of these biomass/biochars, process
conditions are of critical importance. The surface area, carbon content
and pore structure can be enhanced by increasing the pyrolysis tem-
perature [22] but it also results in a reduced char yield [10]. Further-
more, a slow heating rate eliminates secondary pyrolysis reactions and
cracking, which maximises char yield [23], and favours the formation of
a stable matrix within the biochar [24]. Biobased carbon materials (i.e.
biochars, activated carbon) have a wide range of applications such as
soil supplements [25,26], an adsorbent to remove the pollutants from
soil and wastewater, and renewable energy production to produce
electricity and heat via combustion [27-30], hydrogen storage [31].
Identification of the most suitable application technology of biochar
produced with a specific biomass processing technology is crucial to the
use of full valorisation of the biomass and potentially decreases the cost
of the biomass processing technology [32,33]. As biomass processing
technologies need to take a broad life cycle assessment approach [34] to
ensure economic sustainability by maximising the potential of feedstock
valorisation.

Dye contamination in wastewater streams of textile industries is a
crucial environmental concern [35,36]. Extensive research has been

carried out on the removal of methylene blue (MB) dye by various sor-
bents i.e. activated carbon [36-39], biochar [40,41], biomass [42-47],
composites materials [48-50]. Among these sorbents, biochars/biomass
provides promising results in the application of dye removal from
wastewater [50,51] in a holistic approach due to their low cost, avail-
ability, and effectiveness. As compared to traditional ion exchange
resins and commercial activated carbons, bio-sorbents often show
higher selectivity in dye removal [52]. Extensive research has therefore
been carried out for the removal of MB by various biomass and biochars
including silk powder [53], orange peel [54], pine tree leaves [55],
green macroalga Caulerpa lentillifera [56], Sargassum muticum [47]
and many others [44,45,50,53,54,57]. Jawad et al. [40] investigated the
removal of MB with acid-functionalised bio-sorbent produced from a
waste coconut shell by chemical treatment. Chemically treated coconut
shell demonstrated an MB adsorption capacity of 50.6 mg/g at 303 K.
The adsorption mechanisms of MB over the bio-sorbent were associated
with the interactions on the surface such as H-bonding, electrostatic
attractions, and =n-n interaction [40]. Shau et al. [57] also produced
biochar from lychee seed by chemical activation and the biochars pro-
vided an MB adsorption capacity of 124.5 mg/g based on the Langmuir
isotherm model. Furthermore, bio-adsorbents derived from suitable
algal biomass showed an affective removal of MB [52], i.e. the adsorp-
tion performance of green macroalga Caulerpa lentillifera (417 mg/g)
[56], Sargassum muticum (279 mg/g) [47], and Fomes fomentarius (232
mg/g) [58]. Removal of MB with bio-sorbents is a promising method,
which is particularly suitable for the treatment of low concentrations of
MB [52]. It also could be one of the holistic approaches to minimise the
cost of biomass processing technologies using solid residues (or bio-
chars) for dye removal [32,33].

This paper presents a comparative study on how the optimal holistic
biomass processing pathways and process interdependencies influence
the MB dye adsorption properties of biochars made from three distinctly
different biomass feedstocks. The suitability of three distinctly different
UK sourced biomass feedstocks (Whitewood, Rapeseed, and Seaweed
(Laminaria Digitata)) were investigated for biochar formation in three
commonly used thermal conversion technologies; torrefaction, pyroly-
sis, and hydrothermal conversion (subcritical conditions; hydrolysis,
carbonisation, and liquefaction) under a wide range of processing con-
ditions. The study looks at the effects of pH, temperature, and concen-
tration. Furthermore, the biochar adsorption kinetics, adsorption
equilibrium models, and adsorption thermodynamics were also inves-
tigated to identify the kinetics and equilibrium models of the biochars.
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2. Material and methods
2.1. Biomass feedstocks and thermal conversions

Three different biomass feedstocks were used in this study (provided
in Fig. 1). Rapeseed residues (RS) as a source of agricultural waste were
supplied by the School of Biosciences at the University of Nottingham.
The rape seed (Brassica napus L., variety DK Exalte) was provided by a
local farm following the 2017 summer harvest and stored at 20 °C and
rH 50 % until use [59,60]. The RS was obtained by the modified method
presented in Ref. [59,60]. Whitewood (WW, made from sawdust resi-
dues from Northern Ireland (UK), supplied by Wolseley). The brown
seaweed (Laminaria digitata, LD) was collected at low spring tides in
May 2015 near Downderry in Cornwall (UK) (GPS coordinates:
50.3623° N. 4.3687° W) and prepared by following the methods out-
lined in Ref [61]. These feedstocks were selected as they are all
domestically produced in the UK and from three distinct types of bio-
masses [3,61,62].

The hydrothermal conversion of RS, LD and WW was investigated at
low to medium temperatures (100 °C for hydrolysis, 200 °C for car-
bonisation, and 300 °C for liquefaction) under a wide range of pressures
(60 — 3500 psi) using a semi-continuous hydrothermal rig, illustrated
previously [15], to establish the optimal conditions for biochar pro-
duction. The biochar formation from RS, LD, and WW via pyrolysis was
investigated in a micro-activity fixed bed unit, illustrated previously
[63-66], at 300, 400 and 550 °C for 60 min under a N flow of 12 ml/
min. Torrefaction of biomass feedstocks (LD, RS and WW) was also
investigated in a horizontal tube furnace, illustrated previously [27,63],
using the following procedure, the biomass resources were placed in the
middle zone of a quartz reactor, heated from ambient temperature to the
torrefaction temperatures of 220, 250 and 280 °C with a heating rate of
10 °C/min under an N flow rate of 1.0 L/min and the temperature was
maintained at this level for 60 min. Further details about the hydro-
thermal process, pyrolysis and torrefaction and operating of these rigs
were presented previously [32,33]. The abbreviations “HC”, “PC” and
“TC” are used in the following sections to represent the biochars (Fig. 1)
produced by hydrothermal conversion, pyrolysis, and torrefaction,
respectively.

2.2. Characterisation of biochars

Proximate analysis of biomass feedstocks (RS, WW, LD) and prepared
chars was performed in a TA-Q500 using the procedure described pre-
viously [15] as well methodologies for proximate and ultimate analysis
[32,33]. Furthermore, the elemental compositions (carbon (C),
hydrogen (H), nitrogen (N)) of biomass feedstocks were determined
using LECO CHN 628 and oxygen (O) content was calculated by dif-
ference [67].

2.2.1. Textural properties

The textural properties (surface area and micropore volume) of
prepared biochars were measured using a Micromeritics ASAP 2420
instrument (Micromeritics 1td) using CO, as the adsorbate. Before
analysis, approximately 0.50 g of sample was degassed under a high
vacuum (<0.013 mbar) at 120 °C for 15 h to remove adsorbed gases and
moisture on the samples. CO, isotherms were acquired from 0.000005 to
0.034 relative pressure (0.00023-1.18115 bar) at 0 °C. The specific
surface area of the samples was calculated using the BET model at 0.025
to 0.030 relative pressure (0.83-1.07 bar) and the micropore volume by
the Dubinin-Radushkevich model using Microactive Software V5.0 [68].

2.2.2. FTIR analysis

The infrared spectrums of biomass feedstocks and chars were scan-
ned using a Bruker IFS66 (FTIR) with KBr beam splitter, Globar light
source, deuterated triglycine sulfate (DTGS) room temperature detector
and Specac “Goldengate Bridge” diamond attenuated total reflection
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(ATR) attachment. The instrument was air purged by a Parker Balston
75-52 FTIR purge gas generator. The dried samples were scanned with a
resolution of 8 cm ™! within the infrared region of 400-4000 cm™!. For
the RS samples, background and sample were both collected for 119
scans (1 min), for the WW and LD samples 238 scans (2 min) were used.

2.3. Wastewater treatment application of biochars

Adsorption experiments were carried out using methylene blue dye
(MB) from Sigma Aldrich. Initially, the effects of particle size on dye
adsorption for the pre-processed biomass were investigated to identify
the mass limitations in the process. The effects of pH, temperature and
initial MB concentration were investigated for the pre-processed
biomass feedstocks, biochars (produced in hydrothermal conversion at
200 °C under 3500 psi, produced in pyrolysis at 400 °C, and produced in
torrefaction at 250 °C) of RS, WW and LD.

2.3.1. Effects of pH

To investigate the effects of pH, 10 mg of adsorbents (biomass
feedstocks, biochars produced at 200 °C under 3500 psi in hydrothermal
conversion, produced at 400 °C in pyrolysis, and produced at 250 °C in
torrefaction, as representative of each thermal conversion technology)
were placed in a glass cylindrical cell and mixed with 10 ml of 200 ppm
initial MB concentration in a pH ranges of 2.0 — 10.0 in an incubator
operating at 30 °C for 24 h. The pH of the experiment solutions was
adjusted by 0.1 M HCI or 0.1 M NaOH solutions.

2.3.2. Effects of temperature and initial MB concentration

The adsorption experiments were repeated as per the pH experi-
ments with approximately 30 mg of adsorbent and 30 ml of MB solution
having an initial concentration of 200 ppm, 100 ppm and 50 ppm at a pH
of 6.0. The adsorbents and MB solution were mixed in a glass baker at
160 rpm in an incubator operating at 20, 30, and 40 °C for 24 h. To
demonstrate the adsorption curves and calculate the adsorption kinetics,
approximately 140 pL (0.46 % of the total solution) of the samples were
removed from the solution at specific time intervals using automatic
pipettes.

2.3.3. Comparison of the adsorption capacities of biochars

The adsorption experiments were repeated with all the biochars
produced at different temperatures in hydrothermal conversion, pyrol-
ysis and torrefactions processes. Approximately 10 mg of biochar mixed
with 10 ml of MB solution having an initial concentration of 100 ppm at
160 rpm and an initial pH of 6.0 in a glass cylindrical cell at 30 °C using
an incubator for 24 h. After each run, the dye solution was filtrated using
a syringe filter (20 um of pore size) and the MB concentration was
measured by Ultraviolet-Visible spectrophotometer (UV/Vis, Shimadzu
UV mini-1240). One set of each experiment group was triplicated under
identical conditions to determine the experimental error. The dye con-
centration at equilibrium was calculated from the calibration curve,
which was obtained at the wavelength of maximum absorbance (664
nm). The dye removal efficiency (Eq-1) [55,69] and adsorption capacity
(Eq-2) [55,69] were determined using the following equations.

G —-C

Removal efficiency (wt.%) = C *100 1
0
Co — O)*V,,
a(mgfg) = (0= OV @
Maas

Where Cy and C (mg/L) is the initial and residual MB concentration, Vi,
(L) is the MB volume used in the adsorption, mggs (g) is the mass of
adsorbent (biomass feedstocks of char) used in the adsorption, g (mg/g)
is the adsorption capacity of the adsorbent.
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2.4. Adsorption kinetics, equilibrium models, and thermodynamics

2.4.1. Adsorption kinetics

Adsorption kinetics of biomass feedstocks and biochars were inves-
tigated using kinetic models. Pseudo-first order, pseudo-second-order,
and intra-particle diffusion models were applied to the experimental
data set produced at 30 °C for the initial MB concentration of 50, 100
and 200 ppm. As these models include the mass transfer steps during the
adsorption process, they are a means of identifying the adsorption ki-
netics of dye removal processes. Additionally, these models specifically
Pseudo-first order and pseudo-second-order are well-known adsorption
kinetic models used in the predictions of adsorption rate in batch ad-
sorbers [35,69,70]. The major limitations of Pseudo-first order and
Pseudo-second order adsorption rate models were defined by Yener et al.
[35,36] as in these models, the adsorption rate constant is relatively
dependent on the adsorbate concentration and the amount of adsorbent
charged to the adsorber. The non-linear and linearised equations of
Pseudo-first order (Eq. (3) and Eq. (4)) and Pseudo-second order (Eq. (5)
and Eq. (6)) kinetic models are presented below [69,70]. The intra-
particle diffusion model can be presented in Eq. (7) [53,71].

e Pseudo-first order

dq

E = kl,ad(qeq - 41) (3)
_ kl‘ad

10g(qeg — G:) = 108(qeq) t )]

T 2303

e Pseudo-second order

dq 2
E = kZ,ad (qeq - ql) (5)
t 1 1
LASR N )
q: kZ,adqeq Qeq

e Intra-particle diffusion
4 = ksaaVi+C @

Where t (min) is the adsorption time. q; (mg/g) is the adsorption ca-
pacity at a time. geq (mg/g) is the adsorption capacity of the adsorbent at
the equilibrium point. k; 5q (1/min), kg 5q (g/mg.min), and k3 54 (mg/g.
min'/?) are the rate constant of pseudo-first-order, pseudo-second-order,
and intra-particle diffusion models, respectively.

2.4.2. Adsorption equilibrium models

Type of adsorption equilibrium and maximum adsorption capacity of
biomass feedstocks and chars were identified with Langmuir and
Freundlich adsorption isotherms using the experimental data produced
at 30 °C for the initial MB concentration of 50, 100, and 200 ppm. The
amount of effluent at the solid-liquid interface increases non-linearly
with the concentration at the equilibrium conditions. These models
are the most frequently used models in the literature
[42,46,53,55,57,71,72] to describe the non-linear equilibrium between
Qeq and Ceq at a constant temperature. The non-linear and linearised
equations of Langmuir (Eq-8 and Eq-9) and Freundlich (Eq-10 and Eq-
11) adsorption models are presented below [69,70].

e Langmuir Model

B Q(J b Ceq

= 8
1+bC, ®)

Geq
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Cy C. 1

e Freundlich Model

Geq = Kr Cll;n (10)

1
In(qe,) = In(Kr) +;ln(CEq) a1

Where qeq (mg/g) is the adsorption capacity of the adsorbent at the
equilibrium. Ceq (mg/L) is the residual dye concentration at equilibrium.
Q0 is the maximum adsorption capacity. b is the adsorption bonding
energy. K ((mg/g.(mg/L)") is the Freundlich adsorption constant. n is
the Freundlich adsorption constant.

2.4.3. Adsorption thermodynamics

Thermodynamic parameters of an adsorption process shows whether
the process is favourable [55]. The thermodynamic parameters of Gibbs
free energy change AG®, standard enthalpy AH®, and standard entropy
AS° of the kinetic data were therefore analysed to gain a greater insight
into the effect of temperature on the adsorption. The thermodynamic
parameters AG°, AH°, and AS° were determined using the following
equations [55]:

K, = qeq/ceq (12)
AS’  AH°

InK; =—— 1

0Ky = —-— o (13)

AG’ = AH° — T*AS’ 14

Where T is the adsorption temperature (K), R is the ideal gas constant
(8.314 J/mol K), and Kj is the distribution coefficient.

3. Results and discussions
3.1. Characterisation of feedstocks

The ultimate analysis, proximate analysis, and densities of biomass
feedstocks are presented in Table S1. The ultimate analysis shows a wide
range of carbon and oxygen compositions for these biomass feedstocks.
WW and RS have the highest volatile matter (~79 wt%) and lowest fixed
carbon (~11-13 wt%) ratios while LD provides lower volatile matter
(~55 wt%) and higher fixed carbon of ~ 29 wt%. Furthermore, the LD
has a relatively high ash content (~7.4 wt%) compared to the other
samples. LD also had higher tap (0.83 g/cm®) and true densities (1.62 g/
cm®) compared to RS and WW. Due to the differences in composition
and physical properties of these biomass feedstocks, it was proposed that
a wide range of char formation should be possible via hydrothermal
conversion, pyrolysis, and torrefaction.

3.2. Thermal conversion of RS, WW, and LD to biochars

The production of biochars of RS, WW and LD produced via hydro-
thermal conversion, pyrolysis, and torrefaction is discussed in detail in
previous works by the authors [32,33]. Fig. S1 in the supplemental in-
formation provides information on the biochar yields obtained from the
three processes for the three-biomass feedstocks at a range of conditions.
In summary, increasing the operating temperature of all the thermal
conversion technologies decreased the biochar yield regardless of the
technology, which is in agreement with previous findings [22,73]. All
samples exhibited higher thermal decomposition under hydrothermal
conversion compared to pyrolysis and torrefaction, and the increase in
the operating temperature gradually decomposed the structure of the
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biomass feedstocks. Hemicellulose structures are known to decompose
at 220-315 °C, cellulose structures at 315-400° C and lignin structures

Table 1
Biochars produced by different process conditions.

Process Feedstocks Conditions Biochars and labels*
Torrefaction L. Digitata T = 220, 250, 280 oL.D-TC-220 eLD-TC-
(TC) (LD) °C 250 oLD-TC-280
Rapeseed t = 60 min oRS-TC-220 eRS-TC-
(RS) 250 eRS-TC-280
Whitewood eWW-TC-220 e WW-TC-
(Ww) 250 eWW-TC-280
Pyrolysis (PC) L.Digitata T = 250, 300, 400, oLD-PC-250 eLD-PC-
(LD) 550 °C 300 ¢LD-PC-400
Rapeseed t = 60 min RS-PC-300 eRS-PC-
(RS) 400 eRS-PC-550
Whitewood eWW-PC-300 e WW-PC-
ww) 400 eWW-PC-550
Hydrothermal L.Digitata T =100, 150, 180, oLD-HC-100 eLD-HC-
(HC) (LD) 200, 235, 265, 300 150 ¢LD-HC-180 eLD-
Rapeseed °C HC-200 eLD-HC-300
(RS) t = 60 min #RS-HC-100 eRS-HC-
Whitewood 200 eRS-HC-235 RS-
(Ww) HC-265 eRS-HC-300

e WW-HC-200 eWW-
HC-235 eWW-HC-265
eWW-HC-300

*Biochars were labelled as “BB-PP-TTT” in which “BB” represents the biomass
feedstocks (LD for L. Digitata, RS for Rapeseed, and WW for Whitewood), “PP”
represents the thermal conversion technologies (“TC” for Torrefaction, “PC” for
Pyrolysis, and “HC” for hydrothermal conversion) and “TT” represents the
process temperatures of the thermal conversion technologies.

decompose between 160 and 900 °C [74-80]. However, lower char
yields were obtained via hydrothermal conversion compared to pyrol-
ysis and torrefaction (Fig. S1). The extensive list of the biochars created
by thermal conversion technologies is presented in Table 1. Among these
biochars, biochars produced from all three biomass feedstocks via hy-
drothermal conversion at 200 °C (LD-HC-200, RS-HC-200, and WW-HC-
200), pyrolysis at 400 °C (LD-PC-400, RS-PC-400, and WW-PC-400), and
torrefaction at 250 °C (LD-TC-200, RS-TC-200, and WW-TC-200) were
selected to investigate the effects of pH, temperature, initial MB con-
centration, kinetics and thermodynamics of MB adsorption. The rest of
the biochars were tested in optimised conditions.

3.3. Characterisation of biochars

3.3.1. Surface area and pore structure

Surface area and micropore volumes for the biomass feedstocks and
biochars produced via the three conversion technologies are presented
in Fig. 2. The biochars produced from LD and RS via torrefaction (at 250
°C) provided a relatively high surface area (59 m?/g for LD and 54 m?/g
for RS) compared to raw LD (3 mz/g) and RS (4 mz/g), as shown in
Fig. 2a-b. Similarly, the surface area significantly increased via pro-
cessing the LD and RS in pyrolysis at 300 °C (Fig. 2a-b). However, the
biochars produced from WW via torrefaction (at 250 °C) and pyrolysis
(at 300 °C) showed lower surface area (69-77 mz/g) compared to raw
WW (148 mz/g). Regardless of biomass type (LD, RS, WW), the micro-
pore volume was enhanced by torrefaction and pyrolysis processes. As
for the hydrothermal conversion, both surface area and micropore

a) L.Digitata b) Rapeseed
100 ~ ro6 100 - 6
1= Surface Area » = mmmm Surface Area Py
“ab : . 4 ol —_~ -
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] I/ < e =
0+t—4—————+0 = =
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Fig. 2. Surface area and micropore volume (<1.118 nm) for the biomass feedstocks (LD, RS and WW) and biochars produced from these biomass feedstocks through
hydrothermal conversion, pyrolysis, and torrefaction. The abbreviations “HC”, “PC” and “TC” represent the biochars produced by hydrothermal conversion, py-

rolysis, and torrefaction, respectively.
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Fig. 3. FTIR analysis of biochars produced from a) RS, b) WW, and c) LD with
hydrothermal conversion.

volume increased with increasing the process temperatures. The surface
area of biochars increased from 11 to 90 m?/g for LD, 5 to 58 m%/g for
RS, and 68 to 335 m2/g for WW with increasing the hydrothermal
conversion temperature from 100 to 300 °C. The surface area of biochar
increases with increasing temperature, as the surface area increases
from ~ 212 m?%/g and ~ 274 m?/g for the RS and WW biochars produced
via pyrolysis at 550 °C, which is similar to other studies [22]. Porosity,
surface area, and pore matrix can be enhanced by selecting the right
heating rate; higher heating rates provide higher porosity thanks to the
rapid volatilisation while the slow heating rate results in a stable matrix
formation [24].

3.3.2. Fourier transforms infrared (FTIR) analysis

FTIR analysis and peak assignments for the biomass feedstocks (LD,
RS, and WW) are presented in detail in the Supplementary section (Fig.
$2-S3 and Table S2) and compared against HC biochars in Fig. 3. The
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FTIR results of the other biochars produced by pyrolysis and torrefaction
are presented in Supplementary Figures Fig. S2 and S3. Although the
FTIR peaks identifies surface functional groups for each biochar, the
intensity of these peaks shows the degradation, transformation, and
potentially chemical reactions of main structures of biomass feedstocks
(hemicellulose, cellulose, and lignin) [81]. Hydrothermal conversion
has insignificant effect on the surface functional groups of biochars
produced from RS up to 300 °C (Fig. 3a). However, the some of the
functional groups have disappeared for the biochars, which are pro-
duced from LD at above 180 °C (Fig. 3c) and WW at above 235 °C
(Fig. 3b). For example, the wide band (3100-3600 cm’l) and the peak at
2935 cm™!, which are associated with symmetric and asymmetric
stretching vibrations of HyO [82,83] or non-bounded -OH groups
[84,85] and asymmetric C—H stretching of the aliphatic functional
groups [84,86], are partially disappeared (Fig. 3b—c).

For the LD biochars, the intensity of the peak at ~ 1600 cm ™" in-
creases with an increase in hydrothermal temperature up to 180 °C and
the peaks between 800 and 1100 cm ™! are combined (Fig. 3¢). The peak
between 800 and 1100 cm™ is shifted to a higher wavenumber ~
1070-1275 em™! for the biochars produced at above 265 °C (Fig. 3b).
This increase could be attributed to the increase in the lignin portion in
the biochar, as the peak assigned to the C—0O, C—0—C, and C-OH
stretching vibration of the main source of cellulose, hemicellulose, and
lignin [84,86-88]. The intensity of wide hydroxyl band (3100-3600
em™Y) partially decreased with increasing pyrolysis temperature (Fig.
S2) and torrefaction temperature (Fig. S3) for all biomass feedstocks,
which could be attributed to a dehydration reaction. Additionally, the
increase in the pyrolysis temperature decreases the intensity of peaks
(Fig. S2), which could be attributed to the thermal decomposition of side
chain and dehydration reaction of biomass feedstocks [81]. However,
each feedstock (RS, WW, and LD) shows different levels of degradation
by pyrolysis, which results different level of peak intensities. At the
pyrolysis temperature of 550 °C, the peaks are completely gone for the
RS and WW biochar (Fig. S2). The biochars produced with torrefaction
provide similar peaks with the raw biomass feedstock and do not show a
significant change through the torrefaction temperature (Fig. S3).

3.4. Wastewater treatment — Methylene blue adsorption

The first stage of the MB dye adsorption tests explored the influences
of several parameters on the adsorption process for the biochars. The
influence of initial MB concentrations, pH of the MB solution, and
adsorption temperature was investigated using selected biochars (pro-
duced via hydrothermal conversion at 200 °C (LD-HC-200, RS-HC-200,
and WW-HC-200), pyrolysis at 400 °C (LD-PC-400, RS-PC-400, and WW-
PC-400), and torrefaction at 250 °C (LD-TC-200, RS-TC-200, and WW-
TC-200). The aim was to find the relationship between biochar prop-
erties and optimal MB adsorption. Following this, kinetic and equilib-
rium models were developed for the selected biochars.

3.4.1. Initial MB concentrations

Initial concentrations of 50 ppm, 100 ppm and 200 ppm were tested
to analyses the influence of MB concentration on uptake for the different
biochars (Fig. 4). 50 ppm had the highest percentage removal for all
biochars, and 200 ppm the lowest, although the difference varied by
sample and processing technique. LD biochars produced by Torrefaction
and Pyrolysis exhibit almost complete MB removal for all concentra-
tions, but hydrochars produced by LD provide relatively lower MB
removal, particularly as the MB concentration increased. RS showed
large variances in uptake based on solution concentration, with 50 ppm
resulting in uptakes between ~ 45 and 60 % (Fig. 4b), but only ~ 10-25
% for 200 ppm (Fig. 4b).

Despite the lower percentage uptakes for higher solution concen-
trations (Fig. 4), Fig. 5 illustrates that higher absorption capacity were
observed in the higher MB concentration tests, which could be attrib-
uted to a driving force of mass transfer [42]. Similar observations were
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noted for RS and WW. The MB removal and adsorption capacity iso-
therms of RS- and WW-based biochars at different initial MB concen-
trations (50-200 ppm) at 30 °C for 60 min are presented in
Supplementary Fig. S4. Based on the results of this study, a solution
concentration of 200 ppm was used for all subsequent tests.

3.4.2. pH of MB solution

pH solutions from 2 to 10 were tested for a 200 ppm MB dye solution
to assess the influence of pH on MB uptake for the different biochars. The
results of the pH illustrated that the biochars demonstrated relatively
low adsorption capacities at the strong acidic environments (Fig. 6)
However, the removal remained at constant rates between the pH levels
of 4-10 for all samples, which is similar to previous studies [48,89]. The
mechanism of biochar dye adsorption is a combination of electrostatic
interaction, hydrogen bonding, functional group interaction, and Van

der Wal forces [8]. MB dye is a cationic dye, and thus higher pH is
favoured. This is because a higher pH increases the presence of OH —
ions, which in turn makes the surface of biochar negative, which pro-
motes the electrostatic attraction between the positively charged
cationic dye and the negatively charged biochar surface. The biochars in
this study were not activated to enhance their adsorption as the study
aimed to assess their potential as biochars without further processing.
Based on this study a pH of 6 was selected for all further tests to ensure
optimal adsorptions for all biochars.

3.4.3. Adsorption temperature

Three different solution temperatures (20, 30 and 40 °C) were tested
using a 200 ppm MB dye solution to assess the impact of temperature on
the MB uptake of the different biochars. Fig. 7 illustrates that lower
temperatures exhibited lower uptakes for all samples, which is in line
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with previous studies [49,90]. MB removal and adsorption capacity
isotherms of LD- based biochars at different temperatures (40-20 °C)
under 200 ppm of initial MB concentration for 60 min are presented in
Fig. 8, and MB removal and adsorption capacity isotherms of RS- and
WW-based biochars (Supplementary Fig. S5). LD had the highest MB dye
uptake rates, with pyrolysis biochars adsorbing ~ 94 wt% MB dye
(~160 mg/g) at 30 and 40 °C dye solution respectively (Fig. 7a and 8a).
Slightly lower uptakes were observed for torrefied LD biochars at 30 °C
and 40 °C (~89 wt% MB dye (115-150 mg/g) adsorption), while the
hydrothermal LD biochars only adsorbed ~ 43 wt% (40 mg/g) at 40 °C
dye solution temperature (Fig. 7a and 8a).

LD biochars had higher surface area and pore volume than the than
the pyrolysis and torrefied LD biochars (Fig. 2), indicating that the up-
take is not directly related to surface area or pore volume. The FTIR
analysis (Fig. 3) shows that some functional groups disappeared for
hydrothermal processing temperatures over 180 °C. The functional
group can absorb MB dye via electrostatic attraction, cation exchange
and surface complex mechanisms [91]. Torrefaction did not signifi-
cantly change the FTIR profile (Fig. S3), indicating that the functional
groups were unaffected due to this processing technique and did not
interfere with the adsorption mechanisms. WW had the lowest MB dye
adsorption rates for all thermal processing routes, with adsorption never
reaching above ~ 15 wt% (<30 mg/g) (Fig. 7c and Fig. S5). RS exhibited
relatively low adsorption rates (<30 wt%), but with large variances
between the thermal processing techniques (Fig. 7b). As for LD, pyrol-
ysis produced the highest adsorption rates for RS, with increasing tem-
perature having a clear influence on enhancing uptake. Torrefaction and
hydrothermal processing both resulted in similar uptake rates for RS.

3.5. MB removal capacities of the biochars

Fig. 9. shows the MB removal efficiencies for the biochars produced
from LD, RS, and WW. Fig. 9a. shows that the removal efficiencies
(~77-87 wt%) of biochars produced from LD via torrefaction did not
show significant differences. Similarly, the LD biochars produced via
pyrolysis at 250-300 °C provide a relatively high removal capacities
(84-87 wt%), while the removal efficiency decreases to 64 wt% for the
LD biochar produced at higher temperatures 400 °C (Fig. 9a). The high
MB adsorption capacity of the biochars produced via torrefaction and
low temperature pyrolysis (250-300 °C) could be attributed to the
surface functional groups, which did not significantly change via tor-
refaction, low temperature pyrolysis. The biochars produced form LD
with hydrothermal conversion at lower temperature provide higher MB
adsorption capacities (Fig. 9a) even though the biochars produced at
those temperatures provide lower surface area and micro pore volume.
However, the MB removal capacity of the biochars produced from RS via
torrefaction (<33 wt%), pyrolysis (<40 wt%), and hydrothermal con-
version (<35 wt%) is relatively low compared to that of the biochars
produced from LD (Fig. 9b.). Compared to other biomass feedstocks,
WW had the lowest MB removal capacity (~18 wt% in Fig. 9¢c). The
biochars produced from WW via torrefaction and pyrolysis also provided
relatively low MB removal capacities, < 20 wt% and < 10 wt%,
respectively. However, unlike the biochars produced from RS and LD,
WW-based biochars (produced via hydrothermal conversion at higher
temperature) provide the highest MB removal capacity i.e. reaching ~
60 wt% for the biochar produced at 300 °C in hydrothermal conversion
(Fig. 9c).

3.6. Kinetics and equilibrium models

3.6.1. Adsorption kinetics

Based on the results presented in the Section 3.4 and 3.5, Lp-based
biochars produced with torrefaction and pyrolysis exhibited the greatest
potential to be used as an adsorbent for MB dye. RS-based biochars
produced with pyrolysis and hydrothermal conversion at low tempera-
tures also showed reasonable level of MB removal. However, WW-based
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Table 2

Comparison of the experimental and estimated g, values for the pseudo-first
order and pseudo-second order adsorption kinetics at 100 ppm of initial MB
concentration.

Adsorbents L. digitata Rapeseed
LD-TC LD-PC LD- RS- RS- RS-
HC TC PC HC
Qeqexp (Mg/8) 88.3 87.3 29.9 9.1 329 93
Pseudo-first
order
GQeqcal (Mg/8) 84.2 62.0 20.0 9.3 220 6.6
kl.ad (1/min) 0.092 0.059 0.026 0.501 0.072 0.067
R? 0.969 0.976 0.967 0.97 0.974 0.862
e* (%) 4.6 >10 >10 2.7 >10 >10
Pseudo-second
order
Qeg.cal (Mg/8) 96.2 91.7 31.3 9.3 34.0 9.5
k2.ad (g/mg. 0.002 0.002 0.005 0.073 0.014 0.072
min)
R? 0.979 0.984 0.984 0.996 0.997 0.998
£* (%) 4.1 5.1 4.5 2.2 3.3 2.2
Intra-particle diffusion
C 6.61 13.82 3.96 3.13 8.27 3.05
k3.ad (mg/g. 12.054 13.824 3.407 1.048 4.043 1.049
min'/?)
R? 0.916 0.915 0.939 0.538 0.775 0.689

*g is the mean absolute percentage error (MAPE). The abbreviations: “HC”, “PC”
and “TC”, represent the biochars produced by hydrothermal conversion, pyrol-
ysis, and torrefaction, respectively.

biochars demonstrated relatively low MB removal compared to LD- and
RS-based biochars. Therefore, the adsorption kinetics were only evalu-
ated for the potential biochars (LD- and RS-based biochars) using
Pseudo-first order, Pseudo-second order, and Intra-particle diffusion
models. The adsorption rate constants (kl.ad, k2.ad, and k3.ad) and
theoretical equilibrium uptake capacities (qeq.ca) of each adsorbent for
the Pseudo-first order, Pseudo-second order, and Intra-particle diffusion
models are presented in Table 2. The mean absolute percentage error (g,
MAPE) and the correlation coefficients (R?) for pseudo-second-order
kinetic were much lower than those with the pseudo-first order and
Intra-particle diffusion kinetic models (Table 2), which is similar to
previous findings [53]. The MB adsorption kinetics for biochars and
comparison of estimated adsorption capacities by Pseudo-second order
with experimental results are presented in Figs. 10 and 11 for LD- and
RS-based biochars produced by torrefaction and pyrolysis (Fig. S6 pre-
sent for the biochars produced by hydrothermal conversion). These re-
sults demonstrated that the pseudo-second order kinetic model fits and
identify the adsorption kinetics of MB onto the sorbents (LD- and RS-
based biochars). This confirms that the adsorption of MB might be
controlled by multiple processes involving electrostatic attraction, ion
exchange, complexation, and surface deposition [92].

3.6.2. Adsorption equilibrium models

The adsorption equilibrium and maximum adsorption capacity of
LD- and RS-based biochars were fitted to Langmuir and Freundlich
adsorption isotherms and the results presented in Fig. 12. The parame-
ters of Langmuir and Freundlich adsorption isotherms were determined
based on their linearised equations (Eq-8 and Eq-10) and presented in
Table 3. Based on the Eq-8 (for the Langmuir adsorption model), a plot
of 1/geq vs 1/Ceq gives a straight line with a slope of Q° (maximum
amount of adsorbent adsorbed per gram of adsorbent), and an intercept
of b (free energy of adsorbent). Based on the Eq-10 (for the Freundlich
adsorption model), a linear plot of log geq Vs log Ceq provides the n
(adsorption intensity) and K (adsorption capacity) using the slope and
the intercept of the graph, respectively. Fig. 12 and Table 3 show that
the MB adsorption results of Lp-based biochars produced with torre-
faction and pyrolysis have a better fit with the Langmuir model, as they
have higher correlation coefficients and lower mean absolute
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percentage errors). Thus, the adsorbent surface can be assumed to be
energetically homogeneous [53], which agrees with other publications
on MB removal with green macro alga Caulerpa lentillifera [56].

However, the biochar produced from LD with hydrothermal con-
version showed a better fit with the Freundlich model, which indicates
the MB dye adsorption occurred on the heterogeneous surface [40]. RS-
based biochars (produced by torrefaction, pyrolysis and hydrothermal
conversion) demonstrate a better fit with the Freundlich adsorption
equilibrium model. In the Freundlich adsorption models, the magnitude
of “n” could identify the excellence of adsorption, where an “n” value
<1.0 indicates poor adsorption characteristics [53]. All adsorbents in
this study had n values over 1, indicating they have good adsorption
characteristics. Table 3 demonstrated that the maximum saturated
adsorption capacity (Q°) of the biochars produced from LD with torre-
faction (LD-TC-250) and pyrolysis (LD-PC-400) are relatively high (175
mg/g and 117 mg/g, respectively). Furthermore, the RS biochar pro-
duced by pyrolysis (RS-PC-400) also demonstrated a reasonable amount
of maximum adsorption capacity at 71 mg/g.

3.6.3. Adsorption thermodynamics

The slope and intercept of the straight line in the plot of InK4 vs 1/T
(Van’t Hoff plot) gives the standard enthalpy (AH°/R) and standard
entropy (AS°/R) of the kinetic data, respectively [93]. The Van’t Hoff
plots for the RS, LD, WW, and biochars are presented in Supplementary
(Fig. S8-S10). The thermodynamic parameters (AH°, AS°, and AG®°) are
determined using the Van’t Hoff plots and the results for RS- and Lp-
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based biochars are presented in Table 4. The biochars produced from RS
and LD showed a positive AH° values indicating an endothermic
adsorption [42]. Only WW-HC (biochar produced by hydrothermal
conversion) provided a negative AH® (-9.26 kj/mol) while the rest of the
WW-based biochars showed positive AH® values (Table 4). The level of
AH? can also provide further information about adsorption mechanisms.
The AHP is in the range of 40-200 kJ/mol in the chemical bonds resulted
from chemical adsorption [90]. However, when AH° < 25 kJ/mol, the
acting force is Van der Waals’ force, and this could be attributed to
physical adsorption [90].

In this study, MB adsorption onto biochars produced from LD was
driven by chemical adsorption, while physical adsorption was predom-
inant for the other sorbents. The AH® value for RS-PC was in the middle
of physisorption and chemisorption, and thus the process could be
identified as a physical adsorption enhanced by a chemical effect. Pos-
itive AS° values were observed for the biochars produced from RS and
LD, which indicates the affinity of adsorbent for MB [42] and an increase
in the randomness at the interface adsorbent/adsorbate during adsorp-
tion [55,71]. As for the Gibbs free energy, RS-based biochars demon-
strated positive AG® values at different temperatures and the values
decreased in the following order 0 < RS-PC < RS-TC < RS-HC, which
means biochar produced from RS are not suitable for MB adsorption.
However, a negative AG® values were observed for the LD-TC < LD-PC
< 0, which indicates that the MB removal could be a thermodynamically
favourable process due to the spontaneous nature of the adsorption
[55,71]. This explains the higher MB adsorption capacities of LD-TC,
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and LD-PC compared to RS-based and WW-based biochars. Furthermore,
the decrease in the AG® values for Lp-based biochars with increasing the
adsorption temperature suggest that the process increases in spontaneity
at higher temperature [71] and the adsorption becomes more favourable
with increasing temperature [55].

3.7. Performance assessment of biochars with literature

The adsorption capacities of the most promising biochars (produced
from LD via torrefaction and pyrolysis and RS via pyrolysis) for the
adsorption of MB has been compared with the other biochars reported in
the literature (Table 5). By comparison of the MB removal results in this
study with those presented in previous research, rp-biochars produced
by torrefaction (LD-TC-250) and pyrolysis (LD-PC-400), and RS-biochars
produced by pyrolysis (RS-PC-400) provide relatively promising MB
adsorption capacities compared to the adsorption capacities of biochars
derived a wide range of biomass feedstocks presented in Table 5. The
comparison results show that the Lp-based and RS-based biochars are
competitive for the application of MB-removal from wastewater.

4. Conclusions

This research reports an extensive comparative study on how the
biomass processing pathways (torrefaction, pyrolysis, and hydrothermal
conversion) and process interdependencies are influenced by different
feedstocks (WW, RS, and LD) for the optimisation of biochar formation
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and their associated wastewater treatment (removal of MB)
applications.
Based on the comparative evaluation of biomass feedstocks and

biochar in MB removal,

tp-based biochars produced with torrefaction (LD-TC) and pyrolysis
(LD-PC) exhibited the greatest potential to be used as an adsorbent
for MB dye (~175 mg/g for LD-TC and ~ 117 mg/g for LD-PC).
RS-based biochars produced with pyrolysis (RS-PC) showed reason-
able level of MB removal (~71 mg/g for RS-PC), however, the bio-
chars produced with hydrothermal conversion and torrefaction
showed relatively lower MB removal.
o WW-based biochars demonstrated the lowest MB adsorption capac-
ities (<30 mg/g).
e The MB adsorption results onto LD- and RS-based biochars fit well
with the Pseudo-second-order kinetic model.
The adsorption process was described well by the Langmuir iso-
therms for 1p-based biochars and by Freundlich adsorption isotherm
for RS-based biochars.
e Based on the thermodynamic analysis, the MB removal by Lp-based
biochars (LD-TC and LD-PC) could be a thermodynamically favour-
able process as a result of a negative Gibbs free energy (AG°), which
indicates MB adsorption on these biochars is spontaneous and
physical in nature.

This study provides a clear understanding on how the optimal
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Fig. 12. Experimental and estimated non-linearized adsorption isotherms of MB on Lp-based biochars; a) LD-PC, b) LD-TC, c¢) LD-HC, and RS-based biochars; d) RS-
PC, e) RS-TC, f) RS-HC. (“Exp”, “Lan”, and “Fre” are the q.q values determined by experimental, Langmuir Model, and Freundlich Model, respectively).

Table 3
The parameters of adsorption isotherms in Langmuir and Freundlich models.

Adsorbents Langmuir Model Freundlich Model
Q°(mg/g) b R? £* (%) Kr n R? £* (%)

LD-TC 175.8 0.102 0.995 3.2 25.5 2.12 0.990 5.6
LD-PC 117.6 0.226 0.999 1.5 31.4 3.10 0.903 >10
LD-HC 47.1 0.030 0.987 4.8 5.6 2.66 0.999 1.0
RS-TC 14.2 0.025 0.982 4.0 1.76 2.69 0.994 2.3
RS-PC 70.9 0.015 0.980 5.1 3.17 1.80 0.999 2.1
RS-HC 16.1 0.020 0.953 5.7 1.69 2.53 0.978 4.6

*g is the mean absolute percentage error (MAPE). The unit of K is (mg/g)(mg/L)".

holistic biomass processing pathways and process interdependencies
influence the MB dye adsorption properties of biochars made from three
distinctly different biomass feedstocks. As future work, an optimisation
study based on particle size, pH, expended MB concentration, adsorp-
tion temperature using the most promising biochars (provided in this
study) can be experimentally performed to understand the maximum
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capacity of these biochars under optimised conditions. Additionally,
based on this extensive research, an artificial intelligence model and
statistical analysis into the wastewater treatment of biochars can be
developed to predict the adsorption capacities for the potential other
experimental conditions.
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Table 4
Thermodynamic parameters for MB adsorption onto RS, LD, WW, and biochars (200 ppm of MB solution at 20, 30, 40 °C).
Adsorbents Process AH° AS° AG° 208K AG 303K AG313x
kJ/mol kJ/mol K kJ/mol kJ/mol kJ/mol
LD-TC Torrefaction 89.53 0.305 —0.067 —3.125 —6.183
LD-PC Pyrolysis 61.27 0.205 1.075 —0.978 —3.033
LD-HC Hydrothermal 41.63 0.123 5.534 4.302 3.070
RS-TC Torrefaction 6.61 0.007 4.356 4.279 4.202
RS-PC Pyrolysis 33.96 0.102 3.845 2.817 1.789
RS-HC Hydrothermal 4.65 —0.001 5.212 5.231 5.250
WW-TC Torrefaction 5.77 0.000 5.721 5.719 5.718
WW-PC Pyrolysis 8.64 0.011 5.477 5.369 5.261
WW-HC Hydrothermal —9.26 —0.045 4.203 4.662 5.122
the work reported in this paper.
Table 5
Comparison of the maximum MB adsorption capacities of biomass and biochars. Data availability
Source for biochar Biochar preparation Capacity Reference
method (mg/g) Data will be made available on request.
Banana peel extract Pyrolysis (600 °C, 60 40.19 [48]
min) Acknowledgements
Cottonwood Pyrolysis (600 °C, 60 8.0 [94]
min)
Sewage-sludge Pyrolysis (550 °C, 2 h) 29.85 [90] This research was funded and supported by the EPSRC & BBSRC UK
Wheat straw Pyrolysis (550 °C, 5 12.03 [43] Supergen Bioenergy Hub [Grant number EP/S000771/1], the University
min) of Nottingham Anne McLaren Research Fellowship (Dr Orla Williams),
I};’IM;)“’t[ . Eym}ys?s ggg g ;2}3‘) ‘7"5 Egé j and the UK Biotechnology and Biological Sciences Research Council
eed straw bDiomass 'yrolysis y . . . .
Gitrus waste Hydrothermal (180 - 51.0-17.9 [91] (BBSRC) Discovery Fellowsh1p‘ (Dr Emily Kostas) [Grant r{umber BB/
250 °C) S010610/1]. We also would like to acknowledge Dr David Gray, Dr
Winery waste Hydrothermal (180 - 36.6-22.5 [25] Filippo Bramante, and Dr Vincenzo Di Bari for supplying Rapeseed for
250°C) this project and Dr David Furniss for his support with the FTIR analyses.
Mixed tea waste Pyrolysis (300 °C, 2 h) 8.94 [95]
sewage sludge
Municipal solid waste Pyrolysis (400-500 °C, 21.83 [39] Appendix A. Supplementary data
15 min)
Pumpkin peel Elyi::;lym (250°C, 60 80.78 (371 Supplementary data to this article can be found online at https://doi.
Reeds Pyrolysis (500 °C, 2 h) 48.84 [38] org/10.1016/j.fuel.2022.125428.
Palm bark Pyrolysis (400 °C, 30 1.21 [96]
min)
Anaerobic digestion Pyrolysis (400 °C, 30 1.69 [96] References
residue min) . . . X . .
L. Digitata Torrefaction (250 °C, 148.5* (175)  In this il L“"ﬁ“g ‘L’ XiF, Tanl"l\)” “I;[?“‘T' X, H‘é ]Z’_ Wla“g s( R;‘”e“’ of _Orgarl‘;_c at?-d 1;‘8;5;‘;‘; )
L. Digitata 60 mm) 112.3% (117) study g;sil;inls remova. y Diochar an 1ochar-base COH‘IPOSI[E& lochar H ( )
nyolyms at (400 °C, 60 In this [2] Kumar M, Oyedun AO, Kumar A. A review on the current status of various
min) study hydrothermal technologies on biomass feedstock. Renew Sustain Energy Rev 2018;
Rapeseed residue Pyrolysis at (400 °C, 60 56.2*% (71) In this 81:1742-70.
min) study [3] Kostas ET, Williams OSA, Duran-Jimenez G, Tapper AJ, Cooper M, Meehan R, et al.

*Adsorption capacities in a concentration of 200 ppm of MB solution at 30 °C.
The values in brackets are the maximum adsorption capacity determined by
Langmuir model.
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