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ARTICLE INFO ABSTRACT

Keywords: The yield and properties of char derived from the co-digested manure and its main macro-components, including
C'elhflose organic (cellulose, lignin, and protein) components and an inorganic component (CaCO3), produced at different
ngn”f pyrolysis temperatures (350, 550, and 750 °C) have been studied. Experimental results obtained from a surrogate
Protein . . . L1 .

CaCOs co-digested manure were compared with the theoretically calculated values to explore potential interactions
Manure between these macro-components. The char properties analyzed included elemental analysis, pH, FTIR, XPS, and
Pyrolysis specific surface area. The effect of pyrolysis temperature on many properties was similar, regardless of the

precursor (macro-component). Increasing pyrolysis temperature led to higher C content (>90 wt% for cellulose
char at 750 °C), pH (from (~7 for cellulose at 350 °C to ~13 for co-digested manure), and specific surface area,
observing a marked development of ultramicroporosity and microporosity, especially at the highest pyrolysis
temperature studied, 750 °C. An exception was observed for the char derived from proteins due to melting during
pyrolysis. By far, the solids from the pyrolysis of cellulose and lignin exhibited the most microporosity devel-
opment (SSpg > 650 m> &h, reaching, at the highest temperature studied, values close to those of physically
activated carbons. Pyrolysis of the surrogate co-digested manure revealed the occurrence of Maillard reactions
and also showed an interesting interaction involving CaCOs. The CaCOs3 thermal decomposition is promoted
when it is embedded into the organic matrix, where the CO, generated during decomposition favored the
Boudouard reaction of C from the organic components. This results in a lower biochar yield, 32 wt% versus 37 wt
% (expected value), and a higher development of microporosity in the char.

1. Introduction different raw materials, including agricultural and livestock waste or

their mixtures.

Two apparently unconnected problems, reducing dependence on
fossil fuels and livestock waste management, may be connected and
transformed into opportunities. For decades, Europe has been immersed
in trying to reduce energy dependence on external energy sources, as
geopolitical instabilities have generated shortages affecting the econ-
omy of the 27. A recent example has been the gas supply crisis following
the conflict between Russia and Ukraine [1].

Furthermore, Europe is also leading different efforts to decarbonize
the economy, aiming to reduce the use of fossil fuels to mitigate global
warming. For that purpose, energies rejected in the past, such as nuclear
energy, are reconsidered, while other initiatives advocate using
renewable energies such as wind or photovoltaic energy. Among these
renewable energies is biogas, produced via anaerobic digestion using

Livestock waste in particular is a growing problem in countries like
Spain, where in recent years the increase in livestock, specifically in the
pig sector, has led to a high manure generation, exceeding in some areas
the capacity of the land to assimilate this manure as fertilizer. This
creates operational issues for farms due to insufficient land, and even the
appearance of environmental problems such as nitrate contamination of
aquifers as a result of the over-application and subsequent leaching [2].

Anaerobic digestion is a suitable alternative for the management of
livestock and agricultural wastes, and the production of biogas [3],
usually through the co-digestion of several feedstocks. Compared to
other renewable energy sources, biogas has the advantage of allowing
direct injection into the existing natural gas infrastructure, although it
has some disadvantages, as will be explained below. Although raw
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biogas has a relatively high percentage of methane (CH4), 50-75 %
(v/v), and small amounts of hydrogen (Hz) 0-1 % (v/v), it also has
relatively high levels of non-combustible gases, such as carbon dioxide
(CO2) 25-50 % (v/v) or 0-10 % (v/v) nitrogen (N3), and lower per-
centages of problematic gases such as hydrogen sulfide (H3S) 0.1-3 %
(v/v) and minimal amounts of other gases [4].

To enhance the fuel quality of biogas by reducing its CO, content,
and eliminating the problematic component H,S, adsorption using
carbonaceous materials is a promising alternative. Again, this approach
brings an opportunity to increase waste utilization, not only to generate
biogas, but also to be the precursor of an adsorbent material such as
biochar that can be generated via pyrolysis, not from the original waste,
but from the solid fraction of the obtained digestate (known as co-
digested manure, CDM). This allows a circular use of the waste, mini-
mizing the management required for its by-products.

The use of commercial activated carbon (AC) in biogas upgrading has
been the subject of analysis in many scientific works [5-7]. However,
some other authors suggest the need for further research into the use of
locally available organic waste to produce low-cost COy sorbents, as
their utilization will contribute to cost reductions and waste minimiza-
tion [8]. In this regard, pristine biochar derived from the pyrolysis of
waste biomass is a more affordable alternative for biogas conditioning
compared to commercial AC. Beyond the large variation of prices that
may exist, the average price of pristine biochar produced by pyrolysis is
around 400 € t~! on average, which is lower than the average price of AC
1500-2300 € t 1, making biochar an interesting option from an eco-
nomic point of view.

Similar to AC, whose properties are considerably affected by the raw
material used in its production, the properties of biochar are signifi-
cantly influenced by the composition of the raw material used in its
production [9,10]. Due to the low C/N ratio of protein-rich waste, it is
common to mix this waste with lignocellulosic residues to increase the
methane yield during anaerobic digestion [11,12]. The composition of
the digestate differs depending on the substrate digested, although
independently it comes only from cow manure or a mixture of manures
from different animals, or a mixture of manures and agricultural resi-
dues, the most important macrocomponents are cellulose, lignin, pro-
teins, and ash [13-17]; and the substrate only influences in the
proportion of these macrocomponents in the digestate, so it is important
to deepen into the role of each main macrocomponent in the properties
of char as an adsorbent.

Besides the raw feedstock composition, the pyrolysis conditions
during biochar preparation, especially the temperature, affect biochar
properties directly involved in adsorption, such as microporosity and
surface chemistry. Optimizing pyrolysis temperature seems to involve
balancing factors such as textural properties, chemical surface func-
tionality, and biochar yield with temperature. Then, it is necessary to
maximize the overall performance of biochar production based on the
two most influential parameters, the composition of the feedstock and
the pyrolysis temperature.

Agricultural wastes, particularly CDM, exhibit significant heteroge-
neity naturally. Therefore, establishing the relationship between feed-
stock composition and biochar properties at various pyrolysis
temperatures is essential for optimizing the use of these wastes, either
individually or as mixtures in co-pyrolysis processes. To date, most of
the published scientific literature on pyrolysis of individual macro-
components is centered on the volatile compounds devolatilized from
cellulose and lignin and analyzed by Py-GC/MS [18-20] and on their
mechanisms of reaction [18,21], being much rarer than those studying
pyrolysis of proteins [22,23]. To a lesser extent, studies about the char
structure analyzed by FTIR and NMR and the properties such as of the
char product obtained from the pyrolysis of these macro-components
can also be found in literature [24-26]. However, properties, such as
the pH or the micropore specific surface, which are crucial to assess the
applicability of these solid products as adsorbents, are very little studied
[24,27]. In this scenario, systematic research needs to be conducted in

Biomass and Bioenergy 197 (2025) 107778

which the char properties related to the adsorption process obtained
from different macrocomponents and at a wide range of pyrolysis tem-
peratures are analyzed. Several works have reported interactions among
organic macrocomponents during pyrolysis affecting product yields, as
well as the influence of the presence of inorganics in the pyrolysis
mechanism affecting product yields and lowering the pyrolysis tem-
perature [28-30]. Hence, studying the effect of these potential in-
teractions among major macrocomponents is crucial for comprehending
the effect of feedstock composition on biochar adsorption properties.

In this study, cellulose (CEL), lignin (LIG), soybean protein (SP), and
calcium carbonate (CaCOj3), have been selected as the primary pure
components representative of agricultural wastes, in particular CDM.
The presence of CaCO3 in CDM is due to its widespread use as a dietary
supplement in animal nutrition, especially in industrial livestock. Each
component was individually pyrolyzed to produce biochar. Subse-
quently, the study was extended to synthesized samples, prepared as a
mixture of these components at a ratio close to that found in real CDM.
Finally, the analysis was also conducted for a real CDM sample. The
specific objectives of this work are as follows: (1) to evaluate the solid
properties of the biochars (textural properties, pH, and surface func-
tionalities) and (2) to elucidate the potential interaction effects among
the components on biochar properties. The findings of this study provide
insights into the effect of the interactions between organic and inorganic
components during the pyrolysis of high-ash content waste on biochar
properties. This knowledge is particularly relevant for the use of this
material as a suitable CO5 adsorbent as will be shown in Part II of this
work.

2. Materials and methods
2.1. Materials

The four selected materials, representing major components of CDM,
were used as feedstocks for biochar production, and procured
commercially. CEL was sourced from Sigma Aldrich (Sigma Aldrich code
C8002). LIG was acquired from J&H Chemical Co. LTD, where the
Organosolv process was employed to separate lignin fibers from the rest
of the lignocellulosic material. This process involves boiling the material
with a mixture of ethanol:water (1:1 vol) at 200 °C for 30 min. For the
protein fraction of the CDM, SP was acquired from a drugstore with a
stated protein content of 90 %. SP was selected as the protein model
component being representative of vegetable proteins likely present in
the digested slurry. SP is a mixture of proteins isolated from soybean,
with two prominent subunits, p-conglycine (7S) representing 35 % and
glycine (11S) representing 52 %. CaCOs, with a stated purity of 99 %,
was obtained from Acros Organics and was considered a representative
compound for CDM inorganics. The CDM used in this study was pro-
vided by the Spanish HTN Biogas Company located in Navarra, where
cattle manure is anaerobically co-digested with agro-industry residues
and the co-digestate is separated into liquid and solid fractions by
centrifugation. Before conducting the experiments, the solid fraction
received in our lab was thermally dried overnight at 105 °C in a lab-scale
oven, to get the final sample of CDM. The ultimate and proximate an-
alyses of the feedstocks are summarized in Table 1. The Van Soest and
the Kjeldahl methods were applied to the CDM sample to determine its
content of cellulose, lignin and proteins, with the results presented in
Table 1.

Comparison of X-ray Diffraction (XRD) patterns of CDM with those
from libraries and quantification of the peaks of the whole spectra by the
Rietvel method showed that calcite (CaCO3) was the most abundant
crystalline component of the CDM, followed by struvite
(MgNH4PO4(H20)6) and quartz (SiO3) (see Fig. S1 in Supplementary
Information). The CDM used in this study exhibited high ash content,
with Ca being the most abundant metal (55.4 g kg ! CDM, dry basis) and
P the second one (15.2 g kg~! CDM, dry basis) according to Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) analysis (see
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Table 1
Characterization of the raw materials used to produce the pyrolysis biochar
samples.

Properties Analytical CDM CEL LIG SP
Standard/

Equipment

CaCO3

Elemental analysis (wt.%, as received)

Carbon 1SO 29.9 42.2 56.7 46.4 £ 0.1 12.0
16948:2015 +0.1 +0.1 +0.1 +0.1
Hydrogen®  ISO 4.8 7.0 6.1 + 7.9 +0.1 0
16948:2015 +0.1 + 0.1 0.2
Nitrogen 1SO 2.3 0 09+ 13.5+0.1 0
16948:2015 +0.1 0.1
Sulfur Leco 628 S 0.8 0 0.2 0.6 £ 0.1 0
+0.1
Oxygen by 24.8 50.8 35.9 27.4+01 -
difference” +£06 +01 £0.2
Proximate analysis (wt.%, as received)
Moisture 1SO 11.3 5.3 21.80 59+02 -
18134:2021 + 0.9 +0.3 + 0.02
Ash° 1SO 37.4 0 1.2+ 4.2+0.1 -
18122:2016 + 0.6 0.1
Volatiles 1SO 49.7 94.7 67.9 80.8+04 -
18123:2016 + 0.7 + 0.3 + 0.1
Fixed by 1.6 - 9.1 + 9.1+0.5 -
Carbon difference’ +0.9 0.1
Organic macro-components (wt.%, as received)
Cellulose Van Soest 26.9 - - - -
+ 0.4
Lignin Van Soest 17.1 - - - -
+ 0.1
Proteins Van Soest 11.7 - - - -

@ Hydrogen content includes hydrogen from moisture.

b Oxygen was calculated by difference according to: O(wt.%) = 100-C(wt.
%)-H(wWt.%)-N(wt.%)-S(wt.%)-Ash(wt.%).

¢ Ash was determined as the mass of solid remaining after heating the sample
at 550 °C in air at strict timing conditions.

d Fixed carbon was calculated by difference according to: Fixed carbon(wt.%)
= 100-Moisture(wt.%)-Volatiles(wt.%)-Ash(wt.%).

Table S1 in Supplementary Information). Based on the composition of
the CDM (organic macro-components concentration and inorganic
composition and concentration) and assuming that all the Ca is as
CaCOg, a synthetic sample simulating CDM (Surrogate_CDM) was pre-
pared using 39 wt% of CEL, 24 wt% of LIG, 17 wt% of SP and 20 wt% of
CaCOs. Surrogate CDM was prepared by mixing in a perfect way the
exact amount of each macro-component required to achieve the afore-
mentioned concentrations in a final mass of 10 g. The whole mixture was
introduced in the reactor. The particle size of the materials used as
feedstocks was <150 pm.

The procedure for biochar production has been detailed elsewhere
[31], although in this work the reactor used has a higher capacity
(around 10 g). In brief, pyrolysis experiments were conducted in a
fixed-bed reactor with 5-10 g capacity at three different temperatures
(350, 550 or 750 °C) with a heating rate of 10 °C min’l, maintaining the
final temperature for 1 h. The reactor, constructed of stainless steel, was
positioned inside an electrically heated oven capable of reaching the
desired temperature. A flow of 45 cm®STP min~" of Ny was used as a
carrier gas to ensure an inert atmosphere in the reactor. The nitrogen
flow was maintained also during the cooling phase of the reactor to
prevent the entry of atmospheric air. The difference in weight of the
reactor tube before and after the experiment was utilized to calculate the
solid product yield. Between 3 and 5 replicates of experiments were
conducted at each temperature to assess the experimental variability.
The experimental results are presented as mean =+ standard deviation.
The biochar samples are designated as the abbreviation of the raw ma-
terial used (CEL, LIG, SP, CaCOs3, CDM, Surrogate_CDM) followed by a
number indicating the final pyrolysis temperature. For example, CEL350
refers to the biochar prepared by cellulose pyrolysis at 350 °C.
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2.2. Char characterization

The biochar samples used in this study were characterized by
different methods. Elemental analysis (C, H, N, and S content) was
determined using the CHNS Analyzer (LECO CHN 628 and LECO S
TruMac Series Elemental Analyzer). The pH of the biochar samples was
determined following the procedure by Ref. [32], wherein pH was
measured in a solution of biochar in deionized water (1:20 w:v) after
agitation for 1 h. Surface functional groups on the biochar surface were
identified via Attenuated Total Reflection-Fourier Transform Infra-Red
(ATR-FTIR) spectroscopy analysis, conducted using an Agilent Cary
600 FTIR spectrometer with a resolution of 4 cm ™! in the wavenumber
range of 4000-400 cm™!. X-ray photoelectron spectroscopy (XPS)
employing a Kratos Axis Supra XPS spectrometer with a monochromatic
Al Ko X-ray source (photon energy; 1486.6 eV) was used to characterize
the elemental and chemical composition of the very top surface (1-10
nm) of the biochar samples. The binding energy scale was standardized
by the Cls peak at 284.6 eV.

The surface morphology characteristics of the biochar adsorbents
were obtained by a Scanning Electron Microscope (SEM) using a JEOL
JSM-6400 microscope, with accelerating voltages ranging from 2.0 to
40 kV. The textural properties of char, including specific surface area
(SS), pore volume, and pore size distribution (PSD) were evaluated by
adsorption and desorption test with Ny and CO, at 77 K and 273 K,
respectively, using an Autosorb-iQ3 (Quantachrome Instruments).
Before the experiments, the samples underwent vacuum outgassing at
200 °C for 900 min. The apparent specific surface area (SSggr) of the
biochar was calculated using the Brunauer-Emmett-Teller (BET) equa-
tion and the t-plot method was employed to estimate the micropore
volume (Vpicro-ger) Using the Ny isotherm at low relative pressures
(Pn, /Po N, = 0.05-0.2). The specific surface area (SSpr) and micropore
volume (Vijcro-pr) Were determined by the Dubinin-Radushkevich (DR)
model using the isotherm of CO,. Additionally, the cumulative volume
for various pore size ranges (Viicro<0.5 nm, 0.5 nm < Vipuir0<0.8 nm
and 0.8 nm < Vpjero<1.5 nm) was obtained using Non-Local Density
Functional Theory (NLDFT) for slit-shaped pores using the CO,
isotherm.

2.3. Interaction effects calculation

The interaction effects appearing due to the simultaneous presence of
different macro-components have been studied for biochar yield and
biochar properties related to its textural and chemical characteristics. To
check potential interaction effects among the biomass components on
the aforementioned response variables, the experimental data for the
Surrogate_CDM were compared to the theoretical values (Theo_CDM).
These theoretical values represent the expected values in the absence of
interaction effects, assuming the additive proportional contribution of
each component based on its proportion. The theoretical biochar yield
for CDM (Mehargyy con) (WE-%0), calculated using Eq. (1), represents the
yield expected during the pyrolysis of Surrogate_CDM in the absence of
interaction effects; x; is the concentration (wt.%) of each component in
Surrogate_CDM (39 wt% of CEL, 24 wt% of LIG, 17 wt% of SP and 20 wt
% of CaCO3); 7y, is the experimentally determined biochar yield (wt.
%) for each individual component (CEL, LIG, SP, CaCO3).

X; (wt.%)
”Chﬂrchm,cnm (Wt%) = Z : 100

Theoretical values for the response variables (RV) referring to the
chemical and physical characterization of biochar were calculated using
Eq. (2), where RViuqr,,, o 1S the theoretical value of the property for
Surrogate_CDM biochar assuming no interaction effects; RVqr, denotes
the experimental value of the property for the biochar produced from “i”
macro-component; Contribution ., is the percentage contribution of
each macro-component to the final biochar yield calculated using Eq.

'ﬂcharl- (Wt%) Eq 1
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(3). This contribution differs from its concentration (x;) in the raw
Surrogate_CDM (before pyrolysis), as the experimental biochar yield of
each macro-component varies depending on the pyrolysis temperature
(see Table 2).

Contribution g, (%)
RVChﬂ"lheo,cDM: E T“"RVC;M Eq 2
xi (wt.%) 0,
: (wt.%
Contribution s, (%) = — 1% Nerar, WES) 10 Eq. 3

E %'r]chan (Wt.o/o)

To assess the interaction effects between components, a t-student test
with a significance level of 0.05 was applied to compare the experi-
mental values of biochar yields and characterization obtained from
Surrogate_CDM and their theoretical values calculated for Theo_CDM
using Egs. (2) and (3). If significant interaction effects were observed
(Pvalue<0.05), the interaction effect (IE) was quantified using Eq. (4). A
positive IE indicates a synergistic effect among the components, whereas
a negative value indicates an antagonistic effect.

RV, — RV,

ha"surrogure, cDM

haripeo_com
x 100
RV,

IE (%) = Eq. 4

hare,_com
3. Results and discussions
3.1. Char yield pyrolysis

The biochar yields obtained experimentally from the CDM, its four
components (CEL, LIG, SP, CaCOs3) and the Surrogate_CDM at the three
pyrolysis temperatures are shown in Table 2, along with the theoretical
values that would be obtained with the Surrogate CDM if there were no
interactions (Theo_CDM). As expected, an increase in the pyrolysis
temperature led to a decrease in the biochar yield for the organic macro-
components (CEL, LIG and SP) and the CDM, due to an increase in the
decomposition rate of organic matter. This decrease was particularly
pronounced between 350 and 550 °C for the organic macro-components.
However, for CaCO3, CDM and Surrogate_ CDM a clear reduction be-
tween 550 and 750 °C was observed. CaCO3 decomposition, under the
experimental conditions of this work, starts to be noticeable in the
temperature range of 550-750 °C, which could also explain the biochar
yield decrease in CDM and Surrogate_CDM between 550 and 750 °C.
Among the organic macro-components, LIG yielded the highest biochar
since its structure is highly thermal stable. The higher biochar yield
obtained from LIG than from CEL is due to the lower concentration in
volatiles and the higher in fixed carbon of lignin, and is consistent with
the results from the literature [33]. Higher biochar yields are of interest
since it means that more biochar will be available for being used as a
solid adsorbent. The high inorganic fraction in CDM explains its rela-
tively higher biochar yield in comparison with those from CEL and LIG,
due to the scarce thermal decomposition of the inorganic fraction for the
whole temperature range studied.

To study the possible interaction effects between components, the
experimental biochar yields obtained from the Surrogate CDM were
compared to the theoretical biochar yields (Theo_CDM) calculated as the
weighted average considering the composition of the Surrogate CDM
and the experimental biochar yields obtained for the individual macro-
components pyrolyzed separately (see Eq. (2)). As shown in Table 2, the
biochar yields obtained experimentally for the Surrogate CDM and those
calculated for the Theo_CDM are different (pyajue < 0.05) for the three
pyrolysis temperatures, which could reveal interaction among compo-
nents during pyrolysis. The biochar yields obtained at 350 °C and 550 °C
for the Surrogate CDM were higher than the expected ones (The-
0_CDM350 and Theo_CDM550), suggesting a synergetic effect (IE = 18
% and 8 %, respectively). However, at 750 °C, the interaction effect is
antagonist (IE = —14 %), resulting in a biochar yield lower than ex-
pected. The addition of inorganic substances to biomass tends to in-
crease biochar yields [34], as could explain the results obtained in this
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Table 2

Experimental data of char yield, elemental analysis and pH of raw materials and
biochar samples prepared by pyrolysis at different temperatures. Calculated data
for Theo_CDM.

Char C (wt H (wt N (wt S (wt pH
yield %) %)* %) %)
(Wt%)
CEL - 42.2 7.0+ 0.2 + 0 7.34
+0.1 0.1 0.1 + 0.04
CEL350 26 £2 71.4 4.2 + 0 0 6.82
+0.1 0.1 +0.02
CEL550 18+ 2 88.2 3.0+ 0 0 7.8 +
+0.2 0.1 0.3
CEL750 17 £ 2 92.8 1.6 = 0 0 8.1 +
+ 0.6 0.1 0.1
LIG - 56.7 6.1 + 09 + 0.21 3.54
+0.1 0.2 0.1 + 0.02 +0.01
LIG350 48 £1 68.7 4.5 + 1.1+ 0.17 7.19
+ 0.9 0.1 0.1 + 0.02 +0.04
LIG550 341 82.9 3.2+ 1.2+ 0.13 8.1+
+0.1 0.1 0.1 + 0.02 0.02
LIG750 34+t4 86.7 22+ 1.0 + 0.17 8.52
+0.01 0.1 0.1 + 0.03 +0.03
SP - 46.4 79+ 13.5 0.6 + 6.59
+0.1 0.1 + 0.1 0.1 +0.02
SP350 41 + 4 59.5 4.4 12.1 0.14 9.17
+0.01 + 0.09
SP550 27 £1 56.9 28 + 10.4 0.10 9.72
+0.2 0.1 + 0.1 +0.01 +0.08
SP750 24 +£3 62.3 1.6 + 9.2+ 0.05 9.99
+0.1 0.1 0.1 + 0.01 +0.02
CaCOs - 12.0 0 0 0 9.77
+0.1 + 0.05
CaCO3350 99.1 + 12.0 0 0 0 9.65
0.3 +0.1 +0.04
CaCO3550 99.3 + 11.7 0 0 0 9.85
0.3 + 0.2 + 0.09
CaCO3750 92.4 + 111 0 0 0 12.6
0.7 +0.6 + 0.1
CDM - 29.9 49 + 22+ 0.8 + 7.61
+0.1 0.1 0.1 0.1 +0.01
CDM350 50+1 37.4 23+ 25+ 1.03 7.74
+0.3 0.1 0.1 + 0.01 + 0.04
CDM550 51 +3 35.0 1.5+ 1.0+ 1.18 9.7 +
+0.5 0.1 0.2 + 0.04 0.1
CDM750 42+1 33.8 1.0 + 0.6 + 1.49 12.7
+ 0.4 0.1 0.1 + 0.05 + 0.1
Surrogate_CDM" - 40.4 5.5 2.6 0.15 6.8
Surrogate CDM350 57 + 4 47.1 31+ 3.0+ n.d. 9.29
+0.2 0.1 0.1 +0.03
Surrogate_CDM550 42 +1 48.8 1.8+ 2.6 + 0.03 9.35
+0.1 0.1 0.1 + 0.03 +0.08
Surrogate CDM750 32+ 2 49.8 1.8 + 2.0+ 0.08 12.5
+0.1 0.1 0.1 + 0.01 + 0.1
Theo_CDM" - 40.4 55+ 26+ 02+ 6.8
+0.2 0.2 0.2 0.1
Theo_CDM350 48 + 4 44.8 2.6 + 2.0+ 0.02 8.4 +
IE=18 + 0.9 0.2 0.1 + 0.1
% IE=5 IE = IE = 0.01°¢ IE =
% 19 % 50 % 11 %
Theo_CDM550 39+2 45.2 1.5+ 1.6 + 0.01 9.1 +
IE=8 +0.3 0.2¢ 0.1 + 0.1°
% IE=8 IE = 0.01°
% 73 %
Theo_CDM750 37+t4 47.6 09 + 1.2+ 0.01 10.6
IE = +0.8 0.2 0.1 + +0.1
—-14 % IE=4 IE = IE = 0.01°¢ IE =
% 100 67 % 18 %

%

n.d.: not determined.

# Hydrogen content includes hydrogen from moisture.

b Calculated from the elemental composition of the raw individual
components.

¢ Interaction effect was not evidenced.
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work at 350 and 550 °C. Calcium could catalyze some re-polymerization
reactions of the tar products, favoring biochar formation [35]. However,
the significantly lower biochar yield for the Surrogate. CDM750 than for
the Theo_CDM750 could be due to two different causes: (i) firstly, the
thermal decomposition of the CaCO3 could begin at lower temperatures
in the presence of organic constituents than when it is pyrolyzed sepa-
rately due the presence of acids [36]; the acids resulting from the py-
rolysis of cellulose would be present in the pyrolysis liquid intermediate
[37] favoring the decomposition of CaCOg; (ii) subsequently, the pres-
ence of CO, coming from the thermal decomposition of CaCOs could
promote the reverse Boudouard reaction (C(s) + COx(g) < 2CO(g)),
hereafter simply Boudouard reaction, between the aforementioned CO»
and the carbon present in the char, reducing the biochar yield. The
promotion of the Boudouard reaction during Surrogate_CDM pyrolysis
as a consequence of the higher CO, concentration has been evidenced by
the significantly much higher CO yields obtained during the pyrolysis of
Surrogate_CDM at 750 °C compared to those obtained from theoretical
calculation (IE = 190 %). In addition, CDM pyrolysis also generated
higher CO, and CO yields compared to those obtained from the pyrolysis
of the organic macro-components at 750 °C (see Table S2 in Supple-
mentary Information for CO yield data).

3.2. Char characterization

To compare the properties of the biochar produced from the Surro-
gate_CDM with those that would theoretically (Theo_CDM char) arise
from the summative proportional contribution of the macro-components
pyrolyzed individually, the theoretical Contribution g, (%) shown in Eq.
(3) has been calculated and are shown in Table 3. Subsequently, the
biochar properties of these Theo_CDM biochar samples were calculated
according to Eq. (2).

3.2.1. Elemental composition

The elemental analysis of both the raw materials and the biochar
samples is presented in Table 2. Compared with the carbon content of
the raw materials, the biochar products from the three organic macro-
components (CEL, LIG, and SP), as well as the biochar products from
CDM and Surrogate_CDM, exhibited higher carbon contents. As ex-
pected, following a pyrolysis treatment [38], the carbon content of the
chars obtained from CEL, LIG, and Surrogate_CDM increased with rising
pyrolysis temperature. Other authors have also found char samples from
CEL present higher C contents than those from LIG [24]. However, the
carbon content of the SP chars reached a minimum at 550 °C, while that
of the CDM chars decreased across the entire pyrolysis temperature
range studied (350-750 °C). Regarding the carbon content of the solids
obtained from the inorganic macro-component studied (CaCOs), a
decreasing trend with the temperature was observed, possibly due to
partial decomposition into CaO that remains in the solid, while carbon
content is lost in the form of CO5 that would be released from the solid
matrix during pyrolysis. The effect of the temperature on the decrease of
the carbon content of the solid samples was more significant for those
solids obtained from CDM than for those obtained from CaCOsg, sup-
porting the idea of earlier CaCO3 decomposition in the presence of
organic constituents and, consequently, the promotion of the Boudouard
reaction between the CO; from the decomposition and the carbon pre-
sent in the char.

Table 3
Theoretical contribution of the biochar of each macro-component to the The-
0_CDM biochar samples (Contributionchar, (%)).

Contribution par, (%) Theo_CDM350 Theo_CDM550 Theo_CDM750

CEL 21.0 17.7 17.6
LIG 23.9 20.6 21.8
SP 14.2 11.6 11.1
CaCOs3 40.9 50.1 49.5
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The biochar samples obtained from SP were notably richer in ni-
trogen (N) than those from the other macro-components. CDM biochar
samples contained higher concentrations of both N and sulfur (S) than
typical lignocellulosic biomass chars, as raw lignocellulosic biomass
contain negligible N and S compared to the CDM. The presence of N and
S in CDM chars was attributed to proteins coming from the raw manure
itself and also microorganisms involved in anaerobic digestion. As the
pyrolysis temperature increased, the S content of the SP and Surroga-
te_CDM chars decreased dramatically compared to the S content in the
raw material, while the S content of the CDM chars increased. This
behavior suggests that S in CDM does not only come from the protein
fraction but also from the inorganic fraction. S content in raw CDM was
similar to that of SP despite the protein fraction in CDM represents only
12 wt% of the sample. So, if S only comes from proteins, CDM should
contain as much as 0.1 wt% instead of 0.8 wt% (see Table 1).

It was observed that the elemental compositions of the Surroga-
te_CDM chars differed significantly (pyajue < 0.05) from those that would
be theoretically obtained at any of the pyrolysis temperatures (see
Table 2), pointing to a possible interaction effect similar to what was
observed with biochar yield. The elements analyzed (C, H, N, and S)
exhibited higher concentrations in the chars obtained from Surroga-
te_CDM compared to those theoretically expected. The highest IE were
observed for N content. Some authors claim that O-containing groups in
chars, such as carbonyls from cellulose, could potentially react with
NHj, NH; and NH through Maillard reactions forming N-containing
groups (pyridinic-N, pyrrolic-N, quaternary-N and pyridone-N-oxide),
thereby favoring the retention of N in the biochar [39]. Therefore,
co-pyrolysis of lignocellulosic wastes with rich protein wastes could
enhance biochar nitrogen retention affecting the pH and surface func-
tionality in chars, which in turn might influence their COy adsorbent
performance [39]. However, the N content in the biochar from CDM
decreased with temperature more significantly than for Surrogate CDM,
indicating no significant N retention in CDM despite the presence of O
and N-containing groups. This observation could be attributed to the fact
that the N contained in CDM does not solely originate from the protein
fraction.

3.2.2. pH

The pH values of the raw materials ranged from 3.5 to 9.8, while the
pH of the biochar samples varied between 6.8 and 12.8, as shown in
Table 2. Moreover, the pH of the biochar samples produced from all the
raw materials (CEL, LIG, SP, CaCO3 and DCM) increased with the py-
rolysis temperature. Similar trends were reported in the literature for
lignocellulosic biochars, which was attributed to the reduction in acidic
functional groups, such as hydroxyl and carboxylic, during the pyrolysis
[40]. In addition to the removal of carboxylic functional groups, the
increased basicity of CEL750 and LIG750 may result from an increase in
Lewis basic sites on the biochar surface. According to Li et al. [40],
removing oxygen from the carbon surface can delocalize free electrons
on the carbon surface’s basal planes, enabling them to behave as Lewis
basic sites. An exception to this behavior is the CEL350 biochar sample,
which exhibited a lower pH than the raw CEL, suggesting the presence of
more acidic groups. Peaks in the range of 1600-1800 cm !, assigned to
carboxylic acids (1665-1760 cm 1) and lactones (1675-1790 cm’l),
were observed in the CEL350 biochar but not in the FTIR spectrum of the
raw CEL. The FTIR spectra for the raw materials and biochar samples are
shown in Figs. S2-S6 in the Supplementary Information. Matsuoka et al.
[41] proposed that during the initial stages of pyrolysis, the thermal
decomposition of reducing end groups in crystalline cellulose could
enable proton donation (acting as an acid catalyst). This proton dona-
tion through hydrogen bonding between surface biochar functional
groups plays a fundamental role in these pyrolytic reactions, leading to
the formation of more acidic groups.

SP chars exhibited higher pH values than biochar derived from other
organic macro-components, likely due to the presence of pyridinic-N
and pyrrolic-N functionalities formed on the biochar surface during
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pyrolysis from the transformation of the N functionalities present in raw
SP. SP contains a significant concentration of N originating from typical
N-functionalities in proteins, such as amine (side-chain) and amide
(peptidic bond) [42]. XPS spectra of SP chars revealed that N-func-
tionalities in raw SP primarily transformed into pyridinic-N and
pyrrolic-N, both showing basic characteristics as they can act as Lewis
base sites. Additionally, XPS spectra revealed a higher concentration of
N on the surface of SP-derived chars than those from CEL or LIG, possibly
explaining the higher pH of SP chars. Pyridinic-N exhibits higher ba-
sicity than pyrrolic-N, as its electron lone pair is not part of the aromatic
ring [43]. Deconvolution of N 1s XPS spectra of SP chars (see Fig. S2 in
Supplementary Information) indicated a significant increase in the
percentage of pyridinic-N (398.7 & 0.1 eV) in the biochar produced at
550 (36 %) vs. the biochar produced at 350 °C (25 %), justifying the
higher basicity of SP550. The pH of SP750 was slightly higher than that
of SP550. This pH increment was not attributed to a greater presence of
pyridinic-N, as its percentage was lower in SP750 (20 %) than in SP550
(36 %) (see Table S3 in Supplementary Information); this increase may
instead be related to changes in the carbonaceous structure, similar to
those observed on CEL and LIG.

The pH of the solid samples obtained from CaCO3 thermal decom-
position was basic, consistent with that of the CaCOgs itself, as it suffers
minimal decomposition at 350 and 550 °C. The higher pH value recor-
ded for the CaCO3750 sample could be explained by the partial
decomposition of CaCOs into CaO, which exhibits a stronger basic
character than CaCOs. The results of FTIR spectra of CaCOs and its
biochar samples support this explanation (see Fig. S3). The increase in
pH values for CDM and Surrogate_ CDM biochar samples with the py-
rolysis temperature may be attributed to the growing presence of Lewis
base sites and the partial decomposition of the CaCO3 present in the
inorganic fraction of CDM. Interaction of CO, with basic biochar func-
tionalities is feasible due to the acidic nature of CO5 [44]. Higher py-
rolysis temperature in the studied range (350-750 °C) seemed suitable
for generating biochar with basic characteristics, especially for feed-
stocks with high protein content.

When comparing the pH of biochar samples derived from Surroga-
te_CDM to the theoretically expected values (Theo CDM) calculated
from the weighted average of biochar samples pH from macro-
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components (see Table 2), an important synergistic effect (IE = 18 %)
was observed in the pH of the Surrogate CDM750 sample. The signifi-
cantly higher basic character of Surrogate_CDM750 (12.5) compared to
the theoretical one, Theo_ CDM750 (10.6), could be caused by the pro-
motion of CaCO3 thermal decomposition in the presence of the organic
constituents during pyrolysis. As mentioned earlier (see Section 3.1), the
decomposition of CaCOs is likely promoted by the presence of acid
groups in the liquid intermediate formed in the pyrolysis of cellulose.

3.2.3. Morphology

The scanning electron microscope (SEM) images of CEL750, LIG750,
SP750, CDM750, and Surrogate_ CDM750 are shown in Fig. 1 and the
SEM images of char samples obtained at 350 and 550 °C are shown in
Fig. S8 in Supplementary Information. LIG750 and SP750 chars dis-
played individual particles with polygonal shapes and multiple smooth
surfaces, although some pores can be observed in the SEM image of
LIG750. The smooth surfaces could result from the solidification of a
liquid intermediate formed during the pyrolysis of LIG and SP (melting
stage). SEM images of LIG350 and SP350 (see Fig. S8) already showed
biochar particles with smooth surfaces, indicating that these liquid in-
termediates should be formed even at temperatures lower than 350 °C.
In contrast, biochar samples from CEL, Surrogate CDM, and CDM
showed rougher surfaces across all pyrolysis temperatures studied.
Comparing the SEM image of Surrogate CDM750 and CDM750,
different components can be distinguished in Surrogate. CDM750 indi-
cating a lower degree of intimate contact between them.

3.2.4. Textural characterization of char

Table 4 shows the specific surface areas obtained by the Brunauer-
Emmett -Teller (BET) and Dubinin-Radushkevich (DR) methods for Ny
at 77 K and CO; at 273 K adsorption, respectively. Except for CEL550
and CEL750, the specific surface area of the chars obtained by BET
method with N, were below 100 m?/g. Other authors have found that
BET specific surface area is higher for chars from delignified oak wood
than for chars obtained from raw oak [45], pointing out also to cellulose
as a better precursor for high-specific surface areas. However, when
applying the DR method to the adsorption data of COy at 273 K, the
specific surface area of all biochar samples increased significantly

Fig. 1. Scanning electron microscopes (SEM) image of (a) CEL750, (b) LIG750, (c) SP750, (d) CDM750 and Surrogate_CDM750 (scale of 100 pm).
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Table 4
Textural properties of chars determined from N2 adsorption at 77 K and CO2
adsorption at 273 K.

N, adsorption at 77 K CO, adsorption at 273 K

SSper (m* g7 ") SSpr (m>™) Vpr (em® g™")

CEL350 6 311 0.12

CEL550 298 562 + 21 0.211 + 0.008
CEL750 352 704 + 31 0.26 £+ 0.01
LIG350 2 271 0.10

LIG550 26 536 + 32 0.20 + 0.01
LIG750 61 648 0.24

SP350 5 132 0.05

SP550 5 268 + 8 0.101 + 0.004
SP750 1 222 0.08
CaC03350 n.d. n.d. n.d.
CaCO3550 n.d. 42 0.02
CaC03750 3 89 0.03

CDM350 6 80 0.03

CDM550 16 198 + 41 0.07 + 0.02
CDM750 84 248 + 19 0.093 + 0.007
Surrogate_CDM350 5 155 0.06
Surrogate_CDM550 48 259 0.097
Surrogate CDM750 51 357 +1 0.127 + 0.001
Theo_CDM350 2 151 0.06
Theo_CDM550 81 241 0.08
Theo_CDM750 75 289 0.11

compared to the BET values obtained for Ny at 77 K. This shows an
important presence of micropores and ultramicropores in the biochar
samples obtained from all these materials, as CO5 molecules can diffuse
more easily into small pores at a higher temperature (273 K) [46]. The
much higher SSpg determined from the standardized CO2 adsorption test
than the SSpgr determined from the standardized N, adsorption test
agrees with results obtained in other works for lignocellulosic chars
[47], which points to the CO5 adsorption test and the
Dubinin-Radushkevich equation as more appropriate for the analysis of
the specific surface area of this type of sample. Biochar samples from
CEL and LIG exhibited higher surface areas than those from SP. The
melting step during SP pyrolysis seems to hinder the development of
microporosity in SP chars, as observed in the SEM images. SEM images
have shown that the melting stage in the soybean protein takes place at
temperatures between 200 and 250 °C (see Fig. S9) and that the smooth
aspect of the surface of the protein char is also maintained for the chars
obtained at 350, 550, and 750 °C (see Fig. 1).

CDM chars exhibited a lower surface area than that of the chars from
the organic constituents. The absence of porosity in the solids resulting
from CaCOs3 thermal decomposition, along with its high concentration in
CDM char, could justify the lesser development of high surface area and
even might fill or block the access to micropores in CDM chars. Different
authors also have found that high ash contents limit the development of
porosity in biochar samples [48] or which is the same, a greater devel-
opment of the volume of micropores of the solids was observed as the
burn-off of said solids increased [46]. The DR specific surface (SSpg) of
CEL and LIG chars increased with the temperature within the studied
interval due to the degradation of organic matter, which promotes
micropore formation. However, the SSpg of SP chars peaked at 550 °C.
Therefore, while the general observed trend for cellulose- and lignin-rich
agricultural wastes is that surface area and micropore volume increased
with increasing pyrolysis temperature in the range 350-750 °C,
protein-rich wastes appear to show a maximum at an intermediate value
in this temperature range.

The SSpg obtained in this work for pristine biochar from CEL and LIG
at 750 °C is in the same range or even higher as those obtained in other
works for physically activated carbon (289-610 cm?g!) [49,50],
(426-526 cng'l) [51]. In the same way, the micropore volume (Viicro,
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pr) of the chars from CEL and LIG obtained at the highest temperature
(0.24-0.26 cms(STP)g_l) (see Table 4) is similar to those reported by
other authors for physically activated chars (0.12-0.21 cm?’(STP)g’l)
[49,52] or (0.12-0.40 cm*(STP)g ™) [53].

Fig. 2 shows the pore volume for three ranges of pore widths (0.3 nm
< pore width <0.5 nm, 0.5 nm < pore width <0.8 nm, 0.8 nm < pore
width <1.5 nm) as obtained by the NLDFT method. In general, the
micropore volume across all pore width ranges was higher for biochar
samples derived from CEL and LIG than those from the other raw ma-
terials pyrolyzed at the same temperature. For all biochar samples, the
micropore volume of smaller pores increased with higher pyrolysis
temperatures. According to Presser et al. [54], during CO, adsorption at
ambient temperature and at 1 bar of CO; partial pressure, pores smaller
than 0.8 nm (but bigger than 0.5 nm) contribute most to CO5 uptake,
while CO, adsorption in pores smaller or equal to 0.5 nm occurred at 0.1
bar. Considering this conclusion, chars from CEL750 and LIG750 are
expected to have the highest CO, adsorption capacities at the CO4, partial
pressures studied (0.01-0.83 bar), as will be shown in Part II of this work
[reference].

A positive interaction effect was observed when comparing the
micropore volume for the Surrogate. CDM750 sample with the theoret-
ical value (Theo_CDM). As mentioned earlier, the accelerated thermal
decomposition of CaCOs3 in the presence of the organic components
during pyrolysis could generate CO, which further reacts with the car-
bon skeleton, forming CO and new pores. Regarding this result, Jalala-
badi et al. also found that carbonate is involved in the cracking of
condensable volatiles, which generates a highly porous char structure
[55]. The ultramicropore volume, particularly for pores smaller than
0.5 nm, increased beyond the theoretically expected value for the
Surrogate_ CDM750.

4. Conclusions

The effect of pyrolysis temperature on the chemical and textural
properties of the biochar samples is consistent across many raw mate-
rials and properties. For instance, the pH and specific surface area, both
BET and Dubinin-Radushkevich, increase with temperature, whereas
biochar yield and hydrogen content decrease as the temperature in-
creases. The only discrepancy observed is the decrease of specific surface
area in the soybean char obtained at 750 °C due to a thermoplastic stage
during which the protein melts and re-solidifies, as evidenced by SEM
images. Only some properties show temperature-dependent trends that
vary with the feedstock precursor. In this regard, the carbon content
increases with pyrolysis temperature for cellulose, lignin and soybean
protein chars, whilst it decreases for solids derived from the thermal
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Fig. 2. Micropore volume distribution obtained using the NLDFT method by
standardized adsorption of CO, at 273 K.
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decomposition of CaCO3 and co-digested manure (CDM) due to the
thermal decomposition of carbonate.

Based on the mechanism of CO, adsorption over pristine biochars,
the analysis of standard CO; adsorption isotherms at 273 K using the
Dubinin-Radushkevich equation, along with the use of the non-local
density functional theory (NLDFT) to determine the micropore size
distribution are really useful techniques to characterize ultra-
microporosity and estimate the CO» adsorption performance of these
biochars. High-temperature pyrolysis (750 °C) chars coming from
lignin- and cellulose-rich residues exhibit micropore specific surface
area and volume similar to physically activated carbon, which is an
advantage from an operational (due to simplicity) and an economic
point of view.

Evidence of the occurrence of interactions between the macro-
components of biogenic waste during their co-pyrolysis have been
found in this work. Maillard reactions between cellulose and protein
fractions cause greater than expected N retention in the resulting char.
Organic wastes with high CaCOj3 content in their ash, such as CDM, may
exhibit interaction effects between their organic and inorganic fractions
during pyrolysis. Solid derived from CaCOs pyrolysis exhibits minimal
values of porosity, resulting in very low specific surface area in char
produced from wastes with high CaCOs3 content. However, at high
temperatures (>750 °C), CaCO3 thermal decomposition is favored by
the co-pyrolysis of the organic components, probably caused by
decomposition products from cellulose. The CO; released during this
decomposition promotes the Boudouard reaction, leading to a reduced
char yield from the organic constituents. Besides this lower biochar
yield, this interaction results in a higher ultramicropore and micropore
volume of the resulting biochar. However, this synergistic effect is
insufficient to counterbalance the dilution effect observed in residues
with high ash content. These findings, along with the differences
observed between the chars produced from surrogate co-digested
manure (CDM) (prepared as a combination of these components) and
the theoretical calculations, based on the experimental yields and
properties of chars from pure macro-components, prompt further
investigation into the interactions among the major constituents of CDM
to better understand their combined effects.
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