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Abstract
Biochar is obtained from the pyrolysis of biomass in the absence of oxygen and has great potential as a sorbent or as a carbon sequestration material. Although numerous studies have investigated biochar characteristics, the biochar porosity and sorption properties obtained with different pyrolysis conditions are still largely unclear. The objective of this study was to determine the interrelationships among temperature, material grain size, heating rate, and retention time, as well as the effects of the interactions of these variables on the surface morphology of biochar made from wheat straw. The sorption, porosity, and pore size distribution of biochars prepared at different pyrolytic temperatures were determined. Elemental analysis, BET-N2 surface area analysis, ICP‒OES, and Fourier transform infrared spectroscopy were used to characterize 19 wheat straw biochars obtained via pyrolysis at different temperatures (500 to 700 °C), heating rates (20 and 30 °C/min), and residence times (5 and 15 min). Based on a full factorial design method and variance analysis, the optimal conditions for wheat straw pyrolysis and the variables that have a statistically significant effect on biochar quality were determined. A high surface area of 400 m2/g and an average pore size of approximately 2.34 nm were obtained at 700 °C for a grain size of 0.5–1.0 mm at a heating rate of 20 °C/min and a residence time of 5 min.
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Introduction
[bookmark: _Hlk83206001]Thermal conversion methods such as torrefaction, pyrolysis, gasification, or other hydrothermal methods are commonly applied to transform organic-rich materials into valuable products. One widely used product obtained from pyrolysis is char. Depending on the source of the feedstock, char can be obtained from fossil fuel pyrolysis or from the pyrolysis of wastes containing polymers or, alternatively, from the pyrolysis of pure biomass that does not contain any additives. Pyrolysis induces the decomposition of organic components under oxygen-limited or oxygen-free conditions [1–3] at various temperatures, generally ranging from 300–700 °C. Apart from the process temperature (which determines the process type: < 300 °C for torrefaction and > 800 °C and various gaseous atmospheres for gasification), other crucial parameters include the heating rate and residence time. These two parameters determine the type of pyrolysis, namely, fast pyrolysis at a high heating rate (10–200 °C/s) and a residence time of several seconds (0.5–10 s, typically < 2 s) and slow pyrolysis at a low heating rate (1–100 °C/min) and long residence times (from minutes to hours or even days) [4]. Slow pyrolysis is usually applied to produce char or biochar (depending on the feedstock [5–7]), whereas fast pyrolysis is commonly applied to produce bio-oil [8,9] or pyrolytic oil [10,11]. Bio-oil is considered a potential source of liquid fuel additives [12–15]; however, due to the excellent physical and chemical properties of biochar, which is a stable and carbon-rich product, it is now widely used for energy storage [16–19], for sequestration and soil remediation [20–23], or as a sorbent for water, wastewater, or flue gas treatment [4,24]. Biochar has high porosity and abundant surface functionalities, allowing it to retain water, nutrients, and pollutants in the soil [25]. It also contains considerable amounts of labile organic carbon (OC) and plant nutrients (e.g., N, P, K, Ca, Mg, and S) [26]. The addition of biochar to soils improves the soil physical, chemical, and biological characteristics, increases crop production, and reduces the bioavailability of heavy metals and organic pollutants [27]. Thus, biochar has been extensively studied for its potential use in improving soil health, reducing pollutants, reclaiming land, and mitigating climate change.
The feedstock type (e.g., biomass) and process conditions may affect the properties of the obtained biochar, such as the surface area and porosity distribution (micropores, < 2 mm, mesopores, 2–50 nm, macropores, > 50 nm), which determine its potential applications. Macropores are generally responsible for the diffusion of substances, whereas mesopores act as mass transfer channels, and micropores provide the trapping space [28]. In recent years, numerous reviews have pointed out that biomass and pyrolysis temperature are the main factors influencing the physicochemical properties of biochars, including surface area, functional groups, hydrophobicity, stability, zeta potential, and pH [29–32]. An increase in pyrolysis temperature contributes to increased carbon content, aromaticity, pH, ash content, surface area, stability, and pore size, whereas biochar yield, hydrogen content, oxygen content, H/C ratio, and O/C ratio decrease [30,33–35]. Additionally, various sources of feedstocks have been studied in terms of their cellulose, hemicellulose, lignin, and inorganic mineral contents [36,37]. However, despite extensive research [38,39], data on the interrelationships and interactions of pyrolysis conditions are scarce. The biochar properties, including surface morphology and yield, may also depend on the interactions between independent variables, and such interactions have not been further investigated. In particular, there is insufficient information on the effects of process conditions such as pyrolysis temperatures, material grain size, heating rate, residence time, and their interactions on the sorption properties of biochars. Because of this, researchers have decided to investigate the influence of more than two or three variables on the adsorption properties of the biochars formed during biomass pyrolysis, and this is also the main objective of this study. To our knowledge, a full experimental and statistical investigation has never been presented before.
Considering the above, three main research questions were established: (1) is it possible to distinguish the influence of interactions between the main process variables of biomass pyrolysis from the influences of the main process variables themselves?; (2) which of the process variables and their possible interactions have a statistically significant effect on the quality parameters of biochar?; (3) is it possible, and if so, what are the optimal process parameters, to achieve the highest possible biochar quality parameters (e.g., specific surface area) while also producing biochar with the highest possible efficiency using low-quality biomass?
Pyrolysis temperature and heating rate are the most widely used process factors, although holding time and material grain size have recently been investigated to expand the number of cross-integrated variables. The number of parameters available for describing biochar characteristics has likewise grown. In answer to the above questions, this work presents a multivariate and statistical approach to quantitatively and qualitatively analyse the impact and possible interactions of four pyrolysis process variables and their influence on 11 characteristic parameters of biochar properties. These analyses were carried out with the aim of better understanding how biochar can be used to solve environmental problems. These 11 metrics were as follows: yield at 500–700 °C, micropores, mesopores, macropores, total pore volume, ratio between mesopore volume and total pore volume, SBE surface area, pore volume D, and percentages of micro, meso-, and macropores. Considering one of the previously posed questions, one of the main objectives of this study was to identify the interrelationships between the pyrolysis temperature, material grain size, heating rate, and retention time, as well as their interactions, all of which significantly affect the surface morphology of biochars generated from agricultural biomass. To address another previously posed question, the present study used agricultural biomass as an example to demonstrate that other types of biomass in addition to wood biomass can be used to produce biochar with desirable absorption characteristics. Our findings provide a reference for future studies as well as a means to assist in the selection of pyrolysis processing parameters necessary for the creation of biochars that may be utilized in a variety of applications as sorbents.



Materials and Methods
1.1. Raw biomass – preparation, chemical characterization
We selected wheat straw for biochar production (Fig. 1). The raw biomass was prepared by drying at 105 °C and grinding to four particle sizes: below 0.2 mm for laboratory analysis and 0.5–1 mm, 1–2 mm, and 2–3.15 mm for pyrolysis tests.
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Figure 1. Raw wheat straw biomass (left) and biomass after preparation for laboratory analysis (right).

Prior to the pyrolysis test, the following properties were determined: ash content (Ash), volatile matter (VM), fixed carbon (FC), moisture content (Wa), carbon (Cta), hydrogen (Hta), oxygen (Ota), nitrogen (Na), sulfur (Sta), and high heating value (HHV). Analyses were performed according to methods described elsewhere [33,40,41].
The samples were also subjected to ICP‒OES analysis to investigate how metal oxides and heavy metals change under different pyrolysis conditions. Wet chemical pressure digestion of the raw biomass material was required before elemental analysis by inductively coupled plasma spectrometry due to concerns about the loss of volatile components. In a Milestone Ethos One microwave digestion system (Srl, Italy), 0.3 g of sample and 10.2 cm3 of three separate acid solutions were placed in a Teflon vessel in the oven. The vessel was heated to 190 °C for 35 min three times, and each sample was digested three times; deionized water was used. Spectroscopic-grade nitric acid (65%), hydrofluoric acid (47–51%), and hydrogen peroxide (30%) were used (Sigma Aldrich). An iCAP 6500 Duo inductively coupled plasma optical emission spectrometer (Thermo Scientific, USA) was used to measure the As, Cd, Cu, Cr, Pb, Ni, and Zn contents. To calibrate the spectrometer, model solutions were prepared from single-element solutions with concentrations of 1,000 mg/dm3 provided by the SCP Science Company.


1.2. Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS)
Each sample was "dropped" into a Multi-Shot Pyrolyser EGA/PY-3030D for Py-GC/MS analysis (Frontier Laboratories Ltd, Fukushima Japan). The pyrolysis temperature was set to 500, 600, and 700 °C, while the GC oven temperature was increased at a rate of 5 °C per minute from 45 to 275 °C. The sample vapours created in the furnace were split (at a ratio of 1/50), a portion of it was transferred to a column at a flow rate of 1.91 mL/min and pressure of 27.3 kPa, and the remaining portion was vented. The vapours were separated using a Shimadzu QP-2010 Ultra Plus (Japan) gas chromatogram with a temperature-programmed capillary column and examined with a Shimadzu MS-QP2010SE mass spectrometer at 70 eV. A Phenomenex Zebron ZB-5 capillary column (consisting of a 5% diphenyl and 95% dimethylpolysiloxane stationary phase, a column length of 30 m, a column ID of 0.32 mm, and a thickness of 0.10 m) was used. The following settings were recommended for the mass spectrometer: ion source heater at 250 °C, interface temperature of 300 °C, vacuum at 10-5 Pa, m/z range of 45–300, and scan speed of 1428. Shimadzu (NIST17.0) postrun software was used to further evaluate the chromatograms and spectra obtained from each experiment.

1.3. Pyrolysis for biochar production
Three samples of various particle sizes, namely, 0.5–1, 1–2, and 2–3.15 mm, were subjected to pyrolysis under various temperatures between 500 and 700 °C, with steps of 100 °C. Pyrolysis tests were conducted at heating rates of 20, 25, and 30 °C/min and residence times of 5, 10, and 15 min using a TGA-701 LECO. In each pyrolysis test, a 1-g sample was placed in a ceramic crucible and pyrolysed in a nitrogen atmosphere. The 19 samples were prepared at the same time and analysed under the same pyrolysis conditions. The pyrolysis yields under varying conditions were calculated as the ratio between the mass of char obtained during pyrolysis and the mass of raw biomass using Equation (1):

,
where Ybiochar is the mass yield of biochar [%]; mbiochar is the mass of biochar [g]; and mraw_biomass is the mass of raw biomass [g].


1.4. Fourier transform infrared spectroscopy (FTIR)
The raw biomass and the produced biochar samples were analysed via DRIFTS spectra on a Bruker Tensor 27 spectrometer equipped with a DTGS (deuterated triglycine sulfate) detector and an adaptor to enable diffuse reflectance measurements. After the samples were dried and ground to a particle size of less than 0.2 mm, 0.7 mg of sample and 300 mg of potassium bromide (KBr) powder were mixed and blended for 2–3 min in an agate mortar. In the first step, pure KBr was applied to measure the background at a resolution of 4 cm-1, with 128 total scans at room temperature under a N2 atmosphere. Subsequently, the prepared sample was placed in a diffuse reflectance sample cup (13 mm). Each sample was placed in a ceramic cup, and the surface was flattened with a spatula. Diffuse reflectance was analysed at a resolution of 4 cm-1, with 128 total scans at room temperature under an N2 atmosphere. Each sample was analysed in triplicate, and the results were averaged. The DRIFTS spectra were presented as Kubelka-Munk functions due to their direct proportionality to absorbance.
1.5. N2 porosimetry
The porous structure of the biochar was characterized by nitrogen adsorption at 77 K. Prior to this analysis, the samples were outgassed under vacuum at 200 °C for at least 24 h to obtain a residual pressure below 50 mTorr; to record the adsorption isotherms, a 3-Flex instrument, Micromeritics, USA, was used. All samples were analysed in triplicate. The pore characteristics of the studied materials were analysed for three pore size ranges: micropores with pore sizes less than 2 nm, mesopores with pore diameters between 2 and 50 nm, and macropores with diameters larger than 50 nm. The following porosity and pore size distribution parameters were evaluated: volume and percentage ratio of micro, meso- and macropores, total volumes of pores, SBET (Brunauer‒Emmett‒Teller (BET) equation), and pore size. The nitrogen adsorption and desorption isotherms were determined in the relative pressure range p/po = 0.01 to 0.96, allowing for the determination of micropore, mesopore, and total pore volumes. The specific pore area SBET was determined from the Brunauer‒Emmett‒Teller (BET) equation. The total pore volume was calculated from Gurvitch's law based on the amount of adsorbed gas at a relative pressure p/po = 0.96 [42]. The average pore width (davarage) was determined using the following equation: davarage = 4VT/SBET [43].
1.6. Design of pyrolysis experiments and data analysis
The 2k factorial designs were selected as the method of experimental design (DOE). The factorial designs required several experiments equal to 2k, where k is the number of variables changed during the study. Each variable had two levels in these cases, coded as 1 and +1. The variables could be quantitative or qualitative; the detailed terms and conditions of the experiments are presented in Table 1. Four variables were used during this study: the thermal conversion temperature, biomass size studied, heating rate, and sample residence time at the final temperature. For this reason, the number of possible experiments was limited, and a 24 factorial design was selected, requiring a total of 19 experiments (16 from 2k and 3 in the centre).
Table 1. Experimental matrix of the 24 factorial design with one central point.
	Parameters/levels
	Symbols

	[bookmark: _Hlk519451387]
	Coding
classical experimental design
	X1
pyrolysis temperature [ °C]
	X2
sample particle (grain) size [mm]
	X3
heating rate
[ °C/min]
	X4
residence time
[min]

	Low
	-1
	500
	0.5–1.0
	20
	5

	High
	+1
	700
	2.0–3.15
	30
	15

	Centre
	0
	600
	1.0–2.0
	25
	10



The factorial design is suitable for estimating interactions among the studied variables. Consequently, with 16 experiments (with three repetitions following the surface morphology analysis), it was possible to estimate one constant term, four linear terms, six two-term interactions, and four quadratic term interactions. Mathematically, this model can be described by Equation (2):
Y = b0 + b1X1 + b2X2 + b3X3 + b4X4 + b12X1X2 + b13X1X3 + b14X1X4 + b23X2X3 + b24X2X4+ b34X3X4 + b11X12 + b22X22 + b33X32 + b44X42
All variable effects that could influence the studied biochar parameters were analysed using multivariate analysis of variance, more precisely, two-way ANOVA. This analysis is frequently used to assess the influences of several factors (independent variables) on one or more dependent variable(s); Equation (3) is as follows:
,
where μ is the overall mean of the tested population, αi and βj are the main effects of individual factors, γij is the interaction among factors, and εijk is the experimental error.
This analysis assumes (as a null hypothesis) that all independent variable levels equally affect the trait being measured (the dependent variable). An alternative hypothesis assumes that at least one variable affects the trait more significantly than the others. For each independent variable, hypotheses were posed separately. Furthermore, the interaction between the independent variables can be understood as the combined effect (not decomposable into the separate factor effects α and β) of the two independent variables on the dependent variable (continuous) studied.
Within the developed experimental plan, optimization of the process using the data obtained consists of finding a local or global maximum for the parameter under study. The situation becomes more complex if, during optimization, several parameters that characterize the product need to be considered; in the discussed example, this is biochar. An additional complication occurs when the product or process parameters of interest are inversely proportional, that is, the minimum value for parameter x1 is the desired feature, and for parameter x2, the desired feature is its maximum value. In this case, a good solution is the use of the so-called “utility function” [44]. Several possible utility functions can be used, for example, linear utility, voiceover-IP utility, threshold utility, real-time, rate-adaptive, and stepwise functions [45]. This study focuses on the use of a linear utility function, which can be expressed with Equation (4) [46]:

The overall utility function f(d(g) is a weighted average of the d individual utility functions, weighted by user-specified weights, w, where M is the number of response variables and w is the user-specified weight applied for determining the significance and sign of a given parameter, i.e., whether the value of the variable will be minimized or maximized during optimization.
Results
1.7. Chemical analysis
Pyrolysis, as mentioned previously, is the thermal decomposition of organic fractions such as lignin, cellulose, and hemicellulose (in the case of biomass). The solid fraction is characterized by significantly higher values of the energy parameters, such as the high heating value (HHV). Table 2 shows the different parameters evaluated. The most valuable parameters from an energetic point of view are the concentrations of carbon and hydrogen, which are primarily responsible for the energy stored in the materials studied. Ash, oxygen and nitrogen are ballast in terms of energy.




Table 2. Proximate and ultimate analyses of the raw wheat straw biomass and the biochar obtained under various pyrolysis conditions.
	Analysis
	Ash
	VM
	FC
	Wa
	Cta
	Hta
	Ota
	Na
	Sta
	HHV

	Unit
	wt. %
	MJ/kg

	Straw biomass
	4.78
	70.50
	18.19
	6.53
	43.80
	5.48
	38.69
	0.62
	0.10
	17.52

	Straw biochar at 500 °C
	14.83
	23.69
	57.85
	3.63
	65.50
	3.51
	11.03
	1.29
	0.21
	25.07

	Straw biochar at 700 °C
	16.93
	6.99
	74.87
	1.21
	69.02
	1.92
	9.51
	1.18
	0.23
	25.61



As seen in Table 2, as the pyrolysis temperature is increased, the degree of biomass conversion to biochar increases. As a result, the quantity of ash and carbon in the biochar increases, while the amount of volatile matter, which includes moisture in the biomass material as well as hydrogen, oxygen, and nitrogen, decreases. These results are consistent with those reported in other studies [47,48]. Pyrolysis at 500 °C increased the inorganic (mineral) fraction by more than 300% (over 350% at 700 °C) while decreasing volatile matter by 66 and 90 %m/m, respectively. An increase in the carbon content and a decrease in the oxygen content of the biochar by 69.02% m/m and 9.51 %m/m, respectively, resulted in 143 and 146% increases in the combustion heat values at 500 and 700 °C, respectively.
This trend was also reflected in the quantities of ash (Table 3) and trace elements (Table 4). The increased elemental content was due to thermal degradation of the biomass, which resulted in greater concentrations of compounds in the biochar. The ash content of the tested sample varied slightly between 0.8 and 1.2, depending on the analyser. Both the percentage and chemical composition of ash from biomass and the materials derived from it vary (often to a significant degree) depending on the type of biomass used. Biomass of agricultural origin, which includes wheat straw, is often characterized by a high ash content dominated by SiO2. This is also the case in this study. In contrast to the chemical composition of oxides, the concentration of heavy metals is more dependent on the origin of the biomass and the purity of the soil on which the biomass grew and the surrounding environment. Some plants are hyperaccumulators and have a greater capacity to absorb specific elements from the environment, but wheat straw is not one of them.


Table 3. Ash composition of raw wheat straw biomass and biochar obtained under various thermal pyrolysis conditions.
	Analysis
	Straw biomass
	Straw biochar at 500 °C
	Straw biochar at 700 °C

	
	% m/m (ash)

	P2O5
	3.2
	2.9
	4.3

	SiO2
	58.0
	52.1
	54.2

	TiO2
	0.10
	0.10
	0.12

	Mn3O4
	0.60
	0.79
	0.79

	BaO
	0.05
	0.07
	0.05

	Na2O
	0.20
	0.28
	0.26

	MgO
	3.7
	3.8
	4.0

	SrO
	0.05
	0.07
	0.07

	CaO
	8.6
	9.9
	7.8

	Al2O3
	1.1
	1.2
	1.0

	Fe2O3
	0.60
	0.55
	0.83

	SO2
	2.3
	2.4
	3.2

	K2O
	11.1
	15.4
	12.9


The concentration of trace elements changed by 2.05 to 2.88 times for straw biochar obtained at 500 °C and 2.09 to 2.76 times for straw biochar obtained at 700 °C.
Table 4. Trace element composition of raw wheat straw biomass and biochar obtained under various thermal pyrolysis conditions.
	Analysis
	Straw biomass
	Straw biochar at 500 °C
	Straw biochar at 700 °C

	
	mg/kg (dry)

	Mercury (Hg)
	0.004
	0.011
	0.011

	Vanadium (V)
	0.524
	1.291
	1.336

	Lead (Pb)
	0.653
	1.448
	1.409

	Nickel (Ni)
	0.910
	1.974
	2.063

	Molybdenum (Mo)
	0.278
	0.793
	0.590

	Coper (Cu)
	3.00
	6.667
	7.693

	Manganese (Mn)
	58.200
	125.877
	139.654

	Cobalt (Co)
	0.259
	0.543
	0.679

	Cadmium (Cd)
	0.962
	2.610
	2.441

	Zinc (Zn)
	5.635
	15.059
	14.156

	Chromium (Cr)
	1.805
	4.963
	4.891

	Arsenic (As)
	0.174
	0.477
	0.401

	Antimuonium (Sb)
	0.036
	0.081
	0.088


In this study, Py-GC/MS analysis of the examined straw biomass was performed at the same temperature range assumed in the DOE. As shown in Fig. 2, raising the pyrolysis temperature caused changes in the qualitative and quantitative composition of the volatile matter. Table 5 shows the most distinctive components detected after pyrolysis at various temperatures.
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Figure 2. Pyrograms of the straw biomass obtained at 500, 600 and 700 °C.

The number of chemical compounds detected and their concentrations (as a percentage of the total area) varied with pyrolysis temperature. The most significant increases were detected in 2-methyl-3-buten-1-ol and 2,3-dihydrobenzofuran, which increased from 3.7% (600 °C) to 7.4% (700 °C) and from 2.4% (500 °C) to 4.8% (700 °C), respectively. At the same time, creosol and isoeugenol showed the greatest declines, falling from 3.8% (500 °C) to 0.8% (700 °C) and from 3.8% (500 °C) to 1.1% (700 °C), respectively. All of these factors are closely related to the thermal decomposition of biomass building blocks such as cellulose, hemicellulose and lignin. Similar results have been reported in other studies [49]. The raw data were published in the repository [50].
In addition to proximate and ultimate studies, FTIR was used to examine the raw wheat straw biomass and biochar samples generated under various pyrolysis settings. Table 6 shows the adsorption bands that correspond to the chemical groups identified in the raw wheat straw biomass and biochar generated by pyrolysis at 500 and 700 °C. Comparisons of different pyrolysis temperatures for the wheat straw biomass (Fig. 3) revealed that the alcoholic, phenolic, and H-bonded hydroxyl groups (wavenumbers 3200-3700 cm-1) demonstrated greater resistance to degradation at increasing temperatures than the CH3 and CH2 groups (symmetric and asymmetric stretch) between wavenumbers 2840 and 2960 cm-1.
Table 5. Trace element composition of raw wheat straw biomass and biochar obtained under various thermal pyrolysis conditions.
	Retention time [min]
	Name
	Area [%]

	
	
	500 °C
	600 °C
	700 °C

	1.1
	2-Methyl-3-buten-1-ol
	-
	3.7
	7.4

	1.3
	1,2-Dimethylhydrazine
	18.8
	16.5
	18.2

	1.7
	1-Penten-3-one
	-
	3.2
	3.4

	1.9
	Propanal
	3.5
	-
	-

	2.4
	Furfural
	3.0
	5.0
	5.6

	2.7
	p-Xylene
	-
	-
	1.4

	3.0
	Styrene
	-
	-
	1.5

	3.4
	5-(Hydroxymethyl)furfural
	1.8
	2.1
	2.2

	4.8
	Phenol
	-
	1.1
	3.1

	7.0
	Phenol, 2-methoxy-
	4.3
	5.3
	4.3

	9.6
	[bookmark: _Hlk99617748]Creosol
	3.8
	2.4
	0.7

	10.5
	2,3-Dihydrobenzofuran
	2.4
	3.9
	4.8

	12.7
	p-Vinylguaiacol
	7.4
	7.4
	3.7

	13.8
	Eugenol
	1.0
	1.2
	0.9

	14.9
	Vanillin
	1.5
	1.0
	-

	16.0
	Isoeugenol
	3.8
	3.4
	1.1

	22.7
	Coniferyl aldehyde
	7.9
	1.1
	-

	- not detected



Furthermore, aromatic C, aliphatic CH3, and CH2 groups associated with lignin 
(1400-1500 cm-1) proved to be more robust than aromatic components connected with aldehydes and ketones (wavenumber 1600-1700 cm-1). An increase in temperature to 700 °C resulted in a significant drop in the concentration of functional groups, particularly in the alcoholic, phenolic, and H-bonded hydroxyl groups, as well as for CH3 and CH2 groups, leading to condensed aromatic structures [51], similar to results from another study that investigated differences among various biomass samples via FTIR spectroscopy for pyrolysis temperatures ranging from 100 to 700 °C. Moreover, because progressive pyrolysis causes carbonate structures to become more aromatic, the absorbance band corresponding to the vibration of aromatic rings (1580 cm-1) grew substantially.
Table 6. Absorption band – chemical groups observed in the tested materials.
	IR frequency, cm-1 (10 cm-1)
	Characteristic vibrations and functionality

	3420
	O–H stretching of H-bonded hydroxyl groups

	2840–2960
	CH3, CH2 symmetric and asymmetric stretch

	1735
	C=O stretch, aldehyde, ketone, carboxylic acids

	1580, 1510
	Aromatic, stretch

	1435
	Combination of CH2 scissoring and asymmetric CH3 stretching

	1225
	C-O-C asymmetric

	1158
	Skeletal vibration involving CH3 branch of propylene

	1080
	Ring vibration

	880
	Isolated hydrogen

	815
	2 adjacent hydrogens

	780
	3 adjacent hydrogens

	750
	5 adjacent hydrogens

	730
	Ring vibrations
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Figure 3. FTIR spectra of raw wheat straw biomass and biochar obtained via pyrolysis at 500 and 700 °C.
The nitrogen adsorption and desorption isotherms of the biochar samples processed at 700 °C with various temperature increments and residence times are shown in Fig. 4. We found growth in the curves for increasing relative pressures from 0.01 to 0.96, and these may be categorized as type II isotherms with hysteresis loops, which are typical of adsorbents that are categorized as microporous according to UPAC classifications. In most cases, the microporous characteristics of the biochars produced were validated by the data that showed a larger proportion for the microporous fraction, as shown in Fig. 5. By converting the quantity of adsorbed nitrogen at p/p0 = 0.01 per liquid volume of adsorbate, the volume of the micropores was estimated. At p/p0 = 0.96, the volume of mesopores was calculated by subtracting the volume of micropores from the quantity of adsorbate adsorbed (which reflects the volume of micro- and mesopores). The total pore volume was calculated using the quantity of adsorbed nitrogen at 0.99 relative pressure. The surface area of each carbon was calculated using the standard BET equation and a multilayer adsorption model. Because of the predominance of micropores in the biochars, the surface area was measured using a Rouquerol BET diagram in accordance with ISO 9277:2010. Depending on the preparation parameters, the biochars presented as examples (Fig. 6) had underdeveloped specific surface areas at lower temperatures (e.g., 500 °C), with a surface area of 50-100 m2/g; for higher temperatures (e.g., 700 °C), a specific surface area of approximately 400 m2/g was observed. Fig. 6 shows the best parameters for generating biochar for absorbent applications: 700 °C, 20 °C/min heating rate, and 5 min residence time. The highest temperature and most rapid heating rate, as well as the associated amount of volatile substances given off during the degradation of the biomass material, cause microcracks that remain in the final material as pores of varying sizes. Their size can depend on many factors, ranging from process variables to the characteristic properties of the biomass material or the type of biomass.
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Figure 4. Isotherms of adsorption and desorption of N2 at 77 K for some biochar samples.
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Figure 5. Percentage distribution of pores divided into micro, meso-, and macropores for selected biochar samples.
[image: ]
Figure 6. Specific surface areas of selected biochar samples.
The data collected enabled studies to be performed to establish the evaluated variables that had the most statistically significant impact on the obtained results.
1.8. Data analysis
As mentioned previously, the main objective of this study was to determine the interrelationships among selected pyrolysis parameters, such as pyrolysis temperature (T), heating rate (HR), residence time (RT), material grain size (G), and their interactions, which have a statistically significant effect on the surface morphology of biochar and its yield. The first two variables were chosen because they are most commonly studied in the academic literature. The third variable, residence time, is also studied in terms of its impact on the properties of biochars, although usually as a secondary variable after temperature, and only rarely in conjunction with the two previously mentioned. The fourth variable was chosen due to its impact on, among other things, the energy intensity of the comminution process and the time consumption of the fraction separation process, and hence on the overall cost-effectiveness of the pyrolysis process. For this, ANOVA was applied. We noted a statistically significant effect for almost all variables studied, except for the volume of macropores (Fig. 7). This may be related to the fact that macropores are pores whose size exceeds 50 nm, and their formation is dependent not only on the thermal conversion conditions but also on the micro- and mesopores formed during the process. Micro- (≤2 nm) and mesopores (2–50 nm) [52] are more influenced by parameters such as the following:
· the pyrolysis temperature, in which an increase in temperature corresponds to an increase in the amount of organic matter degraded and thus the emission of volatile compounds, which form a porous layer by penetrating the structure of the formed biochar,
· the heating rate, which influences the release dynamics of volatile components and thus the total pore volume and mesopore volume,
· the residence time, which influences pore formation and can affect both total pore volume and mesopore volume, as well as average pore size,
· the degree of biomass fineness, which has an impact on pore size when analysing the porosity of biomass carbonates.
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Figure 7. Pareto chart showing the effects of process conditions on macropore volume (Vmacro) in wheat straw biochar.
Only pyrolysis temperature had a significant impact on the sum of the volumes of micro- and mesopores (Vmicro+Vmacro), volume of micropores (Vmicro), BET surface area (SBET), and percentage of macropores (%macro) (Fig. 8). For the other cases, the values of the analysed dependent variables affected more than two process parameters.
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Figure 8. Pareto diagrams showing the effects of process conditions on (a) the sum of the volumes of micro- and mesopores (Vmicro+Vmacro), (b) volume of micropores (Vmicro), (c) BET surface area (SBET), and (d) percentage of macropores (%macro) in the obtained wheat straw biochar.
For biochar yield, pyrolysis temperature (T) and heating rate (HR) had a statistically significant effect, whereas for mesopore volume, we observed a statistically significant effect of temperature (T) and interactions between heating rate (HR) and residence time (RT) (Fig. 9a, b). Similar results were observed for the total pore volume (tVpores) (Fig. 9c). For the ratio of mesopore volume to total pore volume (Vmes/Vt), four variables had statistically significant effects, namely, pyrolysis temperature (T), grain size (G), residence time (RT), and interactions between grain size and heating rate. However, the interaction effect was not statistically significant, with a p value of 0.051 and a cut-off value of 0.050 (Fig. 10). A similar result was observed for micro- and macropore percentages, which were mainly influenced by temperature (T), grain size (G), and residence time (RT) (Fig. 10b, c).
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Figure 9. Pareto diagrams showing the effects of process conditions on (a) biochar yield, (b) mesopore volume (Vmeso), and (c) total pore volume (tVpores) of wheat straw biochar.

The main influences of pyrolysis temperature and heating rate on the quality parameters of the obtained biochars can be related to the biochemical composition of the wheat straw biomass used for the study. This biomass was characterized by a fairly homogeneous content of both cellulose and hemicellulose, which was confirmed by thermogravimetric data [33]. The fairly uniform quantitative distribution of both cellulose and hemicellulose results in their thermal distribution being concentrated in the pyrolysis temperature range of 250-350 °C. This reduces the influence of variables such as the heating rate (due to the narrow temperature range for the main pyrolysis step of the biomass under investigation) and the holding time at the final set temperature (due to the absence or small amount of further transformations that could take place in the obtained biochar).
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[bookmark: _Hlk109163631]Figure 10. Pareto diagrams showing the effects of process conditions on the (a) ratio of the volume of mesopores and total pores (Vmes/Vt) and the percentage of micro(b) and mesopores (c) in wheat straw biochar.
For the average pore diameter (D), we observed significant interactive effects between grain size and the heating rate and between the heating rate and holding time (Fig. 11).
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Figure 11. Pareto graph showing the effects of process conditions on the average pore diameter (D) in the obtained wheat straw biochar.
An important result of the present study is the positive effect of the interaction of two variables, namely, the heating rate and the residence time of a sample at a given final pyrolysis temperature. This interaction may, in many cases, allow one to increase the following quality parameters of the obtained biochar by preparing a suspension:
· mesopore volume (Vmeso),
· total pore volume (tVpores),
· average pore diameter (D).

1.9. Optimization
Although straw is not ideal for the preparation of biochar with high surface areas, by optimizing the pyrolysis process, satisfactory results can be obtained. Generally, depending on the type of material and the temperature conditions, the surface area of SBET varies from 26.3 [53] to 280 cm2 [54]. After activation, an SBET value of 246 cm2 was obtained using steam at 800 °C, and an SBET value 490 cm2 was obtained using CO2 at 700 °C. Other researchers also obtained similar SBET values [55–57] and reported similar SBET values for biochar obtained from catalytic pyrolysis and after activation [58,59]. Another investigation [60] that utilized palm kernel shell (PKS) wastes treated with microwave pyrolysis yielded an SBET value that was 140 m2/g greater than the optimum value obtained in the current study, although the biomass material used was notably different from straw.
Optimal biochar parameters could be obtained by optimizing the pyrolysis conditions and biomass fragmentation using appropriate fractions. Figures 12 and 13 present the so-called “surfaces of the utility function”, which, as mentioned earlier, is a function that defines the total utility of all parameters that are significant from the optimization point of view. To put it another way, the ideal solution must be the greatest ballpark value for each parameter that was tried. It is common practice to anticipate the highest possible (maximum) values for some of the parameters being tested while simultaneously desiring the lowest possible (minimum) values for other parameters. The outcomes of the studies that were conducted on the sorption properties of the carbonates that were investigated and were utilised for the DOE analysis were shared in the repository [61].
In Figures 12 and 13, the contours correspond to the percentage of coverage of all conditions assumed in the optimization. The first assumption was to maximize all studied variables listed in Table 6, and the second assumption was to maximize all studied variables except biochar yield. The local maximum of the response surface plot in the presented figure was approximately at a 0.50 level, which means that approximately 50% of the studied variables obtained maximum values at a specific point corresponding to a specific process condition.
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Figure 12. Response surface plotted against the utility function assuming maximum biochar yield.

[image: ]
Figure 13. Response surface plotted against the utility function assuming maximization of all parameters except biochar yield and percentage and volume of macropores.
Figures S.1 and S.2 in the supplemental materials illustrate the two optimization strategies presented in this study for the response surface method. The first approach maximises all of the investigated carbonate quality parameters (S.1). In the second case, all of the quality parameters of the biochar are maximized, except for the biochar production yield and the percentage and volume of macropores (S.2). This approach was selected to show under what conditions it is possible to obtain a biochar with the highest possible BET surface area and the greatest number of micro- and mesopores. The algorithm optimises the conditions by taking into account the observed and assumed boundary conditions, which are the utility functions for the individual quality parameters tested.
Whenever optimization is performed, the response function takes into consideration which parameters should have the highest possible values and which should have the lowest possible values. This method makes it possible to select process conditions, e.g., those corresponding to the maximization of all analysed parameters (Fig. 12), which yield biochar with an SBET surface area of 325.20 cm2. However, if we maximise all parameters except biochar yield and percentage and volume of macropores (Fig. 13; from 25.313% to 24.513%), we can obtain an increase in surface area of more than 24% to approximately 400 cm2.
In the present study, the highest SBET surface area of 400 cm2 (Table 7) was obtained at a pyrolysis temperature of 700 °C, a grain size of 0.5–1.0 mm, a heating rate of 20 °C/min, and a residence time of 5 min without activation; thus, we obtained a slightly lower SBET surface area than those reported in studies with CO2 activation. The optimum conditions obtained at 650 °C were calculated by estimating the response surface function based on data measured at 600 and 700 °C. However, it should be noted that these values were calculated and not validated by additional pyrolysis conducted under controlled conditions.

Table 7. Optimal pyrolysis conditions calculated by assuming maximum and minimum biochar yields.
	
	Unit
	Optimal pyrolysis conditions with the assumption of maximization of biochar yield and char properties
	Optimal pyrolysis conditions with the assumption of minimization of biochar yield and maximization of char properties

	Ychar
	[%]
	Temperature – 650 °C
Grain size – 0.5–1.0 mm
Heating rate – 20 °C/min
Residence time – 5 min
	25.313
	Temperature – 700 °C
Grain size – 0.5–1.0 mm
Heating rate – 20 °C/min
Residence time – 5 min
	24.513

	Vmicro+Vmacro
	[cm3/g]
	
	0.178
	
	0.212

	Vmicro
	
	
	0.109
	
	0.136

	Vmeso
	
	
	0.064
	
	0.073

	Vmacro
	
	
	0.004
	
	0.004

	Vt
	
	
	0.177
	
	0.213

	Vmes/Vt
	-
	
	0.438
	
	0.386

	SBET
	[m2/g]
	
	325.20
	
	400.00

	D
	[Å]
	
	2.562
	
	2.336

	%micro
	[%]
	
	0.556
	
	0.609

	%meso
	
	
	0.421
	
	0.375

	%macro
	
	
	0.023
	
	0.016



In addition to knowing the optimum pyrolysis process conditions to obtain biochar with the highest surface area before activation, it is possible to determine which variables influence this process and how. Temperature had the most significant influence on the parameters studied. However, the effect was not always positive. Setting aside efficiency considerations for preparing biochars (this parameter will always be inversely correlated with temperature), temperature had a negative effect on parameters such as macropore percentage (% macro), the ratio of the volumes of mesopores and total pores (Vmes/Vt), mesopore percentage (%meso), and average pore diameter (D). The values of these parameters decrease with increasing pyrolysis temperature. A similar negative effect was exerted by the heating rate and the residence time at a given temperature on the ratio of the volumes of mesopores and total pores (Vmes/Vt), mesopore percentage (%meso), and average pore diameter (D). The average pore diameter was also influenced by the fraction used. Although the heating rate or residence time alone and the fraction size, in the case of average pore diameter, had a negative impact on the parameters characterizing the cathode, the interaction between them in the case of average pore diameter had a positive effect, which may offset the effects of the individual variables. For example, for the average pore diameter, the effect of fraction size was estimated to be 2.62, and the effect of the interaction of fraction size and heating rate was estimated to be 2.65. Moreover, for micropore volume (Vmicro) and total pore volume (tVpores), there was a positive interaction between variables that did not have significant influences, such as the heating rate and holding time at a given temperature.
This technique can be applied to a wide range of thermal conversion processes for biomass, wastes, and their mixes. It may also be used to generate biomass biochars with specifications required for various purposes, e.g., for the introduction of elements to allow for CO2 sequestration in soils and for the binding of noxious emissions. Other process variables that can be analysed in this manner include the strength of the microwave source used during microwave pyrolysis or microwave-assisted torrefaction (where process parameters affect the properties of, for example, the solid and liquid products), [62,63], the pressure or vacuum, [64], the type and amount of hydroxides used as an additive to develop the surface, and the composition of the biomass itself.

Conclusions
To verify the research questions posed in the first stage of this study, pyrolysis was performed on wheat straw biomass with three particle sizes (0.5–1.0, 2.0–3.15, 1.0–2.0 mm). Various pyrolysis tests were conducted in a nitrogen environment at temperatures between 500 and 700 °C, heating rates between 20 and 30 °C/min, and residence periods between 5 and 15 minutes. The application of the design of experiments (DOE) and analysis of variance (ANOVA) allowed us to examine the impact of four process variables and their interactions on the properties of biochars generated from the pyrolysis of low-quality biomass such as straw. These experiments and analyses were performed in accordance with the objectives of the study. This work examined the influence of interactions between the principal process variables of biomass pyrolysis and the variables themselves. In contrast to what was previously believed, the effects of process conditions on the examined biochar variables related to surface growth were minor. The impacts varied based on the investigated parameter and were characterized by nonlinearity, which could be important information for the development of acceptable surface features in such materials.
Data analysis clarified which process variables and their probable interactions have a statistically significant impact on biochar quality criteria. These interactions consist of the following:
· interactions between the heating rate (HR) and residence time (RT), which impact the mesopore volume (Vmeso) and total pore volume (tVpores) of wheat straw biochar
· interactions between grain size (G) and heating rate (HR), which impact the ratio of the volume of mesopores to total pores (Vmes/Vt)
· interactions between the heating rate (HR) and residence time (RT) and between the grain size (G) and heating rate (HR), which impact the average pore diameter (D).
The research that was carried out demonstrated that it is feasible to produce quite satisfactory results even when employing low-quality agricultural biomass (straw), as was the case in the reported example, provided that careful preparation of experimental settings is carried out. The best results for the sorption characteristics of biochars are obtained at 650 °C and 700 °C, assuming maximisation of the amount of biochar or its minimisation, depending on the assumed objectives, and maximisation of the sorption parameters of the biochars. The remaining pyrolysis parameters were the same for both temperatures: grain size 0.5-1.0 mm; heating rate 20 °C/min; residence time 5 min. Depending on the requirements for biochar, our outcomes can be used to design biochar for specific applications, even from biomass of low quality.
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