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Resumen y Abstract Vi

Resumen

La siguiente investigacion se centré en el estudio sistematico de los efectos de los
tratamientos de molienda, tamizado, lixiviacion y descomposicion térmica de cascarilla de
arroz para la obtencion de biosilice amorfa mesoporosa. Para ello, se evalué como los
factores experimentales de los anteriores tratamientos, determinan las propiedades
fisicoquimicas y térmicas de la cascarilla de arroz tratada, asi como las propiedades
fisicoquimicas y texturales de la biosilice obtenida.

Se establecieron los tripletes cinéticos de la combustién y la pirélisis de la cascarilla cruda
y tratada, y se evaluoé el efecto de un catalizador en el proceso de pirdlisis.

Se determiné que el tamafio de particula de la cascarilla de arroz molida y tamizada afecta
significativamente las propiedades fisicoquimicas y térmicas de la cascarilla tratada,
haciendo posible clasificar algunas fracciones granulométricas en grupos homogéneos.
Se sintetiz6 biosilice mesoporosa de 99,45 + 0.04 % de pureza, 318 + 10 m? g* de &rea
superficial y 0,46 + 0.01 cm?® g* de volumen de poro, a partir de la lixiviacién de cascarilla
en HCla pH 1,5.

El estudio cinético permiti6 establecer que la descomposicion térmica puede ser descrita
por un modelo de reaccién en multipasos. Se propuso un método novedoso basado en la
modificacion de la regresion lineal multiple para la determinacién simultanea del factor pre-
exponencial y el modelo de reaccién de la ley de velocidad. Los resultados obtenidos son

consistentes con los reportados en la literatura para biomasa lignocelulésica.

Palabras clave: cascarilla de arroz; anisotropia; lixiviacion; biosilice; mesoporosa;

pirdlisis; triplete cinético.
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Abstract

Title: Valorization of Rice Husk Through Thermocatalytic Transformation to Produce

Mesoporous Amorphous Silica

The following research focused on systematically studying the effects of milling, sieving,
leaching, and thermal decomposition treatments on rice husks to obtain mesoporous
amorphous biosilica. So, it was evaluated how the experimental factors of the previous
treatments determine the physicochemical and thermal properties of the treated rice husk
and how they affect the physicochemical and textural properties of the biosilica.

The kinetic triplets of combustion and pyrolysis of the raw and treated husk were
determined; in the same way, the effect of a catalyst in the pyrolysis process was evaluated.
It was found that the particle size of the milled and sieved rice husk significantly affects the
physicochemical and thermal properties of the treated husk. It is possible to classify some
granulometric fractions into homogeneous groups. Mesoporous biosilica of 99.45 + 0.04 %
of purity, 318 + 10 m? g surface area and 0.46 + 0.01 cm? g*pore volume, was synthesized
from rice husk leaching in HCl at pH 1.5.

The kinetic study showed that a multistep reaction model could describe the thermal
decomposition, and a novel method based on modifying the multiple linear regression for
the simultaneous determination of the pre-exponential factor and the rate law reaction
model was proposed. The results obtained were consistent with those reported in the

literature for lignocellulosic biomass.

Keywords: rice husk; anisotropy; leaching; biosilica; mesoporous; pyrolysis; kinetic triplet.
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Introduccioén

La civilizacién se enfrenta a cinco grandes desafios: cambio climético, degradacion del
medio ambiente, agotamiento de recursos, sobrepoblacion e inequidad social [1]. Estos
desafios son incluidos dentro de los objetivos de desarrollo sostenible (ODS), los cuales
definen un derrotero que deberia cursar la humanidad para asegurar un mejor futuro y su
supervivencia [2]. Consecuentes con lo anterior, el aprovechamiento de la biomasa
residual para la obtencion de energia, sustancias quimicas y materiales avanzados, se

constituye en una importante estrategia que aporta directamente a los ODS [3], [4].

En términos generales, entre los taxones en que se distribuye la biomasa, el 80%
corresponde a las plantas con 450 GTon de C, siendo la biomasa lignocelulésica (LCB) su
mayor constituyente [5]. Especificamente, en el mundo se generan 13000 MTon afio™ de
LCB [6], de los cuales 160 MTon corresponden a cascarilla de arroz (RH) [7]. En ese
contexto global, los principales productores de arroz en el mundo son China, India,
Indonesia, Bangladesh, Vietnam, Myanmar y Tailandia con méas del 80% de la produccion.
Para el caso de América del Sur, los principales productores son: Brasil, Perd, Colombia y
Ecuador [8].

Del arroz paddy producido, el 20% corresponde a cascarilla, la cual esta constituida, en
promedio, por un 34% de celulosa, 27% de hemicelulosa, 23% de lignina, 15% de SiOx,
0.5% de K;0, 0.2% de CaO y un 0.3% de otras sustancias [9]. Esta singular composicién
guimica aunada a las caracteristicas superficiales que presenta la biosilice en la cascarilla,
son de gran interés para su transformacion tecnolégica mediante procesos termoquimicos.
Resulta asi posible obtener energia, compuestos quimicos, bioaceite, biogas y biosilice
amorfa mesoporosa de elevada area superficial, bajo un enfoque de economia circular
[10], [11], [12], [23].

Es pertinente sefalar que actualmente existen varias posibilidades de transformacion de

la cascarilla aplicadas a mediana y a gran escala que consisten, principalmente, en su
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combustién para producir energia térmica y cenizas [14]. Sin embargo, durante este
proceso se producen emisiones contaminantes como material particulado, compuestos
organicos volatiles, COy, NOy, SOy, entre otros [15]. Por otro lado, la pirdlisis es otro uso
tecnolégico extendido aplicado a la cascarilla para obtener bioaceite, biocarboén, singas y
materiales avanzados [16].

Ademdas de las emisiones que produce la combustién, las cenizas obtenidas a elevadas
temperaturas son potencialmente peligrosas para la salud, ya que estan constituidas por
silice cristalina de tamafo de particula ultrafino [17]. Cuando ese tipo de silice es respirada,
puede generar efectos carcinogénicos y de bioacumulacién, generando silicosis, fatiga,
pérdida del apetito y fallas respiratorias [18]. Es imperioso darle un tratamiento a la
cascarilla bajo principios de producciéon mas limpia, para reducir la huella ambiental de la

cadena productiva arrocera [19], [20].

Para el caso de Colombia, los molinos productores de cascarilla utilizan cerca del 40%
como combustible para la operacion de secado de grano. Parte del excedente se quema
parcialmente de manera artesanal, para obtener biocarb6n que es comercializado como
fertilizante organico en cultivos de flores. No obstante, esa quema parcial ademas del
abono organico, también produce compuestos organicos volatiles altamente

contaminantes y nocivos para la salud humana [21].

Por otra parte y con el fin de evitar reacciones indeseadas como la generacion de
emisiones contaminantes, formacién de escoria y cenizas oxidantes, sinterizacion de la
biosilice, particulas negras y la reduccion de la calidad de los productos de los procesos
termoquimicos, es conveniente remover los metales alcalinos y alcalinotérreos (AAEM)
presentes en la cascarilla [22], [23], [24], [25], [26]. Son evidentemente necesarios los
pretratamientos direccionados a la extraccion selectiva de las especies idnicas inherentes
a la biomasa, de tal manera que guede principalmente la biosilice y la materia organica,
las cuales al ser tratadas térmicamente, puedan generar energias y subproductos de

interés tecnoldgico y econémico [27].

Teniendo en cuenta el contexto expuesto, en la presente tesis doctoral se investigd un
proceso sostenible de transformacion termocatalitica de cascarilla de arroz, que evite

reacciones indeseadas, a través de pretratamientos de lixiviacion y pirdlisis, que incluya
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las condiciones Optimas para la obtencion de silice amorfa mesoporosa de elevada area
superficial y otros subproductos. Para ello, se propuso una metodologia experimental con

enfoque cuantitativo.

En coherencia con lo anterior, este documento se divide en seis capitulos. El primero,
presenta el marco teérico resultado de la revision y gestidn estratégica de las principales
bases de datos académicas. En el segundo capitulo, se estudian los efectos de la
composicion anisotropica de la cascarilla molida y tamizada sobre las propiedades
fisicoquimicas y termoquimicas de cada fraccion granulométrica. En el tercer capitulo, se
evalla sistematicamente los efectos de los factores experimentales en la lixiviacion acuosa
y acida de la cascarilla, y se determinan las condiciones Optimas que generan biosilice

mesoporosa de elevada area superficial.

Los efectos de la lixiviacién en cascarilla de arroz sobre la cinética de descomposicion
térmica en aire y nitrégeno son estudiados en los capitulos cuatro y cinco, respectivamente.
Se evalla igualmente, los efectos cataliticos durante la pirolisis de cascarilla. Finalmente,

se presentan las conclusiones generales de esta investigacion doctoral.






l.Cap?tulacgclb: tm-rico

La cadena productiva del arroz puede resumirse en tres etapas: siembra, cosecha y
postcosecha. El arroz recogido, también conocido como paddy verde, es secado, limpiado
y almacenado en silos para posteriormente someterse a diferentes operaciones unitarias.
De las anteriores, se obtiene arroz blanco entero, arroz blanco quebrado, harina de arroz
y cascarilla [28]. Cuando el arroz paddy verde se ha secado, durante la operacion de
limpieza se separan vanos, tallos, paja, piedrillas, arena y arcilla que pueden generarse en
mayor o menor proporcion dependiendo de las condiciones del terreno y el tipo de
maquinaria usada en la cosecha. Entre los principales subproductos generados de la
cadena arrocera se destaca la cascarilla y la paja de arroz [29].

1.1 Propiedades fisicoquimicas de la cascarilla de arroz

La cascarilla es un subproducto agroindustrial cuyas propiedades fisicoquimicas dependen
fuertemente de las condiciones agronémicas [30]; no obstante, muchas de estas
propiedades pueden variar dentro de un rango general. La cascarilla de arroz es un
material lignocelulésico que junto a las capas de afrecho cubren al grano y lo protegen de
las condiciones hostiles del medio ambiente [31]. Ademas, para cumplir con la funcién
biolégica de aislar el grano del entorno, también contiene fitolitos compuestos
principalmente por silice amorfa, los cuales le confieren cierta resistencia a algunos

microorganismos [32].

Atendiendo a la variedad, condiciones de siembra y tiempo de cosecha, la longitud de la
cascarilla puede fluctuar de 5 mm a 11 mm. La cascarilla tiene estructura ondulada y
apariencia superficial irregular, es abrasiva y en estado natural, su dureza es de 6 en la
escala de Mohs y su coeficiente de conductividad térmica es de 0,0360 W/m K [33]. Sus
propiedades térmicas son semejantes a la de la fibra de vidrio o el corcho, por lo que puede

ser usada como aislante térmico.
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Tabla 1-1: Propiedades fisicoquimicas de la cascarilla de arroz.

Parametro : [9_] : [34]
Promedio | Minimo | Maximo
Contenido de humedad, (p/p%) 8,79 4,64 12,08 6,92
Contenido de cenizas, (p/p%) BS 16,3 7,68 24,60 19,33
Materia volatil, (p/p%) BS 65,77 51,98 81,60 55,85
Carbono fijo, (p/p%) BS 15,92 12,40 25,10 17,9
Poder calorifico inferior (MJ/kg) 14,14 12,30 15,70 14,09
Celulosa, (p/p%) 32,87 25,20 43,80 31,99
Hemicelulosa, (p/p%) 26,09 18,10 44,90 19,76
Lignina, (p/p%) 21,73 13,60 34,80 28,91
Al2O3 0,34 0,17 0,78 -
CaO 1,23 0,24 3,21 2,52
Cl 0,34 0,08 0,73 -
Fe203 0,23 0,10 0,40 1,11
K20 4,31 2,29 8,30 6,01
MgO 0,72 0,19 2,13 0,805
MnO 0,13 0,02 0,24 -
Na.O 0,19 0,03 0,37 -
P20s 1,05 0,43 3,70 -
SiO; 89,92 86,92 94,38 83,76
SOz 0,68 0,34 0,96 -
TiO2 0,02 0,01 0,02 -

Fuente: Adaptado de Beidaghy Dizaji et al. [9] y Marrugo et al. [34]. Base seca (BS).

En la Tabla 1-1 se condensan algunas propiedades fisicoquimicas de la cascarilla
proveniente de diferentes lugares de siembra; debido a la variacién entre éstas, se reportan
los intervalos en los que fluctia cada propiedad [9]. La columna 5 muestra los valores
reportados por Marrugo et al., correspondientes a cascarilla de arroz cosechado en
Colombia [34], [35]. Es destacable el alto contenido de didxido de silicio, el cual se
encuentra presente en toda la cascarilla, pero concentrado principalmente en
protuberancias, filamentos y en los alrededores de la epidermis [10]. Muchos autores
sefialan que el silicio se encuentra ligado a los polisacaridos presentes en la hemicelulosa

[36], proponiendo uniones a carbohidratos mediante enlaces oxigeno-carbono,
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fundamentalmente con cuatro monosacaridos, v. gr., D-xilosa, L-arabinosa, acido metil

glucurénico y D-glucosa.

La forma de interaccion de la silice unida quimicamente a grupos organicos fue confirmada
por Krishnarao y Godkhindi mediante analisis XPS [37]. Estudios mas recientes por esta
técnica, ubican dos sefiales cercanas a 101,7 eV y 103,4 eV, asociados a las diferentes
formas quimicas de la silice presentes en la cascarilla de arroz; la primera, corresponde a
energias de enlace de electrones 2p de Si unido a grupos organicos y la segunda, a
energias de enlace de electrones 2p de Si inorganico [38]. Se establece entonces que la
cascarilla ademas de contener silicio unido a monosacéridos, también presenta una
proporcién importante de silicio inorganico que puede encontrarse en formas hidratadas

de silice amorfa, también conocidas como fitolitos o cuerpos de silice [39].

A través del andlisis XPS, Zemnukhova y Nikolenko reportaron que la relaciéon entre la
silice orgéanica y los fitolitos es de 1:3, indicando que la cascarilla sometida a reduccion de
tamafio de particula presenta un incremento en las sefiales asociadas a la silice amorfa
hidratada. Sin embargo, los autores no evalGan la dependencia entre el tamafio de grano
y las sefiales asociadas a la silice [40]. De acuerdo con los analisis XPS reportados por
Kolar y Jin, es evidente que la proporcién de silice inorganico es mayor que el silicio unido
a grupos organicos, en una proporcion mucho mas alta que la reportada por Zemnukhova
y Nikolenko [38].

Un analisis que aporta al esclarecimiento de las formas quimicas de silice presentes en
cascarilla son los espectros de RMN de 2°Si. Dependiendo del entorno y grupos quimicos
unidos a un atomo de silicio, se presentan sefiales claramente identificables [41]. Con el
fin de generar una notacion comuan, varios autores han establecido la letra Q y un
superindice numérico que indica el nimero de enlaces (O-Si) que tiene el atomo de silicio
central de cada unidad de silice. Teniendo en cuenta lo anterior, un Q* denota a un atomo
de silicio unido a 4 enlaces (O-Si), sin ningln grupo hidroxilo, mientras que un Q® presenta
3 enlaces (O-Si) y un grupo hidroxilo, un Q? corresponde a un atomo de silicio unido a 2
enlaces (O-Si) y dos grupos hidroxilo. En resumen, el nUmero que acompafia a la Q

corresponde a la cantidad de enlaces siloxano.
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El espectro de RMN de #Si de cascarilla sin tratamientos que se presenta en la Figura 1-1,
muestra tres sefiales con una proporcion porcentual de 8,9% para Q?, 60,3% para Q3, y
30,8% para Q*. Vale la pena mencionar, que de acuerdo con la literatura [42], la ceniza de
cascarilla de arroz obtenida a 700 °C durante dos horas, presenta solamente unidades Q*
sin grupos silanoles. Los resultados del trabajo de Mochidzuki et al. [43] muestran que la
mayor parte del silicio presente en la cascarilla de arroz se encuentra en forma inorganica,
fitolitos, como opalina y gel de silice. Lo anterior es semejante a lo encontrado por
Zemnukhova y Nikolenko [40], como también por Kolar y Jin [38]. Adicionalmente, la mayor

parte de la silice presente en la cascarilla contiene por lo menos un grupo silanol.

Figura 1-1: Espectro RMN de #°Si.
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Fuente: Tomado y adaptado de Mochidzuki et al. [43].

En cuanto a la composicién quimica en la cascarilla, en la Figura 1-2 se muestra la imagen
por microscopia electronica de barrido de emision de campo (FE-SEM), de la vista superior
y el corte transversal del lema de la cascarilla. Se han sefialado varios puntos con las letras
a, b, c, d, e, f, gy h, con el fin de identificar la composicion quimica en estos. Se puede
apreciar el caracter ondulado y la estructura tipo domo, tipicos de la parte externa de la
cascarilla. En la imagen derecha es notable la estructura celular, las paredes con alto
contenido de lignina especialmente en las zonas propias del parénquima y elevada

densificacion en los domos [44].
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Figura 1-2: Vista superior y transversal del lema de cascarilla de arroz por FE-SEM.

Fuente: Tomado y adaptado de Park et al. En ambas imagenes la barra negra representa
un tamafio de 25 pm [44].

La Tabla 1-2 muestra como cambia la composicion elemental en la parte externa e interna
de la cascarilla, para cada punto sefialado en la Figura 1-2. En la superficie, para los puntos
a, b, c, d, eyf, el porcentaje silicio es superior al 30%, mientras que la composicion de Cl,
Sy Ca es baja si se compara con los puntos g y h, correspondientes a la regién interna de
la cascarilla donde el porcentajed e si |l i ci o cae a 2, 5%. Se
presenta una pérdida de integridad del domo descubriendo parte de la superficie interna
de la cascarilla, en el cual incrementa ligeramente la cantidad de silicio, S, Cl y Ca. Este
resultado muestra con claridad que la composicion quimica de la cascarilla no es uniforme

y que el silicio se concentra principalmente en la superficie [44].

dest a
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Tabla 1-2: Composicion elemental en diferentes puntos de la superficie y al interior de la
cascarilla de arroz.

Tipo ] a b c d e f g h

elemento | (g/mol) | (%p/p) | (%p/p) | (%p/p) | (%op/p) | (%op/p) | (%op/p) | (%op/p) | (Yop/p)
C 12 46,2 | 36,0 | 32,6 | 552 | 46,3 | 60,0 | 352 | 62,0
o) 16 49 | 275 | 336 | 131 | 196 | 95 7,3 6,5
Si 38,09 | 38,7 | 365 | 338 | 31,3 | 299 | 30,5 | 25 2,5
S 32,07 | 0,0 0,0 0,0 0,0 0,0 0,0 4,5 34
Cl 35,45 | 3,6 0,0 0,0 0,0 2,0 00 | 248 | 133
Ca 40,08 | 6,7 0,0 0,0 0,5 2,1 00 | 258 | 124
Total 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0 | 100,0

Fuente: Tomado y adaptado de Park et al., en la tabla se muestra la composicion elemental

en los puntos de la Figura 1-2 [44].

Byun et al. también estudiaron con FE-SEM la cascarilla de arroz y encontraron que su
grosor puede oscilar de 50 um a 100 pm, identificando tres regiones vistas de manera
transversal claramente diferenciadas por su composicion quimica, a saber, capa externa,
capa media rica en lignocelulosa y la capa interna. En la primera, el silicio se concentra
principalmente en un espesor de 2 um a 5 ym, la capa interna también con elevado
contenido de silicio presenta un espesor de 0,5 um. Dentro de la capa media, se pueden
identificar nanoparticulas de silice con diametros de aproximadamente 20 nm

uniformemente distribuida en medio de una matriz de lignocelulosa [45].

Adicionalmente, los autores observaron estructuras complejas de mayor tamafio formados
por clisteres de nanoparticulas de 20 nm, que generan aglomerados de hasta 100 nm.
Este resultado coincide con lo reportado por Ehrlich et al., quienes afirman que cuerpos de
silicio inorganico presentan tamafos que pueden variar aproximadamente en 100 nm [46].
Lee et al. realizaron un andlisis de caracterizacion de la estructura de la silice presente en
la cascarilla; mediante ensayos de adsorcion y difusidbn gaseosa, propusieron una
estructura tipo jerarquica altamente interconectada, conformando una red de silice basada
en esferas huecas con 2 a 5 tuneles de 2 a 7 nm de longitud, las cuales permiten el flujo

de gases a través de la cascarilla [47].
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En sintesis, la mayor parte del silicio presente en la cascarilla se encuentra en forma de
silice amorfa organizada en nanoestructuras que pueden variar de 20 nm a 100 nm,
altamente interconectadas y microporosas. La materia organica, la silice y otros minerales
se distribuyen heterogéneamente, presentdndose una mayor proporcion de silice en la
superficie; en consecuencia, propiedades como elasticidad, densidad, dureza, entre otras,
varian a lo largo de la cascarilla [48], [49]. Se espera que la cascarilla molida,
probablemente presente una mayor proporcion de silice en las fracciones de menor

tamarnio, ya que la fragilidad de los fitolitos es mayor si se compara con la lignocelulosa.

1.2 Silice biogénicay silice comercial

A nivel industrial la silice puede obtenerse por via térmica o himeda. Mediante la primera
via, se destaca por su amplio uso el proceso de tipo pirogénico. Dentro de este, se
distinguen otros dos subtipos diferenciados por el material de partida. Si el reactivo es
SiCls, se obtiene silice pirogénica y si el reactivo es arena de cuarzo, se obtiene silice
fundida, para la que se requieren temperaturas de alto horno. Por otro lado, mediante la
via humeda puede obtenerse silice precipitada y gel de silice. Esta Ultima, se caracteriza
por la gran cantidad de reactivos necesarios para su obtencién, como una solucion alcalina
gue permita la conversion de la silice a silicato de sodio y la posterior precipitacion en
medio &cido [50].

En lo referente a las caracteristicas fisicoquimicas de los productos de cada via de
reaccion, para el caso de la silice pirogénica se reportan areas superficiales de 50 m?> gta
600 m? g, tamafios de particula de 5 nm a 50 nm y densidad de grupos silanoles de dos
Si-OH nm?2 a cuatro Si-OH nm2. En cuanto a la silice fundida se reportan areas
superficiales de 25 m? g a 300 m? g1, tamafios de particula de 5 nm a 500 nm y densidad
de grupos silanoles dos Si-OH nm2 a tres Si-OH nm2. Finalmente, para la silice precipitada
se reportan areas superficiales de 30 m? g*a 800 m? g y tamafios de particula de 5 nm a
100 nm [51].

En contraste con las rutas sintéticas antes mencionadas, la combustion de cascarilla de
arroz a escala laboratorio puede generar silice amorfa biogénica con un area superficial
cercana a 300 m? g?! [52]. Por otro lado, a escala piloto e industrial con tecnologia

TORBED® a una temperatura de combustién de 700 °C se producen cenizas ricas en silice
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con &rea superficial alrededor de 37 m? g [14]. Entre las propiedades deseables de la
silice amorfa biogénica también se destaca la densidad de grupos silanoles, los cuales le
confieren alta actividad quimica; estos grupos pueden ser de tipo vecinal, germinal y
aislado. La pérdida de grupos silanoles por la generacion de los arreglos moleculares tipo
siloxano y la formaciéon de fases cristalinas, reducen de manera sustancial la actividad

guimica de la silice [53].

Sintetizar silice amorfa a partir de cascarilla de arroz con caracteristicas semejantes a la
silice fundida, es una alternativa que aportaria a la reduccion de la huella ambiental
asociada a la produccién de silice industrial y a la cadena agroindustrial arrocera. Sin
embargo, es importante sefialar que también es posible aprovechar la fraccion organica
gue constituye practicamente el 80% en peso de la cascarilla, generandose otros
subproductos mediante pirdlisis [54]. Ambos productos de gran interés industrial.

1.3 Problemas asociados a la sintesis de silice amorfa a
partir de cascarilla

La formaciobn de estados de agregacion de tipo cristalino en silice se favorece
termodinamicamente con el incremento de la temperatura [55], [56]. Otras variables que
también influyen son la presion y la presencia de impurezas, que pueden generar de
maner a espont8nea fases cri-ct ail ramaaze, Caksita,
st i s hotvriit dai,-mdihita y crigiobalita [57]. Por otro lado, la presencia de 6xidos
metalicos alcalinos y alcalinotérreos generan sinterizacién en la ceniza, lo cual reduce de
manera sustancial el area superficial de la silice y la densidad de grupos silanoles en la
superficie. Junto a la pérdida de area superficial y actividad quimica que genera la
sinterizacién de la ceniza de la cascarilla, también pueden producirse particulas negras de

carbdn no quemado, inmersas en ceniza sinterizada [58].

Es por esto que la remocion de metales alcalinos y alcalinotérreos (MAA), en particular,
especies idnicas de potasio presentes en la biomasa, es una operacién trascendental que
ademas, evita la emision de material particulado durante la combustién [59]. La lixiviacion
de especies i6nicas evita la formacion de escoria y cenizas corrosivas que pueden afectar
los reactores y calderas de combustion [60]. El uso de agua [61], soluciones acuosas

acidas [62], fraccion acuosa del bioaceite de la pirdlisis y el hidrotratamiento [63] permiten
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la remocion eficiente de MAA presentes en la biomasa. Sin embargo, es bien conocida la
participacidn de las especies metalicas en la combustion de biomasa [64]. Por lo anterior,
las temperaturas de ignicion, quemado y final de combustion, se incrementan con respecto

a las de la biomasa no pretratada por lixiviacion [65].

Evidentemente, el &rea superficial y el volumen de poro de la silice amorfa obtenida por
combustién de cascarilla con o sin pretratamiento de lixiviacion acida, son afectados de

manera importante por la temperatura de combustion [66)].

Otros parametros que también pueden afectar el area superficial y el volumen de poro son
la rampa de calentamiento y el tiempo de calcinacién. Para un cambio en larampa de 5 °C
mint a 20 °C min?, el area superficial puede caer de 235 m? g* a 185 m? gty el volumen
de poro de 0,318 cm® gt a 0,248 cm?® g%, respectivamente [67]. En cuanto al efecto de
tiempo de calentamiento se ha reportado que para una temperatura de 800 °C y un
incremento en el tiempo de 0,5 a 3,5 horas, se puede reducir a mas de la mitad el area
superficial, en particular, para la cascarilla que no ha sido sometida a un tratamiento de

lixiviacion acida [68].

1.4 Pretratamientos de la cascarilla de arroz

Con el objeto de remover las especies idnicas, evitar reacciones indeseadas, favorecer la
descomposicién térmica y mejorar la calidad de los productos de reaccién, los
investigadores han implementado y reportado diversos pretratamientos aplicados a la
cascarilla. Grosso modo, pueden ser clasificados en funcién del tipo de alteracion
involucrada, ya sea de tipo operacion o proceso unitario. Atendiendo a lo anterior, se
identifican en la literatura los siguientes métodos: fisicos, quimicos, hidrotérmicos y
biolégicos [7], [9], [10].

Entre los pretratamientos fisicos, la operacion de molienda y tamizado es una de las mas
usadas en la transformacion de la biomasa [69], [70], ya que permite incrementar su area
superficial [71], mientras que favorece la peletizacion y aglomerado en unidades
compactas, mas practicas de transformar térmicamente [72]. Son bien conocidos los cuatro
mecanismos de reduccion de tamafio de particula, a saber: impacto, compresién, corte y

friccion. Naturalmente, estos actian de manera diferencial en funcién de las propiedades
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mecanicas de la sustancia sometida a conminucion [73]. El material mas fragil genera
fracciones de menor tamafio de particula, en tanto que el material mas flexible genera

fracciones de mayor tamafo.

Como la biomasa es anisotrépica en su estructura espacial, las propiedades mecanicas
son heterogéneas. La diferencia en la dureza genera una reduccién de tamafio de particula
diferencial, generando fracciones con forma y composicién quimica distinta [74]. Tal como
se muestra en la Figura 1-3 [75] , al caracterizar harina de cascarilla de arroz de diferentes
tamanos de particula, los termogramas revelan perfiles de descomposicion distintos. Los
autores atribuyen esta diferencia a la proporcidon de materia inorganica en cada rango de
tamanio, por lo tanto, para la fraccién de menor tamafio correspondiente a un tamiz 325 o
menores a 45 um, la cantidad de cenizas es de 41%; mientras que para tamafos de
particula de 150 um a 300 um las cenizas son de 31% [75]. Lo anterior es consistente con
lo reportado por Zemnukhova y Nikolenko [40].

Figura 1-3: Termograma de harina de cascarilla de arroz de diferentes tamafos de
particula.
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Fuente: Tomado de Kim y Eom [75].
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No obstante, a pesar de los resultados hasta aqui expuestos, los diferentes trabajos de
investigacion que se han revisado a la fecha, han pasado por alto la importancia de la
heterogeneidad en la composicion quimica de la cascarilla de arroz. Es claro que si la
composicion quimica es diferente, los pretratamientos también deberian serlo; en principio,
es muy probable poder obtener fracciones con mayor contenido de silice amorfa por
reduccion de tamafio de particula. Este es uno de los interrogantes que seran resueltos

con el desarrollo de la presente investigacion.

En cuanto a los tratamientos biolégicos, que son de gran interés a nivel industrial y
ambiental, se destacan el uso de la lombriz californiana [76], consorcios bacterianos [77],
los hongos de las especies: Pleurotus ostreatus, Trichoderma reesei, Pleurotus sajor-caju
[78], Cyathus [79], Phanerochaete chrysosporium [80] y Fusarium oxysporum [81]. En
general, los hongos de tipo pudricion blanca, marrén y negra presentan actividad
enzimatica lignolitica y celulésica. Estos pueden ser usados directamente en la
biodegradacién de la biomasa; también pueden ser utilizados para la extraccion de

enzimas con el fin de realizar operaciones de pretratamiento del material lignocelulésico.

Por otro lado, en los métodos quimicos se utilizan liquidos iénicos [82], soluciones acuosas
de permanganato de potasio, peréxido de hidrégeno, solubilizacién alcalina de la silice,
expansion de fibra de amoniaco (AFEX), lixiviacion acida vy lixiviacion con la fraccion
acuosa del piroaceite [83]. Los pretratamientos quimicos también incluyen el calentamiento
tradicional y asistido por microondas; procesos asistidos por ultrasonido, reduccion de
tamafio de particula en presencia de alguna sustancia alcalina o acida, mecanoquimica o
mecanocatdlisis. A pesar de que podria ser clasificado dentro del grupo de los
pretratamientos fisicos, Soltani et al. distinguen los hidrotratamientos con agua a alta
presion a condiciones subcriticas y supercriticas con agua y explosiéon de vapor dentro de

los pretratamientos quimicos [10].

Igualmente, dentro de los pretratamientos quimicos es destacable la lixiviacién con acidos
minerales y 4cidos organicos [84]; este es ampliamente usado para la remocion de metales
alcalinos y alcalinotérreos (MAA), lo cual puede prevenir, como ya se ha advertido,
reacciones indeseadas como la formacion de eutécticos o fusion de cenizas, particulas de
carb6n no quemadas en la cenizas durante el proceso de combustion [55] y la generacion

de materia organica de bajo peso molecular durante la pirdlisis; las especies alcalinas
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inhiben la produccién de bioaceite e incrementan la generacion de biocarbén [27], [85].
Adicionalmente, al retirar una gran cantidad de especies minerales se puede obtener silice

biogénica o biosilice de alta pureza.

Uno de los trabajos pioneros en materia de lixiviacion fue publicado en 1988 por
Chakraverty et al., quienes encontraron que el tratamiento de cascarilla con HCI genera
una mayor remocion de impurezas metdlicas si se compara con H,SO4 y HNOs. Una
solucién acuosa de HCI 1 M permiti6 remover mas del 97% de impurezas metalicas y
obtener silice blanca [86]. Algunas de las condiciones operacionales de lixiviacién
reportadas son extremas, encontrandose temperaturas de 150 °C y presiones de 1,94 atm
[87], concentraciones de 13,43 M de H,SO4 [88] y tiempos de lixiviacién del orden de las
24 horas [89]. En general, la gran mayoria de publicaciones reportan concentraciones
superiores a uno molar, tiempos de reaccién superiores a la hora y temperaturas mayores
alos 50 °C.

Se destaca el trabajo de Gu et al. quienes investigaron el efecto de la concentracion,
temperatura de hidrélisis, tiempo de hidrélisis, relacion de carga cascarillai acido y
temperatura de incineracion sobre la blancura de la ceniza, la cual se relaciona con el
porcentaje de SiO.. Encontraron que la lixiviacibn con acido clorhidrico a una
concentracion de 2,61 M, una temperatura de hidrélisis de 120 °C durante 2 horas, con
una relacién de 1 a 6 y una temperatura de incineracién de 650 °C por 2,5 horas fueron los
valores que llevaron a la mayor blancura. El grado de afectacion por las variables de
estudio sobre la blancura de la silice obtenida en orden de mayor a menor es: temperatura
de incineracion, temperatura de hidrdlisis, relacion de carga cascarilla-acido, tiempo de

hidrdlisis y concentracion [62].

En la Tabla 1-3 se muestran algunas de las condiciones de lixiviacion de cascarilla en
medio acido mas representativas. Se destaca el uso de condiciones de concentraciobn muy
corrosivas y temperaturas elevadas cuya demanda energética es importante. En
consecuencia, su aplicacion a nivel industrial estaria condicionado a los costos de

operacion y pretratamiento.
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Dentro de las investigaciones reportadas se destacan los trabajos de cinética de lixiviacion
de MAA en cascarilla de arroz en agua a diferentes temperaturas [61] y en diferentes
acidos a temperatura ambiente [90]. En ambas investigaciones se utiliza el modelo de
cinética de pseudo segundo orden para tratar los resultados experimentales del cambio de
la concentracion de especies idnicas en funcién del tiempo. Lo anterior, supone un avance
valioso en materia de aplicacion industrial puesto que los pardmetros cinéticos son criticos

en el disefio de procesos.
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Tabla 1-3: Condiciones operacionales de lixiviacion de cascarilla de arroz para la obtencion
de silice amorfa de elevada area superficial.

] Cantidad i
Temperatura Tiempo . . Area
Agente de L L Relacion | de silice o
L lixiviacion lixiviacion i superficial Ref.
lixiviacién 3 de carga | en cenizas -
(°C) (h) (m?g™)
(%)
Agua destilada 50 97,3 NR
79 1 3:50 91
L-7% (plp) 25 a 80 99,5-99,8 NR &1]
acido citrico
3% (v/v) HCI 99,2 321
10% (v/v) H2SO4 100 2 2:20 99,6 282 [92]
Agua destilada 95,5 194
0,01-1M HCI 95,3-95,7 | 221-260
0,01 -1 M HNO3 94,1 - 97,8 217
0,1 -5 M é&cido
acético 100 15 1:10 95,0-96,0 | 193-215 (93]
0,05 M -
saturacion acido 94,8 -95,5 197 - 271
oxalico
5 —
10 /0 (v/v) acido 08,7 NR
aceético
5 —
10% (v/v) acido 150 1 16 98,8 NR [87]
citrico
5 —
10/0, (.v/v) acido 08.8 NR
fosférico
Sin tratamiento NA NA NA 95,8 116
0,5 M HCI 99,6 218 [55]
60 0,5 NR
0,5 M H2S0q4 99,1 208
2,2 M HCI 120 4 1:10 99,9 NR [62]
Sin tratamiento NA NA NA 92,4 110 [04]
1 M HCI NR NR NR 96 311
Sin tratamiento NA NA NA 86,43 70 [95]
HCI 25 1 1:20 98,92 198
0,5 M H2S04 25 2 3:50 98,9 200 [90]
3,25 M acido 50 24 113 99,6 297 [96]
citrico
Sin tratamiento NA NA NA NR 92
Agua destillada 60 24 NR NR 237 [97]
0,36 M acido 80 2 NR NR 287
citrico
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Los pretratamientos de desmineralizacion no solamente benefician la produccion de silice
amorfa de alta area superficial via combustion; también la pirélisis se favorece puesto que
la presencia de MAA afectan la calidad y cantidad de bioaceite generado [98]. No obstante,
es necesario subrayar que la severidad del pretratamiento no debe reducir el contenido de
materia organica [99], para que no se afecte el rendimiento de los productos;
adicionalmente, se prefiere que el pretratamiento no introduzca especies quimicas como

sulfatos, nitratos, fosfatos y cloruros que deberan ser luego eliminados.

En general, la desmineralizacion de la cascarilla incrementa el rendimiento del bioaceite,
reduce el contenido de biocarbdén y gases no condensables. Especificamente, incrementa
el contenido de levoglucosano, se reduce la cantidad de agua y de &cido en el bioaceite
[27]. En consecuencia, la lixiviacion no solo evita reacciones indeseadas durante la
combustién, evitando emisiones contaminantes y sinterizacién de biosilice, sino que
también favorece los productos de la pirélisis. No obstante, a pesar de su importancia y
extendido uso, muy pocos estudios contribuyen a la comprensién sistematica del
fendmeno de lixiviacion. Igualmente, el efecto de las variables del proceso como la
temperatura y el tiempo de lixiviacién, la relacion de carga de biomasa-solucion, el tamafio

de particula y la velocidad de agitacion, son poco investigados y comprendidos [100], [101].

1.5 Descomposicion térmico- catalitica de cascarilla de
arroz y biomasa

La lixiviacion de MAA y de otras especies idnicas inherentes a la cascarilla incrementa las
energias de activacion y las temperaturas de descomposiciéon [102]. No obstante, la
termocatdlisis podria ser una estrategia que permitiria reducir las temperaturas de
descomposicion térmica, evitando alcanzar temperaturas elevadas que pueden generar
formas cristalinas de silice y favorecer determinados productos. A pesar de lo anterior, el
uso de la descomposicion térmico-catalizada de cascarilla de arroz para la obtencién de

biosilice es un tema poco investigado [7], [9], [10], [103].

El uso de catalizadores para la combustién de biomasa tiene por objeto la reduccion de la
temperatura de combustion final, evitar la formacién de escoria [60], controlar las emisiones
de gases principalmente de material particulado cuya produccién se favorece por la

presencia de iones potasio [59] y la combustion total de la materia organica. El uso de



20 Valorizacion de cascarilla de arroz mediante transformacion termocatalitica
para la obtencion de silice amorfa mesoporosa

sales de potasio favorece las fases de volatizacion y oxidacion de semicoque [104]. No
obstante, los efectos de reduccion de la temperatura de fusion de las cenizas y generacion
de material particulado, condicionan el uso de sales de potasio. Los éxidos de hierro y
calcio han revelado una actividad importante en la fase de oxidacién de semicoque [105];
también el 6xido de titanio ha mostrado incremento en los indices de volatizacién vy

combustibilidad completa, al igual que el 6xido de manganeso y de cobre [106].

Entre los pocos trabajos de investigacion que buscan la reduccién de las temperaturas de
descomposicién térmica de la cascarilla se pueden destacar dos. Xiong et al. reportaron
gue la impregnacién de cascarilla con acetato de manganeso reduce la temperatura de
combustion final en aproximadamente 100 °C con respecto a la cascarilla lixiviada. No
obstante, los crisoles usados fueron de platino. Dada la actividad catalitica de este metal,
no es posible discernir si el efecto catalitico se debi6 Unicamente a la presencia de
manganeso o si hubo un efecto del material del crisol [95]. Por otro lado, Grimm et al.
evaluaron el efecto de la impregnacion con sales de hierro, manganeso y cerio, reportando
una reduccién de aproximadamente 135 °C con respecto a la cascarilla lixiviada en medio
acido [107].

Cai et al. estudiaron el efecto catalitico en la combustién de cascarilla de arroz y bambu
pretratados mediante lixiviacion &cida y posteriormente impregnados por via himeda con
soluciones precursoras de KCI, CaCl, y MgCl.. Los autores determinaron parametros
caracteristicos de combustion como el indice de volatizacion, indice de semicoque e indice
de combustibilidad integral, y evaluaron la capacidad de la biomasa para generar gases
volatiles en la fase de pirdlisis y otros parametros térmicos que incrementaron en presencia
del catalizador. Las energias de activacion calculadas para la fase de pirdlisis indicaron
gue el potasio mostré mayor actividad, seguido por el calcio y el magnesio, tanto para el
bambl como para la cascarilla de arroz. En la oxidacién de bambu el orden de actividad
es magnesio, potasio y calcio; para la cascarilla de arroz el orden de actividad es calcio,

potasio y magnesio [108].

La combustién catalitica de la cascarilla de arroz sin pretratamiento de lixiviacion fue
estudiada por Yuan et al. quienes encontraron que el CaO y CaCOs, reducen la energia

de activacién de la fase de oxidacién de semicoque, mientras que la fase de volatizacion
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no presentd afectacion. El efecto catalitico es mas significativo durante la descomposicion
de la lignina, contrastando con el efecto ejercido sobre la celulosa [109].

Es pertinente resaltar la necesidad de estudiar el efecto de los diferentes constituyentes
inorganicos de la cascarilla sobre la combustion de la celulosa, lignina y hemicelulosa.
Aunado a lo anterior, es relevante evaluar los efectos que tienen los catalizadores sobre

las emisiones durante la combustion.

1.6 Pirdlisis catalitica de cascarilla de arroz y biomasa

La pirdlisis catalitica busca la mejora en el rendimiento, la estabilidad y la selectividad en
determinados tipos de productos, mientras se reducen otros no deseados como son la
cantidad de agua, los &cidos organicos, los gases no condensables y el biocarbén. Una de
las estrategias ampliamente usadas es la remocion selectiva de oxigeno de los
compuestos que conforman el bioaceite, convirtiendo especies reactivas como aldehidos
y cetonas en compuestos mas estables como alcoholes, éteres, alifaticos y aromaticos.
Esto se puede lograr mediante reacciones de descarbonilacién, descarboxilacion,
isomerizacion, craqueo, hidrodeoxigenacion, deshidratacion y desmetoxilacion [110].

La pirdlisis catalitica puede clasificarse en funcién de la ubicacién del catalizador durante
el proceso pirolitico, es decir, puede ser de tipo in-situ 0 ex-situ. En el primer caso, el
catalizador se mezcla con la biomasa y opera dentro del reactor de pirélisis. En el segundo,
se requiere de una configuracién de por lo menos dos reactores; dentro de uno de estos
ocurre la pirélisis, mientras que el producto generado, es llevado al segundo reactor donde
se encuentra el catalizador y ocurren las reacciones propias de la reduccion de oxigeno

en el bioaceite, mencionadas anteriormente [111].

También los catalizadores empleados en la pirélisis pueden ser clasificados de acuerdo
con las fases de la materia involucradas. La clasificacion es mostrada en la Figura 1-4 que
esquematiza los diferentes sistemas cataliticos usados en la catalisis de productos de la
pirélisis, distinguiéndose los catalizadores de tipo homogéneo y heterogéneo. Los ultimos,
tipicamente se utilizan en modalidad ex-situ, con el fin de prevenir el mezclado con los
productos sélidos generados, desactivacion por formacién de coque y, adicionalmente,

controlar las temperaturas y condiciones de reaccion [111].
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Figura 1-4: Sistemas cataliticos usados para el mejoramiento de los productos de la
pirdlisis.

Metales

Oxidos metalicos
Sulfuros metalicos
Fosfuros metalicos
Carburos metalicos

Especies
activas

Nitruros m etalicos
Zeolitas

Catalizadores
parael
Sales Especies Catalizadores mejoramiento Catalizadores Prom otor Niquel
Solubles activas homogéneos de los heterogéneos es Cobalto
productos de
la pirdlisis
Alumina
Silica y SBA
Dioxido de titanio
Circonia
Soportes Oxido de cerio

Oxido de magnesio
Carbon activado y
carbén negro
Zeolita HY

Fuente: Tomado y adaptado de Sharifzadeh et al. [111].

En la figura, del lado derecho se muestran las especies activas en catalisis heterogénea
gue pueden ser metales, zeolitas, 6xidos, sulfuros, fosfuros, carburos y nitruros de metales.
Como promotores, tipicamente se utiliza el niquel y el cobalto, entre otros. A nivel de
soportes se utilizan solidos porosos, SiO;, SBA, TiO, ZrO, CeO,, MgO, carbdén activado y
carbén negro. Dentro de los catalizadores homogéneos lado izquierdo de la figura, las
especies utilizadas son tipicamente sales solubles, usados en la modalidad in-situ,
resistentes al desgaste, a la deposicion de minerales y a la formacién de coque, estables
a temperaturas altas. Como ejemplos de estas sales solubles se tienen: MgCl,, ZnCly,
CaCl,, FeCl; [110], KCI, CuCl,, AICIs, NaCl, entre otras [111].

En particular, cationes metalicos como Zn?*, Fe?*, Cu?*, Mn?*, Co%*, Ce?" y Ni?*, pese a que
reducen la cantidad de bioaceite e incrementan la cantidad de agua, también reducen de
manera favorable la cantidad de compuestos labiles como aldehidos y acidos que pueden
afectar la estabilidad quimica del bioaceite. De otro modo, Mn?*, Ni?* y Ce?* catalizan la
produccion de CO;, promoviendo la mejora por desoxigenacion del bioaceite. Se reporta
la formacién de nanoparticulas en formas metélicas y de 6xidos altamente dispersos en el
biocarbdn durante la pirdlisis, hecho altamente interesante para la obtencion de un material
de interés tecnoldgico [112]. Resulta asi muy interesante explorar el efecto de sales

metélicas en el proceso de valorizacion por pirdlisis de cascarilla de arroz.
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1.7 Parametros de reactividad en la combustion de
biomasa

De acuerdo con Awasthi y Bhaskar la combustién catalitica estda emergiendo como una
opcion provechosa para la combustiéon de biomasa, dado que puede proceder a mas bajas
temperaturas y con reducidas emisiones de 6xidos de nitrégeno y azufre [113]. Muchas de
las publicaciones reportadas en la literatura estdn enfocadas en procesos de co-
combustién de biomasa residual y mezclas con diferentes tipos de carbon; no obstante, es
preciso mencionar que los trabajos sobre la combustion catalitica de biomasa son muy

pocos, puntualmente, acerca de la combustion catalitica de cascarilla de arroz.

Por lo anterior, ha sido necesaria la adaptaciobn de parametros propios del tema de
carbones que permiten evaluar la eficiencia en la combustién térmica de la biomasa.
Dentro de estos se destacan: la temperatura de ignicién (Ti) como aquella a la cual la
velocidad de pérdida de masa alcanza 1 %-mint; la temperatura de quemado (T,) para la
cual, una vez superadas las maximas velocidades de pérdida de masa, cae a 1 %-min’;
la temperatura final de combustion (Ts) para la cual la velocidad de pérdida de masa cae a
un valor minimo; el indice de combustion completa (ICC) como un parametro que mide la
facilidad con que una muestra se oxida, puesto que tiene en cuenta la maxima velocidad
de pérdida de masa, la velocidad promedio, las temperaturas de igniciéon y de quemado; el
indice de volatizacion (Di) que da cuenta de la facilidad con que una muestra se volatiliza;
y finalmente, el indice de semicoque (SYi) que se calcula como la diferencia entre los pesos
correspondientes al primer pico de volatizacion y el peso de la ceniza en el cual no se

observa un cambio apreciable en la masa [108].

Para entender el fenébmeno catalitico durante la combustién de la materia organica, es
necesario sefialar que los procesos de descomposicién térmica de biomasa presentan un
comportamiento tipico. Inicia con la pérdida de agua, seguido de una descomposiciéon en
la cual se liberan gases volatiles y se produce semicoque; posteriormente, los productos
de la segunda etapa se oxidan en la tercera, para producir ceniza y gases de combustion
[114]. Sin tener en cuenta la pérdida de agua, el primer proceso se lleva a cabo tipicamente
en un intervalo de temperaturas entre 200 °C a 400 °C, donde se descompone

principalmente la holocelulosa y parte de la lignina. En la segunda etapa, se descompone
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principalmente la lignina, ocurriendo dentro de un rango de temperaturas que oscilan entre
los 400 °C a 800 °C [108].

La formacion de estados de agregacion de tipo cristalino en silice se favorece
termodinamicamente con el incremento de la temperatura. Otras variables que también

influyen son la presién y la presencia de impurezas, que pueden generar de manera

espontdneaf ases cristalinascudaer ztogashz bj ceoe®imba,

t ri di 4midirmita y cristobalita [57]. Por otro lado, la presencia de 6xidos metalicos
alcalinos y alcalinotérreos generan sinterizacién en la ceniza, lo cual también reduce de
manera sustancial el area superficial de la silice y la densidad de grupos silanoles en la
superficie. Junto a la pérdida de area superficial y actividad quimica que genera la
sinterizacion de la ceniza de la cascarilla, también pueden producirse particulas negras de

carb6n no quemado, inmersas en ceniza sinterizada [58].

1.8 Analisis cinético a partir de la informacion del
analisis térmico

El Comité de Cinética de la Confederacion Internacional de Andlisis Térmico y Calorimetria
(ICTAC), ha establecido los lineamientos conceptuales que permiten el desarrollo de
célculos cinéticos sobre datos extraidos del analisis térmico [115], [116], [117], [118]. Para
el analisis TGA resulta conveniente definir el avance de reaccién o grado de conversion en
términos del cambio de masa como se muestra en la ecuacién (1.1), en donde my y m;
representan la masa al inicio y en cualquier tiempo t del programa de temperatura,

respectivamente. La masa final 0 masa de cenizas corresponde a Mash.

(1.1)

Considerando que la relacién de la descomposicion con la temperatura es de tipo
Arrhenius, la ley de velocidad puede ser planteada como se muestra en la ecuacion 1.2.,
en donde Q°Y es la constante de velocidad de reaccién, A corresponde al factor de

frecuencia, Ey la energia de activacion aparente, T la temperatura, "Q]  es el modelo de

reacci-n y b es | a rampa de t e mMdd. Laspavametrosd e |

Eu, Ay "Q son conocidos como el triplete cinético [115].

Usti shct

progr e
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b — QYOI oM 9 1 O— (1.2)

Al reorganizar e integrar la ecuacién (1.2), se llega a la ecuacion (1.3), bajo el supuesto de
gue la reaccion procede en un solo paso y la Ey es constante durante el proceso térmico.
Dado que T es funcién del tiempo y que el programa de temperatura procede a una rampa
de calentamiento constante, al realizar el cambio de variable se encuentra el término a la
derecha de la ecuacién. La forma integrada del modelo de reaccién es por definicion "Q|
[115].

W k., — 6,.Q Qo6- Q QY (1.3)

1.8.1 Principio isoconversional

Por otro lado, es pertinente definir el principio isoconversional que establece que la
velocidad de reaccion a un grado de conversion constante solo depende de la temperatura.
Cuando se deriva una de las formas de la ecuacion (1.2) con respecto a la temperatura se
llega a la ecuacion (1.4).

(1.4)

Como U es c ons fQanambiéndored, ponlequesse llega a la ecuacion (1.5).
En esta se condensa la consecuencia mas importante del principio isoconversional, que
establece que es factible encontrar Eg sin determinar o asumir el modelo de reaccion. Lo

anterior es la base de los métodos libres de modelo [115].

_ (1.5)

Al retomar la ecuacion (1.5) y aplicAndole la funcion logaritmo natural se obtiene la
ecuacion (1.6) en donde se presenta Ay para resaltar la dependencia del factor de
frecuencia con el grado de avance. Al realizar ensayos de andlisis térmico a varias

temperaturas se puede determinar Ey como la pendiente de la regresion lineal de la
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dispersion de datos del graficodeae— vs 1/ T para valores constantes

emplea la forma diferencial de la ley de velocidad, se conoce como el método diferencial

isoconversional de Friedman [115].
ae— agQ D —_— (1.6)

Por otro lado, si se toma la ecuacion (1.2) la cual no tiene una solucién analitica, y al
aplicarse la aproximacion propuesta por Starink, se llega a la ecuacion (1.7). Este método

es también conocido como método integral de Starink y permite determinar Ey con la

pendiente de la regresion lineal de la dispersion de datos al graficar & €é—— vs 1/T para
h

val ores con@dihlantes de U
AE— OO P8t TOP— (1.7)
h

1.8.2 Método de Kissinger

Otro método para determinar Egy resulta de derivar la ecuacion (1.2) y considerar la
condicién del maximo de velocidad para lo cual, se cumple que la segunda derivada es
cero como se muestra en la ecuacion (1.8). El subindice m indica que el término
corresponde al maximo de velocidad. Reorganizando la ecuacion (1.8) y tomando el
logaritmo natural se obtiene la ecuacion (1.9). Al cumplirse que "@¢ es independiente
de la velocidad de calentamiento, lo cual puede verificarse cuando las curvas de reaccién

no cambian con la rampa de calentamiento en el grafico maestro, se puede determinar Eg

como la pendiente de la regresion lineal de la dispersién de datos del grafico de a ¢—
f

vs —. Lo anterior, es conocido como el método de Kissinger [115].

h
— — 0@ 0Q — Tt (1.8)
ae—  a& —Qe (1.9)
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1.8.3 Verificacion de la existencia de una o multiples etapas de
descomposicion térmica

La descomposicion térmica de lignocelulosa es un proceso complejo que procede en
multiples etapas [119]. No obstante, para la determinacion de Egy con los métodos
isoconversionales diferencial de Friedman e integral de Starink se puede asumir que el
proceso de descomposicion transcurre en una sola etapa. De acuerdo con Vyazovkin et
al. cuando Egy varia significativamente durante el programa de temperatura (x30% del
promedio de Ey) es un indicio de que el proceso es complejo y requiere de varios pasos
para ser descrito [115].

El estudio de una reaccion en multi-pasos se puede desarrollar mediante analisis de
deconvolucion mateméatica (MDA). Este se puede hacer, por ejemplo, considerando cuatro
pseudo-componentes. Teniendo en cuenta la versatilidad y la robustez, se utilizaron
funciones asimétricas de Fraser-Suzuki para modelar el proceso [120], cuya forma
matematica se muestra en la ecuaciéon (1.10). Donde Yo, @ y i "Q%An constantes
relacionadas con la base, el area y la simetria de la funcion. Tc es el centro que

corresponde a la temperatura en la que se presenta el valor maximo de velocidad.

— & —Q (1.10)

La aproximacion a cuatro pseudo-componentes se puede realizar considerando que la
reaccion global estd constituida por 4 reacciones quimicas en paralelo. Las
descomposiciones se van dando en orden de estabilidad térmica, descomponiéndose
principalmente: hemicelulosa, celulosa y lignina, las cuales generan biocarbén que se

oxida a altas temperaturas [121], [122].

Una vez conocidas las funciones de deconvolucién, se pueden calcular los valores de
velocidad, para posteriormente ser integrados punto a punto con algun programa
especializado como Origin Pro-2021. Con la informacién anterior se pueden determinar los
grados de ¢ oV g Wi, pana pskudo-hemicelulosa (P-Hem), pseudo-celulosa
(P-Cel), pseudo-lignina (P-Lig) y oxidacion de biocarbén (Bch), respectivamente. Con todo

lo anterior, es posible describir la ley de velocidad en términos de las contribuciones de las
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reacciones de los cuatro pseudo-componentes [115] como se muestra en las ecuaciones
(1.11) y (2.12).

— QYQ QUYQ QYQ 0 Y'Q (1.11)

— B Q'YQ B — (1.12)

1.8.4 Estimacion del modelo de reaccidon

Los gréaficos maestros son una forma muy apropiada de estimar el modelo de reaccion. La
funcién | que permite generar las curvas maestras, se puede calcular como el producto
de"Q "Q paralos modelos de reaccion estandar mostrados en la Anexo C (Tabla S1).
Para los datos experimentales se calcula con el DTG. @| experimental (®| ) se
determina de manera aproximada como el producto de la velocidad de reaccion por el
cuadrado de la temperatura, como se muestra en la ecuacion (1.13) [115], [123]. Para
realizar comparaciones de las @®| con las curvas maestras estandar (Q| ) se
puede utilizar la forma normalizada mostrada en la ecuacién (1.14) [124]. Los & |
usados para realizar la comparacion son presentados en el material suplementario Anexo
C (Fig. S1).

O QT — Y (1.13)

(1.14)

1.8.5 Determinacion simultanea del modelo de reacciony A

Este método consiste en una regresion lineal modificada. Considerando que la ecuacion
(1.15) de Sestak-Berggren (S-B) describe apropiadamente el modelo de reaccion, donde
m;, Ni Y pi son superindices que se determinan de manera experimental, se tiene que la ley

de velocidad para una reaccion i-ésima puede ser expresada con la ecuacion (1.16).

Reacomodando la ecuacion anterior y dividiendo por Q , se obtiene la funcion

mostrada en la ecuacion (1.17). Al aplicar el logaritmo se obtiene la ecuacién (1.18). Una
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regresion lineal mdltiple tomando como Y=a § , Xi=a & , Xo=a & | y Xs=
a¢&aeg | ,arrojacomo pendientes mi=m; my=n; Ms=p; y como intercepto B= & &
De esta manera puede determinarse simultaneamente el factor de frecuencia y los

superindices de la ecuacion S-B.

- o | aip | (1.15)
— 80Q p | aép | (1.16)
ro——— 81 p | aép | (1.18)
G  a®d® aa&  tadp | HoaEadp | (1.19)

Debemos subrayar que aun persisten probleméticas relacionadas al estudio cinético de la
descomposicién térmica [125]. Se pueden destacar cuatro en particular: i) la gran
simplificacién de los mecanismos de reaccion [126]; ii) pocos trabajos publicados en los
gue se usen ajustes de modelo, reacciones en paralelo [127], reacciones consecutivas u
otras; iii) la gran discrepancia en los valores de la energia de activacion calculados
mediante métodos libres de modelo y de ajuste de modelo [128]; vy, finalmente, iv) la
necesidad de usar modelos de reaccion que permitan representar apropiadamente la

evolucion térmica de muestras complejas como la biomasa lignoceluldsica [129].

Es urgente y necesaria la informacion termodinamica y cinética fidedigna, que pueda
generarse a partir de un andlisis térmico (TGA) y calorimétrico [128], [130], [131]. Es asi
que el estudio cinético de la pirdlisis de la biomasa sélida a partir de TGA, permitira
comprender el fenébmeno de la descomposicion térmica, la generaciéon de volatiles, las
reacciones quimicas involucradas y los parametros termodinamicos necesarios para el uso
extensivo y transformacién tecnoldgica de la biomasa [132]. Ademas, permitira evaluar el
efecto que tienen pretratamientos como la lixiviacion sobre la descomposicion térmica de

la biomasa y el uso de catalizadores [133].
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Teniendo en cuenta lo anterior, la propuesta de un método de deconvolucién matematica
gue permita estudiar el fendmeno de descomposicion térmica de la lignocelulosa bajo el
supuesto de reacciones en paralelo, ademas de una propuesta metodoldgica como la
regresion lineal maltiple modificada, dard lugar a la determinacion simultanea del modelo
de reaccion y el factor pre-exponencial. Esta metodologia cuantitativa, permitira obtener el

triplete cinético y la ley de velocidad superando las dificultades mencionadas.
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La biomasa es una sustancia quimica compleja cuya composicion quimica presenta
anisotropia, es decir, la distribucion de materia organica e inorganica es heterogénea. Los
constituyentes antes mencionados presentan propiedades mecanicas diferentes; por lo
tanto, se espera que la operacion de molienda y tamizado genere fracciones
granulométricas con propiedades fisicoquimicas y termoquimicas distintas.

Debido a que los mecanismos de reduccion de tamafio de particula actuaran de manera
diferencial sobre la materia inorganica y organica, el componente mas fragil se reducira
hasta alcanzar tamafios de particula finos, y el componente mas flexible, tendra tamafios
de particula mas grandes. En consecuencia, se puede observar fracciones con
composicion quimica distinta, las cuales afectan las propiedades fisicoquimicas y térmicas.

En este capitulo se presentan un producto de investigacién, en el que se estudia a
profundidad los efectos de la composicion anisotrépica en la cascarilla sobre las
propiedades fisicoquimicas y térmicas de las fracciones granulométricas, brindando una
explicacién fenomenolégica que constituye un aporte al conocimiento en el campo del
aprovechamiento de la biomasa residual.

Se explora el fendmeno de la termocatalisis de la biomasa residual, y se determinan
propiedades fisicoquimicas y térmicas que pueden ser utilizadas para futuras
investigaciones.

2.1 Articulo

Materials Today Sustainability 27 (2024) 100862
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Towards an understanding of the correlation between the physicochemical and
thermal properties of ground rice husks and particle size

Highlights

1 The anisotropic composition of the biomass affects the comminution mechanisms.

1 Many biomass applications do not include the effects of grinding.

9 Grinding can affect the physicochemical properties of the granulometric fractions.

1 The smaller particle size fractions have the most inorganic matter content.

9 Particle size determines many properties of ground rice husks.
Abstract
The comminution of rice husk has been commonly used to convert it into biogenic silica,
bio-oil, biogas, and bioenergy. The composition and structure of biomass are anisotropic,
e.g., the surface of the rice husk has a higher silica content than the bulk. It is possible to
expect that the physicochemical properties of grinding and sieving rice husks will be distinct
due to the difference between the mechanical properties of inorganic and organic matter.
A sample of rice husk was ground in a pin mill and sieved. The anisotropic distribution of
the inorganic matter was measured on the cross-section of rice husk by SEM-EDX. The
chemical composition and textural properties of the rice husk ash were determined by X-
ray fluorescence and nitrogen adsorption of each granulometric fraction. Thermochemical,
proximate, and ultimate properties of non-calcined grinding rice husks were measured
through thermal analysis. Pin, hammer, and knife mills were used to process the rice husks
and to determine the effect of the mill type on the comminution operation. Silica is
anisotropically distributed in the rice husk but mainly concentrates on the surface. So, the
granulometric fractions have very different physicochemical and thermal properties; those
with smaller diameters have a higher inorganic matter content; specifically, the pan fraction
presents twice the ash content as the non-grinded rice husk. Interestingly, through
multivariate analysis, it is possible to classify the fractions into homogeneous groups
according to their physicochemical properties for use in technological applications such as
pellet fabrication.

Keywords: rice husks; anisotropy; particle size reduction; biogenic silica.
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Nomenclature

Symbols/abbreviations

i ibility i 704 2
&eTr Temperature difference to the half of R1 (°C) S comprehensive combustibility index (107%

°C¥ min-?)
A pre-exponential factor SYi semicoke index (%)
Dean Fr?ri?) diameter by Barret-Joyner-Halenda Tiore)  the temperature of the first peak (°C)
Di devolatilization index (10 %°C- min't) T2pte)  the temperature of the second peak (°C)
Dmean mean diameter (um) To burning temperature (°C)
HHV higher heating value (MJ kgt) Ti ignition temperature (°C)
Mo Moisture (%) Tof final combustion temperature (°C)
R the gas constant value (8.314 J molt K1)  Toi initial devolatilization temperature (°C)
" } o i -
R1 ii)ecomposmon rate at the first peak (% min Ve volume by Barret-Joyner-Halenda (cm?3 g2)
iti 0
R2 %eirf_?;“pos'tm“ rate at the second peak (% Wp1 weight loss at the first peak (%)
Rmax maximum decomposition rate (% mint) pH combustion enthalpy (J/g)
Rmean mean decomposition rate (% min) gm total weight loss (%)

1. Introduction

Rice is one of the most important crops for humanity. Half of the world's population feeds
on this important cereal, supplying approximately 20% of global food energy [134]. During
2019-2021, 983 Mt of rice was produced annually, making it the second most cultivated
cereal [135], [136]. Approximately 20% of rice production corresponds to husks;
consequently, almost 200 Mt of this by-product is generated. The biodegradability of this
residue is slow [137]; therefore, advanced final disposal treatments are necessary in order
to manage the enormous production volume [138].

The physicochemical characteristics of rice husk make it a material with potential
technological applications because it is composed, on average, of 80.7% lignocellulose and
16.3% ash, and the latter, in turn, by 89.92% SiO; [139]. This chemical composition allows
for its use as an energy source and biogenic silica [140], among other applications [141],
[142], [143], [144]. However, in many nations that produce this vital cereal, rice husk
transformation and valorization are still developing [29]; therefore, it is relevant to continue
researching its sustainable use.

It is pertinent to point out that the silica present in rice husks is heterogeneously distributed,
concentrating mainly on the external surface, villi, and protuberances [38], [44], [145]. FE-
SEM analysis equipped with EDS performed on a cross-section of husk whose thickness
can vary from 50 pm to 100 pm shows that the silica forms a thin layer of 21 5 pm on the

outer surface, while on the inner surface, the layer has a thickness of 0.5 pm. In contrast,
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silica nanopatrticles are widely distributed in the central area of the husk, which is rich in
cellulose [146].

In addition, it is essential to note that the anisotropic chemical composition of biomass
generates differences in resistance depending on the spatial direction in which the property
is measured, resulting in a different rupture [147]. Therefore, it would be expected to obtain
granulometric fractions of varying particle sizes with distinct physicochemical properties
[148]. Very few works have delved into the effects of particle size on silica synthesis,
composite polymer filler, and pellet fabrication [137], [149]. Notably, applications such as
biochar-filled high-density polyethylene composites considered the impact of the particle
size in their study samples and established it as an experimental factor [150].

Grinding is an essential unitary operation within the exploitation of biomass, as it allows
obtaining a homogeneous product and facilitates its handling during applications, whether
the aim is to agglomerate or pelletize lignocellulosic material [151]. It is well known that the
thermal decomposition of lignocellulosic material strongly depends on the type of biomass,
particle size [152], chemical composition, physicochemical structure, and fiber structure
[153]. Naturally, the material's particle size affects the biomass's thermal behavior because
it determines heat and mass transfer phenomena during thermal decomposition [154],
[155].

Despite the relevance of the grinding operation, its effects on the physicochemical
properties of the product are poorly understood [156]. Researchers have rarely used a
sieving step after milling to obtain various granulometric fractions; instead, they have
established the particle size or used ground rice husk separated on a single sieve [137],
[139], [149], [157], [158], [159]. Thus, few authors have reported differences in
thermochemical properties due to particle size [75], [160]. To our knowledge, patrticle size
is not included in most publications on synthesizing biogenic silica from rice husk.

For the first time, we report the effects of grinding and sieving operations on the
thermochemical properties of granulometric fractions and their implications on thermal
performance. This study explores how the anisotropic chemical composition in rice husks
could affect the physicochemical and thermal properties of the granulometric fractions of
ground husks and how they may affect the biogenic silica and energy obtained via
combustion.

2. Materials and methods

2.1. Grinding and sieving operation
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Rice husks were obtained from a commercial mill in the Department of Casanare,
Colombia. Approximately ten kilograms of rice husks were cleaned of strange material to
be later subjected to particle size reduction in a T-17 universal pin mill equipped with a 4
HP three-phase motor, a 0.5 mm sieve opening, and a rate feeding of 10 kg h™.
Subsequently, the rice husks were sieved through ASTM sieves (25, 35, 40, 45, 60, 80,
120, and 270).

Grinding was carried out in blade and hammer mills, each with 100 g of rice husks free of
strange material, in order to test the effect of the type of mill. As in the pin mill, the milled
rice husk was sieved through ASTM sieves (25, 35, 40, 45, 60, 80, 120, and 270).

The mean diameter (Dmean) OF particle size is the average between the opening diameters
of the lower and upper sieves; that is to say, 25-35 (605 pum), 35-40 (425.5 ym), 40-45 (390
pum), 45-60 (302.5 pum), 60-80 (215 um), 80-120 (152.5 um), and 120-270 (89 um). For the
sample retained in the first sieve, 25, the mean diameter is >710 um, and finally, the Dmean
for the pan fraction is <53 um.

2.2. Physicochemical characterization

In order to evaluate the anisotropic distribution of the inorganic matter, a cross-section of
the lemma of the rice husk was observed in a scanning electron microscope (Hitachi, model
S4800) equipped with an energy dispersive X-ray analyzer (Bruker-X flash 4010). The
acceleration voltage was 20 kV.

The proximate and ultimate analysis was carried out following the rapid characterization
methodology of biomass fuels by thermal analysis [161] on Q600 SDT equipment from TA
Instruments. The sample was weighed in platinum crucibles (30.0 + 0.5 mg) and subjected
to the temperature program indicated in Figure S1. Moisture content (Mo) was determined
as the weight loss percentage after isotherm heating at 105 °C for 80 min. The volatile
matter (VM) was calculated as the weight loss after heating at 15 °C min'* and maintaining
the temperature isothermally at 700 °C for 30 minutes in a N2 atmosphere. The fixed carbon
(FC) was calculated as the weight loss percentage after calcination at 700 °C for 5 minutes,
changing the atmosphere to synthetic air. Finally, the system was cooled to room
temperature, and the remaining percentage at the end of the temperature program was the
ash content (Ash).

The higher heating value (HHV) and elemental composition (EC) were determined based
on the content of volatile matter, fixed carbon, and ash using Equations 1 and 2 reported in
the literature. Table S1 shows constants a, b, ¢, and d needed to calculate the HHV and
EC [161], [162], [163].
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The elemental composition was determined using Shimadzu Lab Center XRF-1800 X-ray
fluorescence equipment on the ash of each granulometric fraction according to the ASTM
E1621-13. The samples were ground in an agate mortar and sieved in 270 mesh, and we
did not use binders or diluent. Finally, we applied the fundamental parameter method for
the matrix correction.

2.3. Thermal characterization

This test was carried out by simultaneous DSC/TGA analysis with a TA Instruments Q600
SDT equipment in a synthetic air atmosphere at 60 ml min, and the sample weight was
10.0 £ 0.5 mg. The temperature program consisted of a drying step at 105 °C for 10 min
and heating at 10 °C min until 800 °C in alumina crucibles. Samples of fractions 25, 35,
40, 45, and 60 as well as the whole rice husk, were subjected to exhaustive grinding and
80 mesh sieving quantitatively before being analyzed. Samples of fractions 25, 35, 40, 45,
and 60 and the whole rice husk were subjected to milling quantitatively until they passed
through 80 mesh before being analyzed.

The parameters used to characterize and evaluate the thermal performance of the study
samples are described below [164]. The ignition temperature (T;) and burning temperature
(Tv) are those at which the mass loss rate reaches and falls to 1% min, respectively. R,
and R are the mass loss rates at maximum peaks in the DTG thermogram, while T1iprg)
and Tapre) are their respective temperatures. Rmean iS the mean rate corresponding to the
average of the decomposition rates. Rmax is the maximum rate, and Tmax iS its respective
t e mp e r a tpusrthe temper@ture difference in the Rmax /2 interval.

W, is the mass percentage at the first-rate peak's temperature, which may coincide with
the maximum decomposition rate. The reaction enthalpy of the process (gH) is calculated
by integrating the area under the DSC curve; the organic matter content (gum) is the
difference between the weight percentages of the dry biomass (105 °C) and the percentage
of ash content. In addition, T and Tos were calculated as the intercept between the tangents
of the zero-slope curve segment and the inflection point. Fig. 3 a) shows the determination
of previous parameters.

The devolatization index (D) measures the tendency to generate volatiles, calculated using
Equation 3 [108].
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The semicoke index (SY)) is the difference in weight loss measured from R to the ash
content (Equation 4) [108].
YO w [ 4
Finally, the comprehensive combustibility index (S) evaluates the reactivity of biomass
combustion; it is directly proportional to the mass-loss rate and inversely proportional to the

ignition and burning temperatures [165].

Yo —— 5)

Equation (6) shows how to calculate the apparent activation energy (Ea) using the Coats
Redfern method; the reaction model considered is the first order [166]. A, H, and T are the
pre-exponential factors, the heating rate and temperature, respectively. Uis the weight loss
fraction calculated with Equation (7). In the above equation, W, and Wash are the weights

at the beginning and end of the analysis; W: is the weight to a time t.
age—— ae&—p — — (6)
| — (7)

2.4. Textural and statistical analysis

The texture was determined on the ashes obtained by combustion in a muffle furnace at 10
°C mint up to 550 °C for 4 h. A Micromeritics ASAP 2020 was used employing nitrogen as
adsorbate; the degassing pretreatment was performed under a vacuum with a ramp of 10
°C mint up to 90 °C for one hour and subsequent heating with the same ramp up to 300
°C for 6 hours. The pan-fraction, whole rice husk, and the 215 ym and 302.5 pum fractions
were analyzed in duplicate.

Statistical analyses were performed using Statgraphics Centurion 18 and R programs; the
statistical significance was 95%. The analysis of variance allows testing the null hypothesis
(Ho); it is possible to reject Ho when the p-value of any experimental factor is less than 0.05.
Therefore, the alternative hypothesis is accepted. In all cases, the normality and
homoscedasticity were checked using the Shapiro-Will and Bartlett tests, respectively. All
samples are selected at random and are independent [32]. The experimental
measurements were done in duplicate.

3. Results and discussion

3.1 Patrticle size reduction
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Fig. 1. shows the results of the grinding and sieving operations. The operational loss was
only 1.58%. Also, 49.2% of the sample was retained between meshes 45 and 80. Small
particles are remarkable, reaching 12.2%, which is typical for a pin mill [167]. The material
balance presents a difference of 1.41% between all granulometric fractions and whole rice
husk, taking the ash content as a basis for calculation. The above result is lower than the
operational losses and less than 2%, so it is possible to consider that the matter has been

conserved during the operation.
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Fig. 1. Cumulative distribution and density distribution of the pin-milled rice husk.
3.2. Effect on physicochemical properties
Fig. 2. shows the SEM images of a cross-section of rice husk. Fig. 2. a) presents the outer
(bottom side) and inner (top side) epidermis of RH. The internal tissue and the vascular
region are well-defined [44]. In addition, the silicon distribution is shown in Fig. 2. b); white
arrows indicate the silicon's higher concentration zones. It is possible to conclude that the

rice husk presents silica anisotropically distributed [145].
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Fig. 2. SEM-EDX of a cross-section of rice husk. a) SEM image by 1000X. b) Si-mapped.
Table 1 presents the physicochemical properties as a function of the Dmean, the data related
to the lacking fractions (>710 ym, 605 um, 425.5 pm, 152.5 um, and 89 um), ANOVA p-

value, and the results of the validation of the statistical assumptions appearing in the

supplementary data (Table S2). Generally, the values were within the variation intervals

reported in the literature for rice husks [139]. According to the statistical tests, it could be

possible to affirm that the physicochemical properties of the milled and sieved rice husks

depend on the mean diameter. In other words, particle size reduction and sieving generated

granulometric fractions with different physicochemical properties.

Table 1

Physicochemical properties of rice husk granulometric fractions.

Dmean (UM) Pan 215 302.5 390 Whole
Mo (wt. %) 6.62 6.36 5.33 5.62 6.23
VM (wt. %) 58.63 66.51 67.87 66.94 65.76
FC (wt. %) 14.48 17.01 17.44 17.46 16.99
Ash (wt. %) 20.27 10.12 9.36 9.98 11.03
HHV (MJ kg?) 13.14 15.82 16.28 16.05 15.62
C: Carbon 35.90 41.10 41.99 41.58 40.74
H: Hydrogen 4.39 5.01 5.11 5.06 4.96
O: Oxygen 3231 36.83 37.61 37.17 36.46
H/C 0.12 0.12 0.12 0.12 0.12
o/IC 0.90 0.90 0.90 0.89 0.90
SiO2 (wt. %) 89.17 92.14 92.73 92.87 92.57
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Dimean (M) Pan 215 3025 390 Whole
P20s (Wt. %) 2.81 1.35 1.17 1.04 1.57
K20 (wt. %) 2.41 3.53 3.34 3.35 3.04
Fe20s (Wt. %) 1.72 0.29 0.24 0.19 0.06
Ca0 (t. %) 1.12 0.97 0.94 0.99 0.99
MgO (wt. %) 0.75 0.59 0.56 0.56 0.57
SOs (wt. %) 0.57 0.62 0.55 0.54 0.73
MnO (wt. %) 0.35 0.26 0.26 0.28 0.27
ALO3 (wt. %) 0.27 0.07 0.07 0.07 0.13
Cra0s (wt. %) 0.45 0.08 0.03 0.00 0.06
Others (wt. %) 0.16 0.09 0.09 0.06 0.03

Specifically, HHV depends on the Dmean. Table 2 shows the Tukey HSD multiple-range test.
The pan fraction presents a significant difference from the others and is classified in a
unique a-group, while the other eight fractions and the whole rice husks are in the b-group.
The above result is coherent with the high ash content of the pan-fraction and its low organic
matter content. It is interesting to conclude that the eight granulometric fractions have a
homogeneous HHV comparable to the whole husk, so their thermal behavior and mixtures
could be similar. Nevertheless, section 3.5 shows the most extended multivariate analysis
for all the properties.

Table 2

Tukey HSD Multiple-range test for HHV.

Dmean (umM) Repetitions (M'\{I]el?g-l) HOrTéorgﬁr;zous
Pan 2 13.1+0.1 a

89 2 15.4+ 0.3 b
Whole 2 15.6+ 0.2 b
215 2 158+0.1 b
605 2 15.8+ 0.2 b
>710 2 15.9+0.2 b
1525 2 159+0.1 b
425.5 2 16.1+ 0.2 b
390 2 16.1+0.1 b
302.5 2 16.3+ 0.6 b
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The literature reports the effects of the milling operation on biomass processing, such as
changes in the cellulose content and crystallinity of flaxseed fibers [156]. Also, differences
in ash content, volatile matter, and fixed carbon in two types of grass have been reported
[168]. The physicochemical properties change in proportion to the particle size [169].
However, many works concerning biomass use and transformation still overlook particle
size effects on physicochemical and thermal properties [170]. The above is because a
phenomenological explanation for the effects of grinding and sieving on biomass has not
been established. In the case of rice husks with a high inorganic matter content that is
distributed anisotropically, the correlation between physicochemical properties and particle
size is more notable.

3.3. Effect on thermal properties

Fig. 3. a) shows an SDT thermogram with several thermal parameters of the whole rice
husk. Respectively, the black, blue, and red curves represent the evolution during the
temperature program of the weight percentage, the DTG, and the heat flux. Fig. 3. b)
presents the thermograms of the granulometric fraction samples; the profiles of the curves
combine several sigmoidal shapes, characteristic of the decomposition of a complex
sample such as lignocellulose [115], [116], [117]. The DTG and DSC profiles (Fig. 3. ¢) and
Fig. 3. d)) show multiple peaks characteristic of biomass decomposition. The thermograms
of the other granulometric fractions presented in the Supplementary Material (Figure S2)

exhibit similar behavior.
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Fig. 3. a) SDT of whole rice husks. b), c), and d) TGA, DTG, and DSC for pan fraction, 215
pm, 302.5 pm, 390 um, and whole rice husk.

Notably, at 105 °C, the curves of each fraction do not start at the same weight loss because
they have different moisture contents; similarly, the final weight losses are distinct for each
fraction, which is consistent with the difference in ash content. Remarkably, the pan fraction
has the highest ash content in the TGA (Fig. 3. b). Qualitatively, it could be possible to
conclude that the DTG and DSC curves of the granulometric fractions are different because
the maximums and their respective temperatures are distinct. Table 3 shows the thermal
parameters calculated with the thermal decomposition data; the information related to the

other fractions appears on Table S4.
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Table 3
Thermal properties of rice husks and textural properties of husk ash.

Dmean (M) Pan 215 302.5 390 Whole
Toi (°C) 270.9 281.1 281.0 279.5 277.3
Tof (°C) 478.8 488.1 482.8 479.9 479.6
om ( %) 74.68 85.69 85.21 87.26 85.18
@H (J/ g) 7571 9836 7761 7980 7794
Ti (°C) 246.1 252.4 251.9 250.7 250.0
To (°C) 474.8 488.5 483.6 481.5 481.1
R1 (% minl) -810 -9.26 -9.53 -9.59 -9.28
R2 (%/min1) -2.48 -3.41 -3.57 -3.66 -3.44
T1(016) (°C) 312.7 329.2 328.6 329.2 327.4
T2 o1e) (°C) 440.7 462.6 463.7 462.6 451.8
&T 12 (°C) 56.9 58.8 58.3 58.8 59.3
Wp1 (%) 66.1 56.5 58.3 57.1 56.6
R mean (% mint) -1.089 -1.268 -1.240 -1.261 -1.233

Di (10% °C3 min't)
(10%% °C-3 mint)

SYi (%) 44.34 48.74 47.44 48.16 46.62
S (107 %2 °C- min?)

1.683 1.721 1.789 1.777 1.725

(10702 °C3 min?) 3.069 3.689 3.829 4.000 3.807
Ager (M2 g?) 92 90 121 75 124
V (cm? g1)a 0.227 0.205 0.202 0.205 0.247
D (nm)2 7.0 6.6 7.5 7.7 6.1

a Calculated using BJH in the desorption branch.

The comprehensive combustibility indices S for the granulometric fractions varied from 3.0
x 107 %? °C= min? to 4.2 x 107 %2 °C= min, which is in line with those reported in the
literature for rice husks with a particle size of less than 178 um with an S equal to 3.92 x
107 %2 °C= min2[171]. On the other hand, Cai et al. reported devolatization rates of 1.07 x
10° % °C= min, percentages of mass loss in the first peak of thermal decomposition of
45.18%, a semicoke index of 32.94%, and thermal decomposition rates of 4.07% min-,
values very close to those found in this work, although, in the related reference, the ramp
was 40 °C min! for the thermal analyses [108].

The analysis of variance tests of the thermal properties taking the Dmean as a factor shows

t hat , e x ceapdD; theoprvalumsTare less than 0.05; consequently, it is possible to
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reject the null hypothesis, which considers that the means of each response variable are
not affected by the Dmean. In other words, with a statistical significance of 95%, it can be
possible to conclude that the thermal properties of the granulometric fractions obtained by
grinding and sieving were different [172], [173]. Hence, many thermal and physicochemical

properties depend on the Dmean.

6.0 90
A
- 80
5.5 A\ a—=h 'S A——g
\ /A A I
1 A i -\. - 70
(]

=50+ ./ / [

E - 60 —
> n ;
I~ b L ]
¢ L
< " . - 40
T40- /./ \ _

w . ® b4 . L

] e - 30
354 | /  ——S LT
/ ——Ea(Typrg) 20
¢ —s—Ea (Typ1g)) |
3.0 T T T T T 4 T T T T T T T 4 T T T T T 10
Pan 89 1525 215 3025 390 4255 605 =>710 Whole
Dmean (l‘l‘m)

Fig. 4. Combustion parameters for all granulometric fractions.

Fig. 4. shows the relationship between the Dmean and the apparent activation energy
calculated at the first and second peaks of the mass loss rate (Ea (Tipore)) and Ea (T2pre)),
respectively) and the comprehensive combustibility index. The variation of the Ea (T1porg))
is £ 5 kJ kg?, while for Ea (T2pr1e)) it is = 18 kJ kg™. The above could indicate that the particle
size mainly affects the second process, in which the biochar generated in the
devolatilization (first peak in DTG) is completely oxidated [165]. Ea (T1org)) is higher than
Ea (T2ore)), except for the granulometric fraction of 390 um. The above indicates that
devolatilization requires more energy than biochar oxidation.

It is also important to point out that the pan fraction shows the lower E. (T2pre)); the above
is coherent with the high inorganic matter content that produces a catalytic effect [98], [105],
[174]. In addition, the literature reports the dependence of the impact between particle size
and microstructure properties on the combustibility of the biomass; nevertheless,

experimental evidence clearly shows that the anisotropic distribution of inorganic matter in
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the biomass could generate particles with different sizes, microstructures, and
compositions[166].

3.4. Effect on texture properties

The N2 adsorption isotherms for rice husk ash in Fig. 5. and S3 show a behavior typical of
mesoporous materials. According to the IUPAC, the isotherms are classified as type IV with
an H4 hysteresis-loop. Tables 3 and S3 present the areas, pore volumes, and average pore
widths. The p-values obtained through the variance analysis allow us to conclude that there
are no significant differences in the mean of the Ager of the ashes. In contrast, for the cases
of volume and pore diameter, the ANOVA tests allow us to conclude that the above two
properties depend on the Dyean factor.
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Fig. 5. Nitrogen adsorption isotherms of rice-husk ash.

The fusion of biomass ash, particularly rice husk, determines its textural properties [68].
The chemical composition, temperature, and burning time determine the ashes' degree of
fusion or sintering [175], [176], [177]. Literature reports that at 700 °C, the decrease in the
ash area is significant [178]. As combustion of the fractions was carried out at 550 °C for
four hours, the texture does not show a high variation. Up to this point, all the experimental
evidence allowed us to conclude that most rice husks' physicochemical, thermal, and
textural properties subjected to grinding and sieving depend on the patrticle size.
Comminution occurs via four mechanisms: compression, impact, friction, and shearing

[179], [180]. The difference in fragility and flexibility of the inorganic and organic constituents
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gives rise to the mechanisms acting differentially on the husk constituents. Besides, the
inorganic matter is distributed anisotropically in rice husks [181]. Consequently, the higher
particle size granulometric fractions have the most elastic component (lignocellulose) since
they present greater comminution resistance. In comparison, the fragile inorganic
components are quickly reduced to powder. Hence, the pan fraction has the most ash
content.

The experimental evidence allows us to conclude that the inorganic composition of ashes
depends on the particle size. For any granulometric fraction, the particle size determines
the exposed surface area and the relation of inorganic constituents, so the textural
properties depend on Dmean, t00.

Some years ago, the literature reported differences in the ash content of the granulometric
fractions of rice husk flour in TGA [173]. Specifically, for husk fractions with sizes of 381 200
pm and 2007 1000 um, ash contents on a dry basis of 10.62% and 12.19%, respectively,
have been reported. Similarly, the difference in the properties measured in the following
analysis is noted, as well as among thermal parameters such as Ti, Tn, Toi, and T, due to
particle size [182]. The values reported in the literature were similar to those obtained in
the present study.

3.5. Cluster and multivariate analysis of granulometric fractions

Since ANOVA tests detect significant differences in most physicochemical and thermal
properties, Fig. 6. shows the cluster analysis to classify granulometric fractions with similar
physicochemical and thermal properties [183], [184], [185]. Fig. 6. a) shows the grouping
of the granulometric fractions into four clusters based on their physicochemical properties.
The fractions with a Dmean greater than 215 pm are in the fourth cluster. In contrast, 89 um,
152.5 um, and pan fractions are in the same cluster.

Fig. 6. b) shows the thermal properties; the test allows us to conclude that it is possible to
classify the granulometric fractions into five clusters according to their thermal properties.
Those with a Dmean greater than 302.5 um, including the whole husk, exhibited similar
properties. In contrast, the pan fraction, 89 um, 152.5 pm, and 215 pm fractions have
comparable properties. Consistent with the ANOVA tests, the cluster analysis confirmed
that the physicochemical and thermal properties of rice husks subjected to grinding and

sieving depend on the Dmean.
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Fig. 6. Squared Euclidean distance similarity dendrogram using the nearest neighbour
method. a) Physicochemical properties b) Thermal properties.

Fig. 7 shows a fragment of the Pearson correlation analysis to evaluate whether the
physicochemical and thermal properties correlate. The figure only presents the response
variables with correlation coefficients greater than 0.6. Comparisons are made by pairs of
variables; a negative coefficient implies an inverse correlation; in other words, when one
variable increases, the other decreases. The opposite occurs with positive coefficients, in
which an increase in one variable implies an increase in the other [186]. The supplementary
material (Figure S4) shows the complete correlation matrix.

The high degree of inverse correlation between VM and FC with decomposition rates R,
R2, and Rmean is noteworthy; a greater amount of VM and FC implies a higher content of
organic matter (em) and a | ower ash cont
with increasing VM and FC. Furthermore, the thermal transformation temperatures (Toi, T,
T1ore), Ti, and Topre)) also show an inverse correlation with the contents of P,Os, Fe»Os,
CaO0, MgO, Al;0O3, and Cr20s. In contrast, the relationship with decomposition rates is direct,
which implies that with an increase in metal oxides, the decomposition rates become less
negative.

The above indicates that with high values in metallic oxides, organic matter burns more
homogeneously at lower temperatures. This result suggests the oxides' catalytic effect on
the husk fractions' thermal decomposition. The catalytic effects of these oxides have been
studied extensively and detailed in the literature [66], [108], [187]. Finally, the S index

ent
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presents an inverse correlation with the oxide content, and such an index depends on the
decomposition rate, which decreases as the oxide content increases. Even though an
increment in S could indicate a catalytic effect in this case, the reduction in the
decomposition rates by the oxides produces a lower S. So, the abovementioned index is

not a universal indicator of catalytic combustion.

X = not significant at 5%

Rmean
Wp+
D
SY,
S

=S @ 2 5 a0 2 & 8 2 =
Fig. 7. Pearson's correlation between physicochemical and thermal properties.
The effect of the type of mill was evaluated for 152.5 pym, 215 pm, and the pan fraction.
Table 4 presents the properties of the blade mill, and Table S3 shows the information
related to the hammer mill. The test statistic was an ANOVA for block design, taking the
type of mill as the blocking variable and the Dmean Of the fraction as the independent variable.
P-values less than 0.05, marked with asterisks on the Table, imply an effect of the variable
on the respective property.
3.6. Effect of the type of grinding
The type of mill used in the size reduction operation affects 33.3% of the properties shown
on Table 4, while the Dmean Of the fractions affects 60% of the properties. The mill type
affects the physicochemical properties, as reported in the literature for other types of
biomass [169]. Thus, it is possible to affirm that the physicochemical properties of rice husks
subjected to grinding and sieving fundamentally depend on the Dmean Of the fractions.
Table 4
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Physicochemical and thermal properties of rice husks ground in blade and hammer mills.

p-value p-value
Dimean (M) Pan 152.5 215 ANOVA  ANOVA

Mill Dinean
Mo (wt. %) 8.95 7.81 8.61 0.00* 0.74
VM (wt. %) 59.59 65.23 64.21 0.66 0.00*
FC (wt. %) 14.03 14.21 17.35 0.26 0.00*
Ash (wt. %) 17.42 9.66 9.82 0.16 0.00*
Toi (°C) 273.7 275.2 278.5 0.60 0.48
Tor (°C) 480.9 4915 489.9 0.00* 0.00*
em (%) 72.74 84.07 81.54 0.0z 0.00*
oH (J/49) 7097 7906 7824 0.05 0.01*
Ti (°C) 248.1 249.0 251.6 0.95 0.18
T (°C) 475.9 491.7 491.0 0.05 0.00*
R1 (% min) 907 8.36 7,96 0.68 0.48
Rz (%/min-) 226 294 304 0.00* 0.00*
Di (10 %°C% min‘%) 2299 1,500 1369 0.31 0.09
SYi(%) 45.18 46.36 46.35 0.02* 0.01*
S (107%2°C3 min®2) 3262 3338 3.024 0.61 0.84

* Statistical significance was set at p < 0.05.

The grinding and sieving operation of rice husks produces granulometric fractions with
different physicochemical and thermal properties, which depend on the Dmean. The fractions
with lower particle sizes present a high inorganic matter content, and their combustion is
favored for the metal oxides. Interestingly, a thermal analysis permits the determination of
some physicochemical and thermal properties, but a residue on ignition could identify the
proportion of organic and inorganic matter. Most biomass has an anisotropic composition
[188], so the grinding and sieving operation can produce the same results as with rice husk.
Grinding is a necessary operation for biomass use and transformation [180]. Many
technological applications depend on the composition of the raw material [189], [190]. So,
it is crucial to understand the dependence between particle size and the physicochemical
and thermal properties of the grinding biomass. The pyrolysis of biomass to produce
biochar could use granulometric fractions with an appropriate organic matter content [191].
Also, composite filler applications could use fractions with a more silica content [192].
Another direct use is pellet fabrication because it is possible to prepare raw material mixes

with proper particle size and organic-inorganic matter proportion [142]. Despite this, it is
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necessary to study the effects of the compaction operation and the particle size of the
pellets.

4. Conclusions

The vast majority of rice husks' physicochemical and thermal properties depend on the
particle size; therefore, it must be included as a relevant factor in applications that seek
their thermal and chemical use.

In this study, rigorous statistical support determines that the anisotropy of rice husks
subjected to grinding and sieving generates granulometric fractions with different
physicochemical properties.

The textural characteristics of the ash from the ground rice husk fractions obtained via
combustion depended on the particle size, except for the area. The total surface area of
the rice husk ashes varied from 90 to 124 m? g*.

It is possible to classify the granulometric fractions into homogeneous groups, which
permits differential treatment. Grinding and sieving are pretreatments that allow the husk to
be separated based on its physicochemical properties and, based on this, the selection of
the best application. So, the pan fraction and 89 um fraction are classified in the same
group, while the other fractions are grouped together.

The mean diameter of the gr anul o mebutthe above
combustibility parameters fundamentally depend on the chemical composition of each
fraction. The pan fraction had a lower HHV (13.14 MJ kg'), while the 302.5 um fraction had
a high HHV (16.29 MJ kg™?).

The Ea (Tiore) is higher than Ea (T2pre). So, the devolatilization process needs more
energy than biochar oxidation. Ea (T1prg)) varies from 70 to 80 kJ mol! and Ea (T2pra))

varies from 40 to 76 kJ mol.

ract.i
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Las reacciones indeseadas durante la transformacion termoquimica de la biomasa son
bien conocidas en la literatura cientifica. Se requieren pretratamientos que remuevan
aguellas sustancias quimicas que participan de las mencionadas reacciones o catalizan
procesos como la generacion de emisiones contaminantes. Para el caso particular de la
cascarilla de arroz, que presenta un alto contenido de biosilice amorfa, estas sustancias
pueden generar fusion de cenizas como escoria y cenizas oxidantes; ademas abaten las
propiedades texturales de la biosilice presente en la cascarilla.

En este capitulo se presenta un estudio sistematico de como los factores experimentales
pueden afectar el pretratamiento de lixiviacibn de especies idnicas inherentes a la
cascarilla de arroz. Adicionalmente, se determina como estos pretratamientos determinan
las propiedades fisicoquimicas y termoquimicas de la cascarilla lixiviada. Se estudia
ademas el efecto sobre la pureza y las propiedades texturales de la biosilice obtenida
mediante combustion de la cascarilla de arroz.

Con este propésito, se utiliz6 una estrategia sistematica soportada en un disefio
experimental de superficie de respuesta Box-Behnken. Este permitié estudiar los efectos
de los factores sobre la lixiviacion de metales alcalinos, alcalinotérreos y otras especies
ibnicas presentes. Se estudid igualmente el efecto del tipo de acido y pH mediante un
disefio de bloques. Esta estrategia permiti6 no solamente encontrar las mejores
condiciones de lixiviaciébn que generan biosilice con excelentes propiedades texturales y
pureza, sino que dio lugar al aporte al conocimiento y a la comprension del fenémeno de
la lixiviacién acuosa y acida de la cascarilla de arroz.

3.1 Articulo

Materials Today Sustainability. MTSUS-D-24-01462 (sometido 01 de septiembre 2024).
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Comprehensive understanding of the experimental factors determining the leaching
of rice husk, and their effect on the thermochemical properties and characteristics
of bio-silica

Highlights

1 Particle size is a critical factor in leaching.

1 Multiple interaction effects are observed in the leaching of alkaline and alkaline earth

metals (AAEM)

9 Acid leaching favors the devolatization of the rice husk.

1 The removal of AAEM impedes the oxidation of biochar.

9 Obtaining high surface area mesoporous biogenic silica under mild conditions.
Abstract
Leaching is a pretreatment that removes ionic species, which generate undesired reactions
during the thermochemical transformation of biomass. However, many leaching conditions
are reported in the literature, but the effect that certain factors have on the removal of ionic
species has yet to be discovered to the degree necessary for their extensive application.
To investigate these aspects, the relationship between experimental factors and their
optimal variation levels in aqgueous medium was studied. Subsequently, the effect of pH
and type of acid on the physicochemical and thermochemical properties of rice husk and
bio-silica was evaluated. The resulting optimal leaching conditions were: HCl at pH 1.5, 70
°C, 150 min, 1 g RH per 80 g H20 and 30 rpm, which allow obtaining bio-silica at 99.45 *
0.04 %, 318 + 10 m? g and 0.46 + 0.01 cm?® g*. Leaching favors devolatization during
thermal decomposition, contrary to what occurs with the oxidation of biochar. The 2°Si NMR
analyses show that the bio-silica obtained has 16.4% Q® and Q? silanol groups, while the
SEM-EDX technique confirms this important biomaterial's high purity and high porosity.

Keywords: biomass; rice husk; leaching; combustion; bio-silica.
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Nomenclature

Symbols/abbreviations
RHRA

W raw rice husk Di devolatilization index (10 %°C-3 min-1)
RHWL rice husk leached with water Eu apparent activation energy
RHAW rice husk leached with acid A pre-exponential factor
i\l;IVAR Raw rice husk ash BBD Box-Behnken response surface design
SHAW rice husk leached with water ash Mo moisture content
\F;VHAA rice husk leached with acid ash VM volatile matter
HHV  higher heating value (MJ kg?) FC fixed carbon
1 w-

R E;]e gas constant value (8.314 J mol't K Ash ash
R decomposition rate at the first peak (% U extend of conversion

min-1)
R decomposition rate at the second peak b temperature ramp

2 (% min‘t)

T the temperature of the second peak RC RH ratio to water

°C)
Ti ignition temperature (°C) PS Particle size
Tb burning temperature (°C) SS Shaking speed
s comprehensive combustibility index Ti Time

(107% 2°C- min-?)
Di devolatilization index (10 %°C-3 mint) Te Temperature

1. Introduction

160 MT of rice husk is produced in the world [7]. This large production volume requires safe
final disposal operations with a significant economic cost [21], [193]. Otherwise, the related
environmental aspects could generate pollution, environmental impacts, and effects on the
health of human beings [10]. However, almost 20% of the husk corresponds to amorphous
silica, and one ton can generate 600 to 700 kWh [18], [194]. For decades, research has
been carried out on its technological valorization to take advantage of its physicochemical
properties, reduce costs, generate benefits, and contribute to sustainable development
objectives [9], [195].

One of the most widely used transformation processes is thermochemical exploitation to
obtain energy, bio-oil, bio-coal, and bio-silica [8], [196]. However, alkali and alkaline earth
metals (AAEM) participate in undesirable reactions that generate polluting emissions, slag,
ash sintering, and black particles and reduce the quality of the thermochemical process
products [22], [23], [24], [25], [26]. Therefore, pretreatment of rice husk is necessary to

remove these ionic species inherent to the biomass [27].
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Among the pretreatments used during the last several years, acid and aqueous leaching
stand out, allowing the efficient removal of AAEM [7], [197], [198]. The above improves the
quality of the pyrolysis products [199], [200] and increases the purity and quality of the bio-
silica obtained by combustion [56], [201]. Many acids and aqueous leaching conditions are
reported in the literature for rice husk and general biomass [9], [12], [13], [202], [203], [204],
[205], [206], [207], [208], [209], [210], [211], [212], [213], [214], [215]. In contrast, very few
studies contribute to systematically understanding the leaching phenomenon and the effect
of process variables such as leaching temperature and time, biomass loading-dissolution
ratio, particle size, and stirring speed [100], [101].

Among those few works that have studied the effect of process variables, most are carried
out under a classic experimental approach, one factor at a time [216]. This type of
experimental design allows for determining the main effects of a factor on the response
variable but does not determine the interaction effects between factors [217]. For example,
it is impossible to know whether the simultaneous pH and acid type variation affects the
response variables. Consequently, discussions persist regarding the benefits of using some
organic acids and their effects on biomass's physicochemical and thermochemical
properties, whose main contribution is added to the innumerable leaching conditions
already reported [133], [218], [219], [220].

Using a one-factor-at-a-time strategy, the effect of the loading ratio, temperature, and
aqueous leaching time on thermochemical properties and ash content in wheat straw and
empty fruit bunches was studied [221], [222], [223]. Setting some factors while varying
others in the leaching of AAEM in corn straw [224], pine bark [225], and rice husk [226],
[227], among others, is an approach that has allowed us to establish the leaching kinetics,
which in the case of the biomasses mentioned, is of a pseudo-second order. However,
there are few systematic studies that contribute to a comprehensive understanding of the
phenomenon.

In addition to all the above, it is well known that biomass is a complex substance whose
physicochemical properties are anisotropic [73], [74], [228], [229], [230], [231]. The grinding
and sieving operation generates granulometric fractions with different physicochemical
properties [232], [233]. Consequently, particle size will not only affect the surface area and
mass transfer during the leaching process, which implies an essential difference in the
chemical composition of the samples [234] that could affect the process. This is why fixing

the particle size or taking the screening of a single sieve as a sample introduces an
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important bias in the results. The above happens with most of the research that studies the
leaching of AAEM in biomass.

Very few works contribute to understanding the effect of some process factors on biomass
leaching. Box Behnken-type designs have been reported using whiteness and percentage
of silica [235], crystallinity, and purity [236] as response variables. Similar designs have
been used to evaluate the effect of factors on physicochemical and thermal properties in
the agueous leaching of sorghum residues [237]. On the other hand, Aslam et al. evaluated
the effect of leaching time on the chemical composition of husk ash treated with 5%
solutions of HCI and H»SO,4 [238]. Finally, Chen et al. carried out the kinetics of AAEM
removal to evaluate how the type of acid (C¢HsO-; and H2SQ4), concentration, and leaching
time affect the chemical composition of rice husk ash [239].

In this context, this research contributes to understanding the phenomenon of acid and
agueous leaching of ionic species in biomass and its effects on rice husk's physicochemical
and thermal properties. It also determines how process variables can affect the
physicochemical and textural properties of the bio-silica obtained by combustion. For this,
a methodology was proposed that involves: i) a systematic study of the variables in the
aqueous leaching of ionic species; ii) evaluation of the effect of pH and type of acid on the
physicochemical and thermal properties of the husk, as well as on the chemical composition
and textural properties of the bio-silica obtained; iii) comparison between the
thermochemical properties of the husk leached in water, acid and raw, as well as the
physicochemical and textural properties of the respective bio-silicas obtained by
combustion; iv) finally, a comparison was established between the bio-silica obtained under
the optimal conditions found in this work and a commercial standard.

2. Materials and methods

2.1. Materials

10 kg of rice husk obtained from a commercial mill in the department of Casanare, Colombia
were selected. This sample was ground in a T-17 universal turbo pin mill (Pulverizer Mills)
equipped with a 4HP 380 Volt motor, 0.5 mm sieve and a feeding speed of 10 kg h™.
Subsequently, the product was sieved in an ASTM series sieve tower (25, 35, 40, 45, 60,
80, 120, and 270). The average diameter was calculated as the average of the upper and
lower sieve openings in which the granulometric fraction was retained. The reagents used
were citric acid monohydrate (99.5%, Alpha Chemika), hydrochloric acid (37%, Merck) and
silica (99.5%, type 432 i Grace, 30-100 um and Sger 320 m? g?). N> (99.995%, Linde),
synthetic air (20.0 £ 0.5 O, - 80.0 = 0.5 N, Linde) and distilled water (1.0 £ 0.1 uS cm™).
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2.2. Study of process factors in the leaching of MAA in aqueous medium

To examine the influence of experimental factors on the leaching process, the set-up shown
in Fig. 1 was constructed. This equipment had a Lauda E200 thermostated bath, adjustable
mechanical stirring and four 2000 cm? beakers. The temperature variation was measured
with a tenth of a degree mercury thermometer and was maintained within a range of less
than 0.5 °C. During all tests, a constant water level was ensured, both in the test vessels
and in the heating fluid [240].

Front view Lateral view
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1. Shaking controller. 6. Leaching solution.
2. Thermostat controller. 7. Heating fluid.
3. Mechanical stirrer. 8. Acrylic screen.
4. Holes in acrylic screen. 9. Heating coil.

5. Glass beakers.

Fig. 1. Scheme of the temperature control and mechanical stirring equipment.

The evaluation of main and multiple effects was performed using a Box-Behnken response
surface design (BBD). The response variable was the electrical conductivity per husk mass
unit (specific conductivity) [226], measured with a HI 255 conductivity meter at 25 °C.
Table 1 shows the three levels of variation of the five experimental factors. On the other
hand, to mitigate the bias due to the difference in chemical composition of the granulometric
fractions, those retained in sieves 60, 80 and 120 were chosen, since these have similar
physicochemical properties (see Table S1). Finally, once the optimal leaching levels of ionic
species were found, the effect of time was evaluated at 120, 150 and 180 minutes, setting

the other levels at their optimal values.
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iError! No se encuentra el origen de la referencia.

Variation levels of the factors in Box-Behnken design

Coded level
Factor -1 0 1

Low level Medium level High level
Temperature (°C, Te) 30 50 70
Mean particle size (um, PS) / 215 302.5 390
Sieve ASTM (80 - 60) (60 - 45) (45 - 40)
Time (min, Ti) 30 60 90
Shaking speed (rpm, SS) 30 60 90
RH ratio to water 1.25 3.75 6.25

( g RHA'Wwaté, RG)

2.3. Study of the pH and type of acid and their effect on the physicochemical and
thermochemical properties of treated rice husk and the physicochemical properties of bio-
silica

The study of the influence of pH and type of acid was carried out using a categorical
multifactorial design [100]. The pH variation levels were 1.5, 1.8 and 2.1; while the two types
of acids chosen were HCI and CsHsO7. Regarding the experimental factors Ti, PS, SS and
RC, they were set at the optimal levels previously found. The analyses of moisture content
(Mo), volatile matter (VM), fixed carbon (FC), ash (Ash) and higher heating value (HHV,
equation 1) were carried out according to the methodology proposed by Saldarriaga et. al.
Constants a, b, ¢ and d are shown on Table S2 [241]. All the above was done in a Q600
thermal analyzer (TA Instruments), for a sample size of 30.0 + 0.3 mg, platinum crucibles,
60 cm®min? N; at 1.5 Bar. The temperature program is presented in the supplementary

material Figure S1.
000 G086 O— vl QN (1)

The thermochemical properties were determined according to what was reported in
previous works [234], [242] and what was reported in the literature [243]. A sample of 10.0
+ 0.5 mg was taken in alumina crucibles. The temperature program consisted of an
isothermal drying step at 105°C for 10 minutes followed by heating at 10°Cmin* to 800°C

in synthetic air at 60 cm®min? at 1.5 bars of pressure.

Regarding the thermal parameters, T and T2 indicate the temperatures of the peaks in the

DTG thermogram. T; and T, are the temperatures where the reaction rate is 1 %min* at the
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beginning and end of the process, respectively. R1 and R» represent the reaction rates for
the DTG peaks. S is the integral combustibility index that reflects how easily the biomass
decomposes, equation 2. D; measures the ability to generate volatiles, known as the
devolatization index, equation 3. The additional material, Figure S2, shows how each

related parameter is determined.

w 9 @

o — 3)

The bio-silica was obtained by calcining the scale samples in alumina crucibles in a
Barnsteadd F62700 muffle (Thermolyne), with a heating program at 10 °Cmin* up to 550
°C for 4 hours. The chemical composition of the bio-silica was determined in Shimadzu Lab
Center XRF 1800 X-ray fluorescence equipment following the ASTM E1621-13 standard.

On the other hand, the texture analysis was carried out on the bio-silica using ASAP 2020
equipment (Micromeritics) and N2 as an adsorbate. A similar procedure was carried out to
determine the physicochemical properties of the raw husk (RHRAW) and the husk leached
in water (RHWL).

All tests were undertaken in duplicate, ensuring the thoroughness of the process. The level
of statistical significance chosen was 95%, providing a high level of confidence in the
results. In all tests, the normality and homoscedasticity of the data were verified using the
Shapiro-Wilk and Batrtlett tests, respectively [216]. The treatment of errors and other
information was carried out in accordance with what is recommended in the literature [244].
The system adopted for sample identification was defined as follows: RHRAW for raw rice
husk, RHWL, and RHAW for rice husk leached under optimal conditions in aqueous
medium and acidic medium, respectively. RHARAW, RHAWL, and RHAAW correspond to

the bio-silica obtained under the previously described calcination conditions.

2.3. Overall effect of leaching in water and acid

To evaluate the effect that pretreatments have on the thermochemical properties of rice
husk and the characteristics of bio-silica, the RHRAW, RHWL, RHAW, RHARAW, RHAWL,

and RHAAW samples were characterized according to the procedures described above.
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The determination of the apparent activation energy was performed according to what was
recommended by the International Confederation for Thermal Analysis and Calorimetry
(ICTAC) [245], [246], [247], [248]. Specifically, the Starink isoconversional method was
used at 4 distinct heating ramps (10, 20, 30 and 40 °Cmin) under the thermogravimetric
conditions described in the previous section.

Equation 4 presents the extent of conversion U as the ratio between the mass loss over
time and the total loss, where m, is the initial mass of the sample, m; is the mass at time t
and m is the final mass. On the other hand, equation 5 represents the way to determine
the activation energy through a linear regression of In(b/Tg%) vs 1/Tui. Where b; is the
temperature ramp, Tu; is the absolute temperature at one extent of conversion U, R is the

universal constant (8.314 Jmol*K't) and Eg, the apparent activation energy.

| — (4)

dé—ﬁ; &é‘sipfmnmpiﬁ (5)

29Sj NMR spectra were obtained using the magic angle flip technique in a Bruker Avance
I WB 600 MHz. Grace silica was the standard for comparing the rice husk bio-silica. Each
spectrum was smoot hed, and deconvoluti on
and 1 9 Zornegpanding to the silanol groups Q*, Q3, and Q?, respectively. Finally, the
SEM-EDX was analyzed using a scanning electron microscope (Hitachi, model S4800) with
an energy-dispersive X-ray analyzer (Bruker-X Flash 4010). The acceleration voltage was
20 kV.

3. Results and discussion

3.1 Effect of process factors on MAA leaching in aqueous medium

Fig. 2 shows the results of the BBD analysis of variance. The above presents the
standardized effects obtained by the ratio of the absolute error over the constant t: 2.0129
(significance of 5% and 45 degrees of freedom) [249]. The blue bars correspond to an
inverse relationship, which indicates that an increase in the factor generates a reduction in
the response variable. On the contrary, the gray bars correspond to a direct relationship.
That is, increases in the factor cause an increase in the response variable [250].

On the other hand, the adjusted correlation coefficient (R?) measures the goodness of fit of
the multiple regression model. The mentioned coefficient explains 96.86% of the variation
in conductivity. Furthermore, the p-value of the Durbin-Watson test shows no correlation
between the residuals. Both results and the Shapiro-Wilk and Bartlett tests allow us to

conclude that the model is appropriate and representative of the relationship between the
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variables [251], [252]. The different levels of variation, the experimental units, and their
respective results are shown in Table S3.

C: RH ratio to water
A: Temperature
CC

D: Particle Size
B: Time

AA \

BC

BB

AD

EE

AC

CE

AE

DD

CcD

E: Shaking speed
DE

AB

BE

BD

p-value: <0.05

R?: 0.9684 (96.84%)
p-value (Durbin-Watson): 0.09

> p-value: >0.05

S [ e e

10 20 30 40
Standardized effect

Fig. 2. Pareto diagram of the effect of factors on aqueous leaching.

Considering the degree of the effect on the specific conductivity, the order of the factors is
RC>Te> PS>Ti> SS. Conductivity increases at low levels of RC and PS and also at high
levels of Te and Ti. The above is consistent with Fick's law and the Nernst i Haskell
equation [253]. In contrast, SS does not significantly affect the response variable. The
above may be because from 30 rpm, the system is well agitated. Figure S3 presents the
contour diagrams of the response surfaces that corroborate all the above. Finally, only the
direct RC2 multiple effect is presented.

The BBD analysis, a robust and reliable method, has played a pivotal role in our research.
It has allowed us to determine the optimal conditions for achieving the highest specific
conductivity: Te=70 °C, Ti=90 min, RC=1.25 g RH/100 g water, PS= 215 ym (80-60) and
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SS=30 rpm. Furthermore, by setting Te, RC, PS and SS at their optimal levels and
evaluating the effect of time for times of 120, 150 and 180 min, we have obtained the results
presented in Table 2. The Tukey HSD test indicates that there are no differences in
conductivity measured at 150 and 180 min, so they are classified into the same
homogeneous group b. Consequently, after 150 minutes the conductivity does not change
significantly, hence it can be considered an optimal leaching time.

Table 2

Tukey HSD test for the effect of the time on the aqueous leaching of the ionic species

Time Conductivity Homogeneous
(min) " (US g-1 RH) Groups

120 2 57.4+0.2 a

150 2 59.5+0.6 b

180 2 60.2 £ 0.5 b

Conductivity is directly related to the concentration of ions in solution [254]. At elevated
temperatures, diffusivity increases, and with it, the amount of dissolved ions [253];
consequently, conductivity also increases. Regarding the relationship with the PS, the
smaller the particle size, the greater the exposed surface of the husk with the solution. For
this reason, an increase in the flow of ions towards the solution is observed. On the other
hand, concerning time, an asymptotic growth in conductivity towards a maximum is evident.
The above is consistent with a pseudo-second-order kinetics [255] behavior that has also
been reported in several works [224], [226], [227], [239].

The factors that affect aqueous leaching in order of importance are RC, Te, and PS, similar
to what has been reported in other works [227]. Li et al. report that the optimal leaching
conditions are reached at 80 °C, 1440 min, and 550 rpm [256]; on the other hand, Fu et al.
report that optimal conditions occur at 75 °C and 1440 min [240]. In both cases, it was
concluded that maximum leaching occurs at lower PS levels. It is essential to highlight that
neither work team evaluated the effect of RC. Finally, Deng et al. fixed RC and PS and
evaluated the effect of Te and Ti, finding that at higher values, the leaching maximum is
reached [257].

This work evaluated the main process factors (RC, Te, Ti, PS, and SS) and determined the
main effects, cross-interactions, and multiple interactions in aqueous leaching. All the

above allowed us to systematically find the optimal leaching conditions that are consistent
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with what is reported in the literature. These results are a contribution to the area of biomass
pretreatments since no factors were set, and the phenomenon was studied globally.

3.3. Effect of pH and type of acid on physicochemical, thermal and textural properties
Table 3 presents the results of evaluating the effects of pH and type of acid on the
physicochemical and textural properties of the bio-silica obtained by husk combustion and
several properties of rice husk. In all cases, the assumption of normality and
homoscedasticity was verified with the Shapiro-Wilk and Bartlett tests [216], [258], [259].
The p-values for each independent variable are shown on Table S4. It is essential to
highlight that the temperature, particle size, stirring speed, and loading ratio were set at 70
°C, 60-80 (215 um), 30 rpm, 1.25 g RH 100 g.1 H20, and 150 min, respectively. Only the
pH factor significantly affects SiO2(%), P20s(%), Veix, and Dgjn.

Table 3

Effect of acid leaching on the physicochemical properties of Rice Husk Ash

Hydrochloric acid Citric acid
Property
1.5 1.8 2.1 1.5 1.8 2.1
SiO» (%)  99.45 £ 0.04 99.40 + 99.38 + 99.49 + 99.35 + 99.40 +
0.01 0.01 0.05 0.02 0.02
0.020 + 0.027 + 0.009 + 0.024 + 0.020 +
CaO (% 0.025 + 0.005
(%) 0.001 0.001 0.003 0.005 0.001
0.144 + 0.143 + 0.153 + 0.151 +
Fe:03 (%) 0.14 + 0.01 0.15 + 0.01
203 (%) 0.004 0.005 0.007 0.002
0.349 + 0.266 +
P20s (% 30+ 0.01 31+ 0.02 37+0.02 0.34+0.01
205 (%) 0.30+ 0.0 0.001 0.31+0.0 0,006 0.37+0.02 0.34+0.0
0.051 + 0.051 + 0.047 + 0.055 + 0.053 +
% .051 + 0.002
Cr20s (%) 0.051+0.00 0.001 0.005 0.004 0.005 0.001
Mo (%) 55+ 0.3 5.1+ 0.4 46+0.9 5.4+0.7 6.0+ 0.7 43+0.9
VM (%) 69.5+05 69.8+05 705+09 70.0+03 69.7+0.2 705+0.6
FC (%) 153+0.2 154+01 155+0.2 154+01 153+0.1 156+0.1
Ash (%) 9.4+0.2 9.4+0.2 9.1+1 8.9+ 0.4 8.7+ 0.5 9.5+ 0.4
?anng-l) 318+ 10 309+10 291+10 303+10  280+10 281+ 10
Vean ) 0.46+0.01 0.46+0.01 0.38+0.01 047+0.01 044+0.01 0.36+0.01
(cm3g?)?

Dsan (nm)? 58+0.2 6.0+ 0.2 5.2+0.2 6.2+0.2 6.3+£0.2 51+£0.2
Note: Na;0O, K,0, CaO, and MgO No detect. Weight percentage (%). 2 Calculated using
BJH in the desorption branch.
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On the other hand, Table 4 presents the results of the effects of pH and type of acid on the
thermal properties of rice husk. As in the case of the physicochemical properties,
compliance with the fundamental assumptions was verified with the respective statistical
tests. Table S5 shows the p-values of the ANOVA tests for each independent variable. Only
pH has a significant effect on T1, R1, and R2. Remarkably, a cross-interaction effect of pH

and acid type is only observed for D..

Table 4

Effect of the leaching treatment on the thermal properties

Chlorhydric acid Citric acid
Property
1.5 1.8 2.1 1.5 1.8 2.1

Ti (°C) 260.6+0.7 260.0+0.1 260.0+0.1 261.6+0.7 260.6+0.7 260.0+0.1
To (°C) 5445+ 0.7 5450+0.1 5450+0.1 5445+0.7 544.6+0.7 546.0+0.1
Tiote)(°C) 327.1+0.2 326.4+0.01 326.1+0.2 327.4+05 3262+0.1 326.1+0.2
T2 ote) (°C) 505+ 1 505.9 + 0.1 506 + 1 506 + 1 505.9+ 0.3 507.3+0.6
Ri (% minl) -19.0+0.2 -185+0.2 -187+0.2 -19.0+0.1 -188+0.3 -185%0.1
Rz (%/mint) -1.88+0.01 -1.89+0.01 -1.93+0.02 -1.86+0.02 -1.89+0.01 -1.94+0.01

0,
zi’;‘]‘?f)” (% -1.39+0.01 -1.38+0.01 -1.39+0.01 -1.39+0.02 -1.4+0.02 -1.41+0.01
Di
(106%°C3 9.59+0.09 89+0.1 95+0.2 9.3+0.4 96+0.1 893+0.01
min-1)
S
(107%2°C3 7.17+0.07 69+0.1 7.06+0.09 7.1+0.1 7.1+02 7.06+0.02
min-2)
HHV
(MJ kg™) 164+0.1 165+0.1 166+02 165+0.1 16.4+0 16.6 + 0.1

Table 5 presents the results of Tukey's HSD test. p-values less than 0.05 indicate that the
factor significantly affects the response variable; values greater than 0.05 imply the
opposite. Only the AB cross interaction is significant for P.Os(%) and Di. Regarding the
classification into homogeneous groups, they are organized ascendingly according to their
magnitude in groups a, b, and ¢ [216]. Consequently, SiO2(%), Dgsn, Vein, and are higher
for pH 1.5; at that pH, higher purity and better textural properties of the bio-silica are
observed. A reduction (in absolute value) in the second peak's decomposition rate,
corresponding to biochar oxidation, is also observed [114], [127].

On the other hand, P,0s(%), T1, and R1 are lower at pH 1.5. The above indicates that for
this acidity, there is a greater removal of P,Os(%), and the first decomposition peak occurs

at a lower temperature and with a higher speed (in absolute value). Regardless of the type
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of acid, treatment at pH 1.5 favors devolatilization; the opposite occurs with the oxidation
of biochar. Also, at pH 1.5, better-quality bio-silica is generated.

Furthermore, the AB cross interaction for P.Os(%) is significant. This interaction indicates
that for HCl at pH 1.5, the removal is notably greater. This is further supported by comparing
the means corrected by least squares, which clearly show a lower value for HCI, implying
more leaching during the pretreatment. Conversely, the AB interaction of Di presents a
higher value for HCI, suggesting that for pH 1.5 and HCI, the devolatization rate increases.
In conclusion, the treatment of husk with HCI at pH 1.5 results in better quality bio-silica
and favors devolatization. This finding is consistent with a similar result reported in the
literature [260].

Table 5

Statistical p-value and Tukey HSD test

Homogeneous

p-value
Property groups

A: pH B: Acid type AB 15 1.8 2.1
SiOz2 (%) 0.01 0.97 0.10 b a a
P20s (%) 0.00 0.70 0.02 a b c
VBaH 0.00 0.45 055 b b a
Deun 0.01 0.27 0.46 b b a
T1 0.00 0.81 0.51 a b b
Ri1 0.04 0.48 0.14 a b b
R2 0.00 0.78 055 b b a
Di 0.17 0.68 0.01 -

The chemical composition of bio-silica is similar to that reported by other authors [261],
[262], [263], [264], [265], [266], [267], [268]. However, it is essential to mention that, to our
knowledge, the effects of experimental factors on the purity of silica are studied
systematically for the first time. Furthermore, interactions between factors have been
evaluated, and it has been shown that contrary to what was reported by some authors [208],
[265], [266], [269], [270], the chelating effect of citric acid on the removal of AAEM is not
significant [260], [271].

3.4. Overall effect of leaching in water and acid

Fig. 3 provides a crucial comparison of the thermal decomposition of husk treated at optimal
conditions in water and acid (HCI - pH 1.5) with raw husk. It's important to note that the

drying step is not depicted in the thermograms. The comparison underscores the fact that
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leaching leads to an increase in devolatization rates (R1) and a decrease in the oxidation
rates of biochar (R2). This is due to the catalytic effect of AAEM and ionic species on the
oxidation of biochar; their removal necessitates a higher temperature for complete oxidation
of the organic matter [272]. The severity of leaching significantly alters the thermal
decomposition of rice husk.

Furthermore, leaching removes not only AAEM and ionic species but also hemicellulose.
Both are components of the husk's cell wall; when they are partially destroyed, the surface
area increases, and the efficiency of heat and mass transfer improves, so the
decomposition rate increases [273].

In the case of Fig. 3. b) the maxima in the DSC also present shifts similar to those evidenced
in the DTG. Likewise, higher intensities are presented indicating a greater release of energy
in the case of raw husk compared to the leached samples.

The reduction in DSC intensities may be due to the partial removal of hemicellulose during
leaching, so the treated scale will have less organic matter to decompose [274]. Other
authors have also reported similar effects of shifting the temperatures at which the maxima

occur and decreasing their respective potencies [205], [266].
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Fig. 3. Thermograms: a) TGA-DTG and b) DSC of raw, water-leached and acid-leached
rice husks.

Chakraverty et al. classified the thermal decomposition of rice husks into four stages. It is
notable that the temperature ranges vary depending on the leaching treatment [205]. In the
first stage, moisture is removed; this can occur at 25 to 200 °C for husk treated with 1 M
HCI. The second stage, which the authors classify as a transition interval where the

remaining water and CO2 are released, occurs from 200 to 225 °C. In the third stage, from
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225 to 415 °C, the volatile matter is removed. In the last stage, biochar is oxidized, usually
occurring from 415 to 525 °C [114], [127].

On the other hand, the adsorption isotherms of bio-silica obtained from raw rice husk,
leached in water and hydrochloric acid in HCI at pH 1.5 are presented in Figure S4.
According to the IUPAC, these isotherms can be classified as type IV with an H4 hysteresis
loop starting at a relative pressure of approximately 0.4. The above is characteristic of
mesoporous materials [275]. This research marks the first time the effects of process
factors in leaching on the surface characteristics of bio-silica are reported, a novel and
intriguing discovery.

The findings of this research have practical implications, as they demonstrate that leaching
significantly improves the purity and surface area of the bio-silica. Fig. 4 a) shows how the
properties improve significantly with respect to raw husk bio-silica. Only leaching with water
reaches 97.30 + 0.01 % purity, an area of 175 + 10 m? g* and a pore volume of 0.33 + 0.01
cm? gt. While leaching with HCI increases the purity up to 99.45 + 0.04 % and the area to
318 + 10 m? g'. Otherwise, the HHV increases with the severity of leaching as shown in
Fig. 4 b). The removal of AAEM by husk and wheat straw [100], [101] torrefaction also
increases HHV. Similarly, other authors also report the same trend for rice straw leached
with water, acid and the aqueous fraction of the bio-oil [276].
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Fig. 4. Leaching effect on a) the silica purity and textural properties of ashes and b) the
thermal characteristic of the water-leached, acid-leached, and raw rice husk.

Notably, biomass's metallic elements may be bound to the organic matrix as salts and
covalent compounds [277], [278]. Alkali metal ions are not structurally bonded and form

easily interchangeable weak complexes. lons from dry biomass generate soluble salts [279]
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and are easily leached in acidic media. Consequently, the elimination of the mentioned ions
was complete, so these species were not detected in the rice husk ash, as shown in Fig. 4.
On the other hand, alkaline earth metals can be found attached to carbonyl groups of
organic matter and forming oxalates and carbonates [280]. Magnesium is not detected by
XRF analysis in ash. However, almost 0.02% of calcium oxide appears in all ashes;
Schneider et al. report a similar value for rice husk ash leached with citric acid [266].

The conditions found here are less severe than those reported in other research works. For
RHAAW obtained in HCI at pH 1.5 (0.0316 M), the SBET was 318 + 10 m? g, the pore
volume 0.462 cm?® g%, and the pore diameter 5.8 nm, while Villota-Enriquez and Rodriguez-
Péaez reported 202 m? g and 5.5 nm for rice husk leached with HCI at 0.5 M at reflux .[281]
Furthermore, bio-silica has been obtained with better surface properties than those
reported by other authors [282], [283].

It is important to note that some authors claim that using an organic acid compared to an
inorganic acid has a lower environmental footprint and, in addition, has a chelate effect on
alkaline earth metal ions [12]. However, experimental evidence allows us to conclude that
the impact of the chelate is negligible in removing inherent metallic elements; only pH
significantly affects leaching. It is better to use an aqueous HCI solution since its
concentration is lower than that of a citric acid solution.

Fig. 5 a) shows the evolution of the apparent activation energy determined in dry matter,
depending on the degree of progress; part b) presents the R?, which in all cases is greater
than 0.983. It is highlighted that for the interval of 0.25<U<0.6 the Ey for the leached husks
are smaller with respect to the raw husks. This interval corresponds to the devolatization
process. On the other hand, for >0.6, corresponding to the oxidation of biochar, the Eg is
greater for the leached husks. These results are consistent with the Ri, T1, Rz, and T»

parameters found.
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Fig. 5. Apparent activation energy a) calculated using the Starink method and b)
corresponding linear correlation coefficients.

The biogenic silica obtained under optimal conditions presents the characteristic signals of
the silanol groups measured by 2°Si NMR (Fig. 6). Evidently, it has fewer Q% and Q? groups
than the Grace silica standard. However, biogenic silica has similar texture and purity
properties. The optimal conditions in the present work allow for obtaining biogenic silica

with properties identical to commercial silica.
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Fig. 6. NMR spectrum of °Si a) silica standard b) bio-silica obtained at optimal conditions
in an acidic medium.

Fig. 7 presents the SEM-EDX results and their respective compositional analysis. The high
surface roughness is notable, indirectly confirming the material's porosity. Otherwise, the
EDX spectrum shows the high purity of bio-silica; both results confirm what was obtained

in the textural analysis and by XRF.
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In another work published by our research group, it was found that this bio-silica presents
2.40 £+ 0.08 mmol g of silanol groups. Specifically, isolated, geminal, and vicinal silanols
were 0.21 £ 0.01, 0.37 + 0.05, and 0.42 + 0.06 u.a, respectively. These values are of the
order of commercial silicas obtained by chemical precipitation. The method reported in this
work allows for obtaining mesoporous material with exceptional properties for use as a

support for catalysts, particularly a single-atom catalyst [284].

Si

R
’ 20, 0
; -
b, ‘
\ 2 e |

22 ¥ Y

¥ &
) L 1 2 3 4 5 6 i 8 9 10
e l2.|0 ‘unlq Energy (keV)

Fig. 7. Image a) SEM-EDX and b) Composition spectrum of bio-silica obtained under
optimal conditions in HCI at pH 1.5.

4. Conclusions

According to the effect on the leaching of ionic species, the process factors can be ordered
as follows: i) RH ratio concerning water, ii) temperature, iii) particle size, iv) time, and v)
stirring speed.

The optimal aqueous leaching conditions are Te=70 °C, Ti=150 min, RC=1.25 g RH/100 g
water, PS= 215 ym (80-60) and SS=30 rpm.

The research has found that the pH factor significantly affects the variables of SiO2(%),
P20s(%), Ve, and Desn in the bio-silica obtained. A cross-interaction is only observed in
P.0Os(%). Leaching with HCI at pH 1.5 generates the most significant removal of ionic
species, particularly P2Os(%). The highest purity and the best textural properties are
obtained.

Regarding the treated husk's thermochemical properties, pH only significantly affects Ty,
R1, and Rz. A cross-interaction effect of pH and acid type is only observed for Di. For
leaching with HCI at pH 1.5, devolatization is greater.
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The bio-silica obtained in HCI at pH 1.5 (0.0316 M) presented the following textural
properties: Sger was 318 + 10 m? g%, pore volume 0.462 cm?® g, pore diameter 5.8 nm,
type IV mesoporosity and an H4 hysteresis loop, giving it excellent properties as a potential
catalyst support

In leaching rice husk with citric acid and hydrochloric acid, pH is the most relevant factor
for removing AAEM. On the contrary, the acidic type does not significantly affect the
thermochemical properties of rice husk. The chelate effect of citrate ions is irrelevant to the

conditions used in this work.
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El desarrollo eficiente de tecnologias de conversion termoquimica de biomasa es
necesario para asegurar fuentes de energia sostenibles y no contaminantes, mientras se
reducen las emisiones de gases de efecto invernadero. Las excesivas simplificaciones en
los modelos cinéticos termoquimicos y los datos disponibles que presentan discrepancias

de magnitud, demandan del desarrollo de métodos que permitan superar esta dificultad.

Este capitulo tiene como objetivo proponer una metodologia novedosa, no reportada hasta
el momento, basada en el analisis matematico de deconvolucion, el modelo de Sestak-
Berggren. Con estos se logra la determinacion del triplete cinético y la propuesta de leyes
de velocidad, basado en la deconvolucion con funciones de Fraser Suzuki y una
metodologia de regresion lineal multiple. Para ello, se realizaron ensayos
termogravimétricos en aire de muestras de cascarilla de arroz crudas y lixiviadas,
provenientes de dos origenes diferentes, Colombia y Espafia.

Se modela adecuadamente la combustién de la cascara de arroz y se evallan los efectos
de las condiciones agronémicas de crecimiento y los pretratamientos de lixiviacion.

La nueva propuesta metodol6gica, permite encontrar las leyes de velocidad que modelan
con apropiado ajuste los datos experimentales obtenidos de la combustién catalitica de
cascarilla de arroz, y explicar los pardmetros térmicos y las energias de activacion
encontradas por métodos isoconversionales tipicos.

La deconvolucién con funciones de Fraser-Suzuki (F-S) se hizo en cuatro pseudo-
componentes, los primeros tres relacionados al proceso de devolatizacion y el ultimo a la
oxidacion de biocarb6on. Se determind el triplete cinético y se propusieron leyes de

velocidad para las cascarillas de arroz crudas, lixiviadas en medio acido y acuoso con
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ajustes superiores a 95.7%, hallando valores acordes a los reportados en la literatura para
otros tipos de biomasa lignocelulésica.

4.1 Articulo

Bioenergy Research. BERE-D-24-00578 (sometido el 17 de octubre del 2024).
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A Novel Multiple Linear Regression Methodology to Determine Kinetic Triplet and
Rate Law of Rice Husk Biomass

Highlights
1 The first kinetic study of rice husk combustion into pseudo-components using MDA.
91 A parallel reaction includes decomposition of lignocellulose, and biochar oxidation.
9 The kinetic triplets obtained align with those found in model-free methods.
1

The rate laws can describe the experimental data suitably.

Abstract

The efficient development of thermochemical biomass conversion technologies is
necessary to ensure sustainable and non-polluting energy sources while reducing
greenhouse gas emissions. The excessive simplifications in thermochemical kinetic models
and the available data that present discrepancies of magnitude demand the development
of methods that allow overcoming this difficulty. The present work proposes a novel
methodology, yet to be reported, for the determination of the kinetic triplet and the rate law,
based on deconvolution with Fraser Suzuki functions and the strategic application of
multiple linear regression. For this, thermogravimetric tests were conducted in air on raw
and leached rice husk samples coming from two different origins, Colombia, and Spain.
The new methodological proposal allows for the finding of rate laws that model the
experimental data with appropriate adjustment and the explanation of the thermal
parameters and activation energies found by typical isoconversional methods. The
deconvolution with Fraser-Suzuki (F-S) functions was done in four pseudo-components,
the first three related to the devolatization process and the last to the biochar oxidation. The
kinetic triplet was determined, and rate laws were proposed for raw rice husks, leached in
acidic and aqueous medium with adjustments greater than 95.7% and values consistent

with those reported in the literature for other types of lignocellulosic biomass.

Keywords: kinetic triplet; multi-component; deconvolution; Fraser-Suzuki; pyrolysis; rice
husk.
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Nomenclature
Symbols/abbreviations
RHRA . . .
W-C Colombian raw rice husk T2 the temperature of the second peak (°C)
EHWL' Colombian rice husk leached with water Ti ignition temperature (°C)
RHAW- N . . . o
C Colombian rice husk leached with acid Tb burning temperature (°C)
RHRA . . comprehensive combustibility index (107%
W-S Spanish raw rice husk S 25C3 min?)
EHWL' Spanish rice husk leached with water Di devolatilization index (10 %°C- mint)
SHAW' Spanish rice husk leached with acid "Q reaction model
MDA Mathematical deconvolution analysis Q| integral form of the reaction model
HHV higher heating value (MJ kg) Eu apparent activation energy
R the gas constant value (8.314 J mol* K1) A pre-exponential factor
" i o i
R. ii)ecomposmon rate at the first peak (% min H Reaction enthalpy (kJ mol)
iti 0,
R» ;iqeiﬁ_ci;nposmon rate at the second peak (% PG Gibbs free energy (kJ mol)
HHV higher heating value (MJ kgt) ®S Reaction entropy (J molt K1)
MLR Multiple Linear Regression P-Hem Pseudo-Hemicellulose
S-B Sestak-Berggren P-Cel  Pseudo-Cellulose
Bch Biochar P-Hem Pseudo-Lignin

1. Introduction

The use and transformation of biomass contribute significantly to reducing environmental
impacts and can contribute to the sustainability of anthropogenic activities [195]. For 2050,
biomass is projected to provide 144 EJ of energy and avoid the emission of up to 42,520
Mt of CO2 ¢q [285]. In addition, it can be incorporated and used to produce chemical
substances of technological interest in biorefineries [3]. Among the utilization technologies,
thermochemical processes such as pyrolysis stand out thanks to their versatility,
widespread use, and important state of technological evolution [286], [287].

However, these technologies require developing, modeling, and using reactors that involve
highly complex processes. The above is due to scaling factors, operation characteristics,
and biomass heterogeneity [288]. Reliable thermodynamic and kinetic information is
therefore urgent and necessary, which can be generated by thermal analysis (TGA) and
calorimetric analysis [289], [290]. The kinetic study of the pyrolysis of solid biomass based

on TGA will allow us to understand the phenomenon of thermal decomposition, the
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generation of volatiles, the chemical reactions involved, and the thermodynamic
parameters necessary for the use and technological transformation of biomass [291].

A thermal decomposition process is a chemical reaction that can be modeled with an
equation that relates the reactants to the products. This relationship is governed by a rate
law that describes how biomass amounts change over time [292]. Considering that
decomposition presents a temperature dependence modeled by the Arrhenius equation; it
is possible to describe the rate of biomass decomposition in terms of the kinetic triplet. This
corresponds to the frequency factor (A), the activation energy Ey, and the reaction model
f(U) [245]. These parameters are essential because they characterize, model, and predict
the thermal behavior of biomass [247].

Lignocellulose is one of nature's most valuable and abundant biomass [22]. There are a
good number of publications related to the determination of the kinetic information of
lignocellulosic material with TGA [125], [128], [130], [131] and the vast majority focus on
the determination of Ey and In A isoconversionally, considering a global single-step
mechanism, also known as the model-free method, with the Flynn Wall Ozawa method
being the most widespread method to perform the calculations. Another route to make this
determination is model-based methods, with Coats-Redfern being the most used method
in the literature [4].

However, a significant discrepancy is evident between the parameters determined by both
methods [127]. Generally, the averages of Eyand In A determined without a model are 140
kJ molt and 23, respectively. In contrast, the values of Egand In A determined with model-
based methods are 50 kJ mol?t and 7, respectively [128]. This important difference calls for
more robust methods that can more appropriately model processes as complex as
lignocellulose decomposition [293].

This work aims to propose a novel methodology based on mathematical deconvolution
analysis, the Sestak-Berggren model, and a modified multiple linear regression
methodology. With these, the kinetic triplet's determination and the rate laws' proposal are
achieved. Rice husk combustion is appropriately modeled, and the effects of agronomic
growing conditions and leaching pretreatments are evaluated. The efficient determination
of the kinetic information is achieved, reproducing the values of the Ey found using the
methods of Friedman and Starink.

This study is divided into six parts: 1) Physicochemical and thermal characterization in order
to evaluate the effects of the geographical difference and the leaching pretreatment of two

rice husk samples from Spain and Colombia. Il) Verify whether the process comprises one
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or multiple steps. For this, the Eg was determined through the isoconversional methods of
Friedman and Starink. Then, through mathematical deconvolution analysis with Fraser-
Suzuki functions, four pseudo-components were found that appropriately fit the
thermograms. IIl) Estimation of the reaction model using the master plot methodology. V)
Determination of the Ey of each pseudo-component with the Kissinger method. V)
Simultaneous determination of A and f(U) through a modified multiple linear regression.

Final | vy, Vi) Cal cul at e @&H, *xG, and &S thermodynami

2. Materials and methods

2.1. Materials

HCI (37%, Panreac), synthetic air (20.0 £ 0.5 O, - 80.0 = 0.5 N,), distilled water (1.0 £ 0.1
uS cm?) and ASTM series sieves were used.

The rice husk samples were obtained from two commercial mills located in Casanare,
Colombia, and Seville, Spain. Approximately 2 kg of each sample was screened to remove
voids, straw, and foreign material. Subsequently, they were subjected to particle size
reduction in a 0.5 HP, 60 Hz, 115 V, and 7.8 A blade mill. The ground material was sieved
through a series of sieves (25, 35, 40, 45, 60, 80, 120, and 270). The fractions retained
between meshes 60 and 80 were available for this study.

The leaching pretreatment was conducted at 70 °C, at a stirring speed of 30 rpm, for 2.5 h
with a loading ratio in grams of husk per gram of solution of 1:80; subsequently, it was
filtered and washed with distilled water. The pretreatments were in aqueous medium and
HCI 0.032 M solution [284]. The following sample identification system was established:
RHRAW, RHWL and RHAW, corresponding to raw rice husk, rice husk leached in water
and rice husk leached in acid, respectively. A hyphen followed by a letter C for Colombia
or S for Spain is added to the previous code to indicate the place of origin. Thus, for
example, for rice husks coming from Colombia and leached in acid, its identification code
is RHAW-C.

2.2. Physicochemical and thermal characterization

The elemental composition of the ashes was determined in a Shimadzu Lab Center XRF-
1800 X-ray fluorescence equipment in accordance with the ASTM E1621-13 standard. The
proximate, ultimate, and constitutional analysis was conducted in accordance with the
methodology proposed by Saldarriaga et al. (2015). The thermal parameters to characterize

the study samples were T, and T, temperatures of the first and second peaks of the DTG
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thermogram. T; and Ty, are the ignition and burning temperatures corresponding to those at
which the reaction rate reaches and falls to 1% min?, respectively. R; and R, are the
reaction rates of the first and second peaks of the DTG thermogram. S is the integral
combustibility index that accounts for the ease of biomass decomposition [241]. D; is the
devolatization index related to the ability to generate volatiles. All parameters were
determined according to what was reported in previous works [234], [242] and by Cai et al.
[243].

2.3. Kinetic analysis

The kinetic study was conducted on an SDT Q600 thermal analyzer from TA Instruments.
10.0 £ 0.5 mg of sample was weighed in alumina crucibles and subjected to the temperature
program, which consisted of an isothermal drying step at 105 °C for 10 minutes and
subsequent heating up to 800 °C; for this last step, the ramps used were 10, 20, 30, and
40 °C mint. The synthetic air flow was 60 mL min** and a pressure of 1.5 bars. All tests
were performed at least in duplicate.

The information analysis was carried out with the Origin Pro-2021 program for
deconvolution of the DTG thermograms and preparation of the graphs. Figure 1 presents
the analysis strategy of thermogravimetric information for the determination of the kinetic
triplet, the rate law, and the thermodynamic functions.

2.3. Kinetic analysis

single or multiple reactions.

E. isoconversional estimation (Friedman
2.3.1. Verification if the process has a | and Starink methods).

Fraser-Suzuki deconvolution of the DTG > Four pseudo-
data. components

v
2.3.2. Estimation of the reaction Comparison with kinetic models . I

v

model f(a). (Master-plot methodology).
P o | Application of Kissinger method in each
2.3.3. Eqdetermination. T pseudo-component.
2.3.4. Simultaneous determination of = Novel modified multiple linear ) Goodness-of-fit
f(ai) and In(A). o regression. verification

2.3.5. Determination of the
thermodinamical funtions

AH, AG and AS

\J

Fig. 1. Process flow diagram of the kinetic analysis methodology.

In a simplified manner, it is possible to state that the phenomenon occurs in two stages

when subjecting lignocellulosic biomass to a non-isothermal heating program in the air. The
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firstis in which volatiles are released, and the second is in which the oxidation of the biochar
and part of the remaining volatile organic matter occurs [243], [294]. Biochar oxidation is
favored at high temperatures [114]. It is possible to represent this process through chemical
Equations (1) and (2) [289]. Equation 3 presents the global reaction, representing the

process that occurs in a single step [292].

808 4 GODI0 GE & ¢ KL @)
5Q@H 6 060 00 006 YO &R @)
808 4 ODI0 GE ado BBQIO0 60 YO &IQ 3)

All mathematical development, formulas, and concepts are based on the guidelines
established by the Kinetics Committee of the International Confederation of Thermal
Analysis and Calorimetry (ICTAC) [245], [246], [247], [248].

For the TGA analysis it is convenient to define the reaction progress or degree of conversion
in terms of the mass change as shown in Equation 4. Where m, and m; represent the mass
at the beginning and at any time t of the temperature program, respectively. The final mass
or mass of ashes corresponds to magh.

| @

Considering that the ratio of decomposition with temperature is Arrhenius type, the rate law
can be stated as shown in Equation 5, where k(T) is the reaction rate constant, A
corresponds to the frequency factor, Ey the apparent activation energy, T the temperature,
f(U) is the reaction model and b is the temperature ramp of the non-isothermal program
[245].

b — QYOQ 0N Q) I O— (5)

After rearranging and integrating Equation 5, we arrive at Equation 6. Since T is a function

of time, the term on the right of the Equation is established when the variable change is
introduced. The integral form of the reaction model is, by definition, g(U) [245].

Q k, — 0, 0Q Qo - Q Q'Y (6)
The isoconversional principle states that the rate of reaction at a constant degree of

conversion depends only on temperature. When one of the forms of Equation 5 is derived

with respect to temperature, we arrive at Equation 7.

(7)



Capitulo 4 79

Since Uis constant, then f(U) is also constant; thus, we arrive at Equation 8. The above
condenses the most important consequence of the isoconversional principle, which
establishes that it is feasible to find Eg without determining or assuming the reaction model.
The above is the basis of model-free methods [245].

— (8)

Returning to Equation 5 and applying the natural logarithm function, Equation 9 is obtained
where Agis presented to highlight the dependence of the frequency factor on the degree of

progress. By performing thermal analysis tests at various temperatures, Ey can be
determined as the slope of the linear regression data dispersion graph of & ¢— vs. 1/T for

constant values of U. When the differential form of the rate law is used, it is known as the
Friedman isoconversional differential method [245].

GE— 4 B 0 — 9)

h R
On the other hand, if we take Equation 6, which does not have an analytical solution, and
apply the approximation proposed by Starink, we arrive at Equation 10. This method, also
known as the Starink integral method, allows us to determine Ey with the slope of the linear

regression of the data dispersion by plotting & é—— vs 1/T for constant values of U.
h

dE— OO P8 T TOY— (10)

h

Another method to determine Ey results from deriving Equation 5 and considering the
maximum velocity condition for which the second derivative is zero as shown in Equation
11. The subscript m indicates that the term corresponds to the maximum speed.
Rearranging Equation 11 and taking the natural logarithm gives Equation 12. Q¢ is
independent of the heating rate, which can be verified when the reaction curves do not

change with the heating ramp in the master graph, Ey can be determined as the slope of

the linear regression of the data dispersion plot of & ¢é— vs. — The above is the
h

Kissinger method [245].

— — 5@ Q — (11)

GE— ae —'@e V
h h

(12)

2.3.1. Verification of whether the process has a single or multiple reaction
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The thermal decomposition of lignocellulose is a complex process that proceeds in multiple
stages [295]. However, for the determination of Egwith the Friedman differential and Starink
integral isoconversion methods, it was assumed that the decomposition process takes
place in a single stage. According to Vyazovkin et al. when Ey varies significantly during the
temperature program (x30% of the Ey average) it is an indication that the process is
complex and requires several steps in order to be described [245].

The study of the multi-step reaction was developed through mathematical deconvolution
analysis (MDA). The above was carried out considering four pseudo-components.
Considering the versatility and robustness, asymmetric Fraser-Suzuki functions were used
to model the process [296], whose mathematical form is shown in Equation 13, where Yo,
@ ,andi "CAf® constants related to the base, area, and symmetry of the function. Tc is
the center that corresponds to the maximum speed value's temperature.

— O —=0Q (13)

The four pseudo-components approach was carried out considering that four chemical
reactions in parallel constitute the global reaction. The decomposition occurs in order of
thermal stability: hemicellulose, cellulose, and lignin, which generate biochar that is
oxidized at high temperatures [114], [297].

Once the deconvolution functions were known, the velocity values were calculated and then
integrated point by point with the Origin Pro-2021 integration tool. With the previous
information, the degrees of conversion U, U;, Us, and U, were found for pseudo-
hemicellulose (P-Hem), pseudo-cellulose (P-Cel), pseudo-lignin (P-Lig) and biochar
oxidation (Bch), respectively. With all the above, it is possible to describe the rate law in
terms of the contributions of the reactions of the four pseudo-components [245], as shown

in Equations 14 and 15.

— 0 YQ Q YQ| Q YQ| Q YQ (14)

— B QYYQ B — (15)
2.3.2. Estimation of the reaction model f(U)

Master plots are a very appropriate way to estimate the reaction model. The Z(U) function
that allows generating the master curves can be calculated as the product of f(U)g(U) for

the standard reaction models shown in Table S1. The experimental data is calculated with

the DTG. Experimental Z(U) (®| ) is approximately determined as the product of the
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reaction rate and the square of the temperature, as shown in Equation 16 [245], [298]. To
make comparisons of the @] with the standard master curves (®| ) the
normalized form shown in Equation 17 can be used [299]. The @ | used to perform

the comparison is presented in the supplementary material (Figure S5).

Q| Q Q — Y (16)
8 8 8 _ . (17)
8
Furthermore, to determine @ | , it is necessary to normalize the degrees of conversion

of P-Hem, P-Cel, P-Lig, and Bch, dividing each one by its respective maximum. The above
generates conversion degrees that vary from 0 to 1 for each pseudo-component.

2.3.3. Ey determination

Once it was verified that | is independent of b, that is, that the reaction model does
not vary with the ramp, the Kissinger method was used, taking maximum peak
temperatures [245]. The temperatures Tc that were obtained by Fraser-Suzuki
deconvolution are shown in the supplementary material (Table S3). A linear regression for
the four points corresponding to the temperature ramps was carried out for each pseudo-

component, as indicated in section 2.3. In other words, the linear relationship between

0 €— , and — was established.
h h

2.3.4. Simultaneous determination of the reaction model and A

This method consists of a modified linear regression. Considering that the Sestak-Berggren
(S-B) Equation 18 appropriately describes the reaction model, where m;, n;, and p; are

superscripts determined experimentally, the rate law for an ith reaction can be expressed

with Equation 19. Rearranging the previous Equation and dividing by ‘Q , the o function
shown in Equation 20 is obtained. By applying the logarithm, Equation 21 is obtained. A
multiple linear regression taking as Y=a § , X;=a &g , Xo;=0 & | and Xsz=
a¢&gag | ,yields slopes mi=mi, m;=n;, ms=p; and as intercept B= & & . In this way,

the frequency factor and the superscripts of the S-B Equation can be determined

simultaneously. The calcul ati onsUOWer9%9 9c.arri ed

Q) P aep | (18)

— 00Q P aep | (19)

(
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In order to verify the goodness of goodness of the proposed rate laws, three statistical tests
were applied [300]. The fit percentage ("O'Q® ) was calculated as shown in Equation 22;
the adjustment correlation coefficient ('Y ), as shown in Equation 23, where N corresponds
to the number of points chosen to perform the calculations. For all analyses, N was 679
points. 'O  corresponds to the ratio between the F-test value calculated ('O ) and the

Excel data analysis tool. "O is the standard F value for N-1 degrees of freedom and 95%

significance.
B - - ~
. oy Y
O Ap & D T (22)
o o
B — —
Y p (23)
B — —
O —_ (24)

2.3.5. Determination of thermodynamical functions

Once the frequency factors and apparent activation energies for each pseudo-component
have been found, the determination of the reaction enthalpy (aH) is carried out using
Equation 25; the Gibbs free energy (&) with Equation 26, where Ty, corresponds to the

temperature at maximum speed, Kz to the Boltzmann constant (p& ¢ip T Q@ i 0 )
and h to the Planck constant (g @ T Q'@ i ). Finally, the reaction entropy was
determined with Equation 27 [299].

YO O Y'Y (25)

YO O YY&é&é— (26)

vy L2 @7)

3. Results and discussion
3.1. Characterization

3.1.1. Physicochemical
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Table 1 shows the physicochemical properties of the husk samples. In general, the variation
of properties is within the ranges reported in the literature [9]. The properties of RHRAW-C
and RHRAW-S present marked differences, which may be because both husks were
produced under different agronomic conditions [10], [30]. However, aqueous leaching and
acid leaching make it possible to overcome the heterogeneity of their properties to the point
that the composition of their ashes is very similar. Such is the case of SiO, P20s, and Fe,03

contents.

Table 1. Physicochemical and thermal properties of treated and raw rice husk.

Property RHRAW-S RHWL-S RHAW-S RHRAW-C RHWL-C RHAW-C
Mo (wt. %) 8.1+0.6 56+0.4 6.6+ 0.5 6.4+0.2 6.0+ 0.7 54+0.3
VM (wt. %) 62.38+0.06 68.4+0.5 67.5+0.4 66.5+ 0.2 69.6 + 0.6 69.9+0.3
FC (wt. %) 18.14+0.09 14.8+0.1 1470+0.2 17.30+0.08 15.11+0.06 14.93+0.09
Ash (wt. %) 11.4+0.6 11.2+0.2 11.16 £ 0.09 9.83+0.02 9.2+05 9.78 £ 0.04
HHV (MJ kg') 15.00+0.08 15.7+0.2 155+£0.1 159+0.2 16.1+£0.1 16.1+£0.2

C (%) 39.94+0.07 40.6+0.3 40.1+0.3 41.3+0.1 41.3+0.2 41.3+0.173
H (%) 481+005 501+0.04 495+0.03 5.02+0.05 510+0.03 5.11+0.02
O (%) 35.20+0.04 37.1+0.3 36.6 £ 0.2 36.9+0.3 37.7+0.3 37.8+0.1
Hemicellulose

(wt. %) 37.1+£0.1 40.7 £ 0.2 38.9+£05 40.0+0.3 41.4+04 38.8+0.3
Cellulose (wt.

%) 31.01+£0.03 36.22+0.02 354+0.8 33.8+0.2 36.8+0.1 354+0.6
Lignin (wt. %) 31.9+0.1 23.0+0.2 25.8+0.8 26.2+04 21.7+0.7 258+ 0.7
SiO2 (wt. %) 87.0+0.2 96.7+0.1 99.2+0.1 92.14+ 0.08 97.30+0.08 99.45+ 0.04
K20 (wt. %) 6.36 £ 0.04  0.318+£0.009 ND 353+0.05 0.19+0.01 ND

Na20 (wt. %) 0.35+0.01 0.020+£ 0.001 ND ND 0.06 £ 0.01 ND

CaO (wt. %) 1.28+0.03 1.11+004 0.11+0.03 0.969+0.008 0.89+0.01 0.025= 0.005
MgO (wt. %) 1.06 £ 0.02 0.92£0.02 ND 0.59+£0.03 0.51+£0.04 ND

P20s (wt. %) 1.85+ 0.06 0.74 £ 0.03 0.55 £+ 0.07 1.35+0.02 0.22 £ 0.02 0.31+0.02
SOs3 (wt. %) 1.08 + 0.04 0.010 £ 0.005 ND 0.66 £ 0.05 0.30 £ 0.05 ND

Al203 (wt. %) 0.09+0.009 0.06+0.01 0.06+0.02 007001 ND ND

Fe203 (wt. %) 0.09 £ 0.02 0.06 £ 0.01 0.038 £0.004 0.29 +0.01 0.156 £ 0.007 0.14 + 0.02
ZnO (wt. %) 0.022 £ 0.002 ND ND 0.020 £ 0.001 0.016 +0.001 ND

Otros (wt. %) 0.83+0.02 0.058+0.004 0.047 +0.008 0.39+0.03 0.363+0.005 0.08+0.01

It is also verified that the volatile matter, the contents of ash, carbon, hydrogen, oxygen,
cellulose, hemicellulose, silica, and the higher calorific value increase with the leaching

treatment. In contrast, the fixed carbon, lignin, and metal oxides are reduced. Naturally,
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biomass has inherent metallic elements bound to the organic matrix in the form of salts and
covalent compounds [277]. Many of these species can be solubilized, forming salts and
complexes that are removed by acid and aqueous leaching [12]. Consequently, the silica
content increases and the other metal oxides in the ashes are reduced.

3.1.2. Thermal parameters

Figure 2 shows the thermal properties of the raw and leached husks calculated for a ramp
of 10 °C min™. The thermograms, reaction profiles, and properties corresponding to the
other temperature ramps are shown in the supplemental material (Figure S2, Figure S3,
and Table S2). In the graph (Figure 1. a), the first and second maximum temperatures, T
and T, are significantly different for the raw husks (RHRAW-C and RHRAW-S).
Interestingly, aqueous leaching and acid leaching cause the difference between
temperatures to reduce. In general, leaching causes temperature T, to increase. In other
words, the maximum biochar oxidation occurs at a higher temperature. In this sense, a
change is observed from 467 to 483 and 505 °C for the raw Colombian husk, leached in

agueous and acid medium. The literature also reports similar trends [301].
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Fig. 2. Thermal parameters.

In the cases of T;, Ty (Figure 2. b), and R (Figure 2. c), increases caused by leaching are
observed. In contrast, Rz is reduced. On the other hand, S and D; also increase with
treatment in an acidic and aqueous medium (Figure 2. d). The increase in the speed of
generation of volatiles is notable, while the speed of oxidation of biochar occurs at higher
temperatures and with an evident reduction in speed. It is well known that metallic species
inherent to biomass have a catalytic effect on oxidation; their removal causes
decomposition temperatures to increase [214], [215], [272], [302]. Additionally, the degree
of cellulose polymerization is reduced, which increases the reactivity of the biomass [303];

therefore, devolatization rates also rise.

3.2. Kinetic analysis

3.2.1. Verification of whether the process has a single or multiple reactions

Figure 3 shows the determination of Ey by the Friedman and Starink methods calculated
for a variation of 0.01 units of U. In this way, evaluating how Ey evolves as the husk samples
decompose during the temperature program is possible. The linear correlation coefficients
calculated for each point are presented in the supplemental material (Figure S4). In all
cases, it is true that R?>0.95.
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Fig. 3. Ey determined by isoconversional a) Friedman and b) Starink methods.
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For the graph corresponding to the Friedman method (Figure 3 a), in the interval from 0.1
to 0.2, no significant difference in Egis observed. However, in the range of 0.25 to 0.55, the
leached husk samples have a lower Ey than the raw husk. Contrary to the above, from
U=0.55, the Ey of the leached samples is greater, with the one treated with acid having the
greatest values. In the case of the activation energy calculated by the Starink method
(Figure 3 b), the intervals in which the samples change with respect to the raw husk differ
in their relative position, but the trend remains like that evidenced by the Friedman method.
Table 2 shows the average activation energies with their respective R? coefficients. The
large variation in Ey expressed as uncertainty is noteworthy, which in the case of RHAW-C
is £127 kJ mol?. Similarly, variations of + 66 kJ mol* of Ey calculated using the Friedman
and KAS methods have been reported [304]. All the above is clear evidence that the
reaction proceeds through multiple steps, a fact that can also be verified in the TGAs and

reaction profiles presented in the supplementary material (Figures S2 and S3) [245].

Table 2. Apparent activation energy determined by isoconversional methods.

Friedman Starink
Sample EU (k3 EU (k3

) R2 ) R2
RHRAW-C 157 £ 92 0.99+£0.02 151 +58 0.99 +£ 0.03
RHWL-C 162 + 104 1.00 £ 0.01 159 + 56 1.00 £ 0.01
RHAW-C 176 + 127 1.00+£0.02 169+ 79 1.00 £ 0.01
RHRAW-S 157 £ 92 0.99+£0.02 151 +58 0.99 +£ 0.03
RHWL-S 166 £ 101  0.99 + 0.03 163 + 58 0.99 £ 0.02
RHAW-S 172 £+ 99 1.00 £ 0.01 166 + 60 1.00 £ 0.01

It is well established that hemicellulose (Hem) decomposes predominantly from 220 to 315
°C, cellulose (Cel) from 315 to 400 °C and lignin (Lig) at more than 400 °C [305]. Regarding
thermal stability, the order is Hem<Cel<Lig. In this regard, it should be noted that, according
to what is shown in Figure 3, aqueous leaching, and acid leaching favor devolatization since
Euis reduced in that area, where mainly hemicellulose and cellulose are decomposed. On
the contrary, in the region where lignin decomposes and biochar is oxidized [243], the
activation energy increases. Values and dependencies of Ey with U comparable to those
obtained in this work are reported in the literature for rice husk leached with water and acid
[306].
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On the other hand, the average energies of raw and treated husks from Colombia are very
similar to those of their counterparts from Spain. The increase in energy due to the leaching
treatment is 5 kJ mol* for water and 19 kJ mol™* for acid in Colombian husk. In the case of
Spanish husk, it is 9 kJ mol* in water and 15 kJ mol? in acid. Although T, temperatures
increase with leaching, indicating that activation energies increase (Figure 2 b), it is
impossible to differentiate by this method which treatment generates increases in activation
energy since the uncertainty is high. Consequently, it is necessary to carry out a
deconvolution process that allows for the multiple steps to be differentiated and the process
to be analyzed.

3.2.2. Estimation of the reaction model f(U)

Considering that decomposition proceeds in several steps, the thermograms were
deconvolved for each sample, as indicated in Figure 4. Two y-axes are presented in each
graph, one for reaction advance (left-black axis) and the other for reaction speed (right-red
axis). The black circles correspond to the experimental data, and the black curve
corresponds to the sum of the reaction advances of each of the four pseudo-components.
They are listed in the following order: U (blue), U; (green), Us (magenta), and U, (brown).
At the bottom, reaction rates are presented using dotted lines. Equation 15 establishes that
the sum of the velocities of the pseudo-components is equal to the velocity of the global
reaction (red curve). The experimental data (red circles) present a correlation with the fitting
curve from 0.9959 for RHRAW-C (Figure 4 a) to 0.9995 for RHAW-S (Figure 4 f).

b)

ros 0.8+

1.0

1.0

R?=0.9959

s R
&
\
\
\
[
dadt (min'")

ok
e A

100 200 300 400 500 600 700 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C) Temperature (°C)

AR
R N,

/j "lr‘\:‘ﬂ. ;:‘.,v \K‘.'j e

100 200 300 400 500 600 700 100 200 300 400 500 600 200 300 400 500 600

Temperature (*C) Temperature (°C) Temperature (°C)

Fig. 4. Fraser-Suzuki deconvolution of the DTG data at 10 °C min. a) RHRAW-C, b)
RHWL-C, c) RHAW-C, d) RHRAW-S, e) RHWL-S, and f) RHAW-S.
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The deconvolutions presented in Figure 4 are representative of the general behavior and
correspond to the heating ramp of 10 °C min™. The results for the remaining three ramps
are presented in the supplementary material in Figures S6, S7, and S8. The calculated R?
was more significant than 0.995 for all cases. Other authors have reported similar values
for the pyrolysis of pine wood dust [299], combustion of palm oil residues [307], pyrolysis
of potato stem [308], and pyrolysis of rice husk [309].

It is well known that the thermal decomposition of lignocellulose is a complex process in
which interactive effects occur between the components [310]. The significant variation of
the Egy confirms this. Consequently, deconvolution was considered in 4 pseudo-
components, including the oxidation of biochar [126], which occurs at high temperatures
[114]. Thus, the kinetic study of biomass decomposition, often considered a process of
single parallel multicomponent reactions [311], includes the four pseudo-components: P-
Hem U, (blue), P-Cel (), P-Lig (Us) and Bch (Us).

3.2.3. Estimation of the reaction model with master-plot methodology

The normalized Z(U) functions (& | ) for the four pseudo-components of RHAW-C are
presented in Figure 5. The graphs corresponding to the other samples are presented in the
supplementary material (Figures S9, S10, S11, S12 and S13). The p-value of the analysis
of variance test is indicated in the graph of each pseudo-component to verify that the
reaction models are independent of the b ramp. In all cases, p-values >0.05 were found,
so it is accepted that the variance of the 4 curves is the same; that is, the curves are

statistically equal.
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Z ( U) -plot af she 4 pseudo components of the RHAW-C DTG deconvolution.

a) pseudo-componente 1, b) pseudo-componente 2, ¢) pseudo-componente 3y d) pseudo-
componente 4.

In the previous Figure, only the standard curves most like the @ | are presented. In

general, the difference between them is notable. However, for P-Hem (Figure 5 a), P-Cel
(Figure 5 b), and Bch (Figure 5 d) in the interval 0<U<0.5, the curves approach a model of
second-order reaction. The above also occurs for RHWL-C (Figure S9), RHRAW-C (Figure
S10), RHAW-S (Figure S11), RHWL-S (Figure S12) and RHRAW-S (Figure S12). For P-
Lig in the same interval (Figure 5 c), the experimental curves lie between an Avrami-Erofeev
(A3) and a second-order (F2) nucleation model. The same thing happens for the interval
0.5<(k1.0 for all samples.
So, the reaction models do not completely fit the standard models, as has been reported,
for example, for the combustion of pine wood, which presents degrees of fit with the
standard reaction models depending on the degree of progress. For example, for U <0.5,
the reaction order is 1 to 2, and for U >0.5, the order is very close to 2 [312]. In general,
many authors report only degrees of fit to standard models [313]. Many authors even take

the complete reaction profile of lignocellulose decomposition and compare it directly with
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the Q| [298], [314], proposing similarities with standard reaction models for specific
intervals of U. This results in an analysis that is not recommended for complex substances

that proceed with more than one reaction step, such as lignocellulose [126].

3.2.4. Eg determination

Once it was established that the reaction model does not vary with the heating ramp, Ey
was determined with the Kissinger method. The results are presented in Table 3. It shows
the Eg for the four pseudo-components and the correlation coefficient R2. The fractions
calculated from the percentages of areas under the curve of the deconvolution procedure
are also shown. By multiplying the Ey of each pseudo component by its respective fraction
and performing the sum, the total Ey is obtained. Remarkably, the energies are like those
found with the isoconversional methods in section 3.2.1. The above indicates enormous
coherence between both methodologies, even though the number of steps' assumptions
differ.
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Table 3. Ey and R2 determined by Kissinger method.

Pseudo

Comp Item RHRAW-C RHWL-C RHAW-C RHRAW-S  RHWL-S RHAW-S
Eg (kJmol?) 150 + 11 153+ 7 164+ 7 164 + 10 149 + 3 166 + 7
P-Hem R? 0.99+0.04 1.00+0.03 1.00+0.03 1.00+0.04 1.00+0.02 1.00=0.03
0.311 + 0.273 + 0.231 + 0.311 + 0.308 +
Fraction 0.001 0.311+0 0.004 0.008 0.001 0.002
Eg (kJmoll) 177 + 16 133+ 3 141+ 6 161+ 11 138+ 7 148 + 4
p-Cel R? 0.99+0.06 1.00+0.01 1.00+0.03 1.00+0.04 1.00+0.04 1.00=0.02
0.128 + 0.127 + 0.262 + 0.211 + 0.127 + 0.239 +
Fraction 0.001 0.001 0.005 0.008 0.001 0.001
Eu(kJmol?) 161 + 22 182 + 17 234+ 8 163+ 10 173+ 7 238+ 21
P-Lig R? 0.98+0.09 099+0.06 1.00+002 1.00+0.04 1.00+0.03 0.99=0.06
0.408 + 0.413 + 0.266 + 0.382 + 0.413 + 0.257 +
Fraction 0.007 0.001 0.001 0.007 0.001 0.001
Eg (kJmol?) 116 + 10 147 + 4 170 + 20 119+ 16 148+ 6 170 + 15
Bch R2 0.99+0.05 1.00+0.02 0.99+0.08 0.98+0.09 1.00+0.03 0.99+0.06
0.153 + 0.149 + 0.198 + 0.177 + 0.149 + 0.195 +
Fraction 0.005 0.001 0.001 0.005 0.001 0.001
Eu Total 152 + 30 162 + 17 178 + 24 155 + 27 157 + 13 181+ 24

When comparing the Ey of each pseudo-component in pairs based on the origin, it is found
that RHRAW-C / RHRAW-S, RHWL-C / RHWL-S, and RHAW-C / RHAW-S are very similar.
Certainly, the total Ey is statistically equal, which is also observed for the values calculated
by the one-step isoconversional methods (Table 2). It is notable that this method reduces
the large variation in the average Eg calculated with Friedman and Starink. However, like
any experimental measurement, an uncertainty inherent to the error expansion effect
generated by mathematical operations is reported [244].

Table 3 clearly shows that Ey decreases with the leaching treatment for P-Cel. The above
result is consistent with the increase in the devolatization rate indicated in Figure 1 ¢). On
the other hand, increases in Ey are observed in those of P-Lig and Bch with the leaching
pretreatment. The above is consistent with the increase in T2, Ty (Figure 1 b), and the
reduction of R,. Evidently, leaching favors the decomposition of cellulose while increasing
the energy requirement for lignin and the oxidation of biochar [315]. The presence of
metallic species in the biomass favors the transfer of oxygen to the carbon of the biochar.
Consequently, their removal generates an increase in Ey[104]. No significant effects on P-
Hem are observed.

In general, the results found are like those reported for other types of biomasses. Palm
shell residue [316], pine sawdust [317], common reed [318], reed straw [319] and guarana

seeds [320]. For biochar oxidation, values of 125-160 kJ mol?! are reported, while for
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devolatization, the energy values are 140-150 kJ mol* [321], [322]. To our knowledge, it is
the first time that the kinetic triplet for pseudo-components in husk combustion has been
reported.

3.2.5. Simultaneous determination of the reaction model and A

Regarding the multiple regression methods reported in the literature and applied to the
simultaneous determination of the kinetic triplet, it should be noted that the vast majority of
the works were done under the assumption that f(U)=(1- U)", and that the reaction occurs in
a single step [314], [323], [324]. This implies that the method is restricted to determining
the superscript n, EU, and Ln A in a single step [314], [323], [325], [326].

Considering the above, the most significant contribution of the present research lies in the
fact that the analysis was carried out for a multistep process, which is verified by following
reactions in parallel. With this procedure, excessive simplifications such as those reported
in the literature are avoided, which gives rise to the great experimental uncertainty of the
reported results.

The S-B equation was also used to determine the reaction model through multiple linear
regression, a process that has not yet been reported in the literature [129], [327], [329],
[329].

On the other hand, the reported EU values are less than 50 kJ mol™ and Ln A of the order
of 15[314], [323], [330]. These results are similar to those obtained by model-free methods.
However, the methodology proposed here allows obtaining results like model fitting, i.e.,
greater than 100 kJ mol* and Ln A of the order of 20 [127], [128], [309], [331], [332]. Even
though this modified multiple regression method is not classified among the model-fitting
methods [245].

Table 4 shows the values of In A;, the superscripts of the S-B type reaction model, and the
linear correlation coefficients. Significant differences are verified in Ln A between RHRAW-
C and RHRAW-S for the four pseudo-components. The sample pairs RHWL-C / RHWL-S
and RHAW-C / RHAW-S present similar In A values. That is, aqueous and acid leaching,
as already noted, allows overcoming the heterogeneity of the thermochemical properties of
husk samples originating from different agronomic conditions. However, when comparing
RHAW and RHWL, major differences are observed, especially for P-Lig and Bch, which are
consistent with the Ty, values.

It is notable that for P-Cel, the absolute values of the superscripts m; and p; are reduced

with the leaching treatment. In contrast, for the cases of P-Lig and Bch, the superscripts
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increase in absolute value with leaching. In particular, no significant variations exist in the
S uper s ciandp bfPdemmand the n; of all pseudo-components. Consistent with the
results of the thermal parameters and the Eg, it is observed that leaching changes the
superscripts of the reaction models.

Table 4. Kinetic parameters determined by multiple linear regression.

Sample Peaki Ln A; mi ni pi R?

1 29.6+0.1 2.36 £ 0.06 0.79£0.02 -2.11 £ 0.09 1.00 £ 0.09

2 31.2+0.3 16+0.1 0.87 £ 0.05 -1.00 £ 0.03 1.00 £ 0.06
RHRAW-C

3 26.9+£0.2 2.84 £0.08 0.70 £ 0.04 -4.26 £ 0.04 1.00 £ 0.09

4 16.7+0.1 1.60+0.1 0.84 £ 0.05 -1.02 £ 0.02 1.00 £ 0.05

1 30.6£0.1 241 +£0.04 0.78 £ 0.02 -2.19 £ 0.06 1.00 £ 0.09
RHWL-C 2 26.3+0.1 1.17 £ 0.06 0.89+£0.01 -0.47 £ 0.05 1.00 £ 0.05

3 30.1+£0.2 3.17 £ 0.05 0.68 £ 0.03 -4.87 £ 0.02 1.0+£0.1

4 215+0.1 1.83+0.05 0.82 + 0.02 -1.37 £ 0.06 1.00 £ 0.06

1 324+£0.1 2.38 £ 0.05 0.79£0.02 -2.13 £ 0.07 1.00 £ 0.09

2 275+0.1 12+0.1 0.89 +0.02 -0.48 £ 0.03 1.00 £ 0.05
RHAW-C

3 416+0.1 4.14 + 0.02 0.58 + 0.04 -6.56 £ 0.04 1.0+0.1

4 23.7+0.1 2.57 £ 0.02 0.75+0.01 -2.55 £ 0.06 1.00 £ 0.09

1 329+0.1 2.51+0.08 0.78 £ 0.03 -2.31 £ 0.07 1.00 £ 0.09

2 32.2+0.3 1.95 £ 0.09 0.83+0.02 -1.51 £ 0.04 1.00 £ 0.07
RHRAW-S

3 29.2+0.2 3.25+0.05 0.66 + 0.02 -4.44 + 0.02 1.0+0.1

4 17.8+0.2 1.78 £ 0.06 0.82+0.01 -1.32 £ 0.05 1.00 £ 0.06

1 29.3+0.1 2.40+0.03 0.78 £ 0.01 -2.18 £ 0.04 1.00 £ 0.09
RHWL-S 2 26.5+0.1 1.17 £ 0.08 0.89£0.02 -0.47 £0.02 1.00 £ 0.05

3 29.0+0.1 3.03 + 0.06 0.69 £ 0.03 -4.61 + 0.03 1.0+£0.1

4 21.4+£0.1 1.97 £ 0.08 0.81£0.03 -1.57 £ 0.08 1.00 £ 0.07

1 329+£0.1 2.55 £ 0.06 0.77 £0.03 -2.37 £ 0.08 1.00 £ 0.09

2 29.1+£0.1 1.22 + 0.08 0.89£0.02 -0.52 £ 0.02 1.00 £ 0.05
RHAW-S

3 42.3+0.1 4.23 +£0.02 0.56 £ 0.05 -6.73 £ 0.05 1.0+£0.1

4 23.8+£0.1 2.60 £ 0.05 0.74£0.04 -2.59 + 0.09 1.00 £ 0.09

It is pertinent to highlight that S-B is an empirical equation whose physical interpretation
must be carried out with care. However, m;, n;, and p; reflect the characteristics of the law
of power, the reaction order, and nucleationi diffusion, respectively [129], [329]. Leaching
affects p;, showing that nucleation and diffusion play a relevant role during the pyrolysis of
P-Lig and the oxidation of Bch, which explains the increase in T, and Ty. In the case of P-
Cel, an increase in m; is observed, which can be explained thanks to the increase in area
due to leaching [333], [334].
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Pseudo-component reaction models for rice husk combustion have not been reported in
the literature. In husk pyrolysis, a third-order model (F3) is reported for the decomposition
of P-Hem and P-Lig; a random cleavage model is used for cellulose. Regarding frequency
factors reported, In A is 25.7, 26.3, and 26.5 for P-Hem, P-Cel, and P-Lig, respectively
[309]. In combustion, the models proposed for P-Hem are reaction order (F4) in coffee
beans [335], diffusive (D2) in pine sawdust [336], and law of power for beech wood [126].
In P-Cel, diffusive (D3) is reported for coffee residue, nucleation in pine sawdust [336], and
beech wood [126]. For P-Lig: reaction order in coffee residue [335] and beech wood [126].
Finally, for Bch, the reaction order type model was reported [126].

In general, the authors recognize that due to the master graph methodology, it is not
possible to correlate experimental data with a single standard model and that the most
appropriate description is a combination of several models [337], [338].

Finally, to validate the model proposed in this work, Figure 6 shows the DTG thermograms
generated from the rate laws put forward with the proposed methodology. Table 5 shows
the test statistics to verify the goodness of fit with the experimental data. In general, the
calculated rate laws correctly model the experimental data regardless of the b ramp since,
for all cases, it was true that R?>0.969, Fit (%)>95.7, and Fratol.
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Fig. 6. Ajuste de la ley de velocidad con los datos experimentales.
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Table 5. Goodness-of-fit verification.

Rate
Sample oiminy Fit (%) R?2 Fratio
10 98.8 0.994 0.91
RHAW.C 20 99.0 0.996 0.88
30 98.4 0.991 0.98
40 98.9 0.996 0.89
10 99.0 0.996 0.92
RHWL.c 20 99.0 0.996 0.89
30 98.7 0.995 0.92
40 97.1 0.976 1.09
10 97.3 0.988 0.99
RHRAW- 20 98.1 0.994 1.13
C 30 97.6 0.991 0.91
40 95.7 0.969 0.95
10 08.8 0.994 0.96
RHAW.S 20 99.1 0.996 0.91
30 99.3 0.998 0.90
40 98.8 0.995 0.95
10 08.8 0.995 0.91
RHWL.s 20 99.1 0.997 0.91
30 98.9 0.996 0.93
40 98.8 0.996 0.93
10 96.7 0.981 1.08
RHRAW- 20 08.1 0.994 0.95
S 30 97.6 0.988 1.01
40 97.0 0.982 1.05

3.2.6. Determination of thermodynamical functions

Table 6 presents the values of the thermodynamic functions determined for each pseudo-

component. In general, reaction enthalpies are endothermic and increase with leaching

treat ment .
[131], [339], [340].
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Table 6. Thermodynamical functions.

Sample Peak; aH (kdmol?) a6 (kdmoll) &S (I (mol K)?)

1 145 + 10 172 + 12 47+ 3

2 172 + 15 193 + 17 34+3
RHRAW-C 3 155 + 21 201 + 27 -70 + 10

4 110+ 9 229 + 19 -156 + 13

1 148 £ 6 171+ 7 38+2

2 127 + 2 174+ 3 75+ 1
RHWL-C 3 177 + 16 206 + 19 44 + 4

4 141 + 4 231+7 2117+ 3

1 159 + 7 173+ 8 24+ 1

2 135+ 6 175+ 8 -63+3
RHAW-C 3 229+ 8 195+ 7 53+ 2

4 163 + 19 242 + 28 98 + 12

1 159 + 10 168 + 11 -15+1

2 156 + 10 173 + 11 27+2
RHRAW-S 3 157 + 10 188 + 12 48 + 3

4 112 + 15 219 + 30 -145 + 20

1 144 + 3 174 + 4 50+1

2 133+ 7 178 + 9 73+ 4
RHWL-S 3 167 + 7 202+ 9 53+2

4 142 £ 6 233+ 10 1175

1 161+ 6 171+ 7 A7+1

2 143+ 4 174+ 5 51+1
RHAW-S 3 233+ 20 194 + 17 60+ 5

4 163 + 15 241 + 22 97+9

4. Conclusions

The leaching pretreatment increases T, and Ty, which can be explained by verifying that Eg

of P-Lig and Bch increases from 161 to 234 kJ mol! and 116 to 170 kJ mol?, respectively,

for Colombian husk.

Leaching generates a reduction in the Ey of P-Cel; this explains the notable increase in the

decomposition rate corresponding to devolatization. This result may be due to the change

in crystallinity and increase in the surface area of the cellulose present in the husk.

The total Ey of the pseudo-components determined by mathematical deconvolution analysis

is similar to the values found by Friedman and Starink's isoconversional methods.
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The novel strategy of using the S-B equation as a reaction model and subsequent multiple
linear regression allowed us to establish the kinetic triplet and propose a rate law that
appropriately fits the experimental data and is coherent with the information reported in the

literature.

Although rice husk samples from Colombia and Spain have very different thermochemical
properties depending on the agronomic conditions, the optimal variation levels found for
acid leaching allowed obtaining treated rice husk with homogeneous thermochemical

properties independent of the place of origin.






5bbEfecto de | a | ixiviaci - -n
descomposici -n catal?2tica
y | a ter modi n8mi ca de
cascarill a de arroz

La transformacion termoquimica de la biomasa es necesaria para la obtencién de energia
renovable y no contaminante. No obstante, se requiere del desarrollo de modelos que
permitan superar la discrepancia de los valores del triplete cinético obtenidos por los
métodos libres de modelo y de ajuste de modelo.

El presente capitulo propone una metodologia novedosa, para la determinacion del triplete
cinético y la ley de velocidad, basada en la deconvolucién con funciones de Fraser Suzuki
(F-S) y la aplicacién de una regresion lineal multiple modificada.

Para ello, se realizaron ensayos termogravimétricos en N, de muestras de cascarilla de
arroz cruda, lixiviadas e impregnadas con un catalizador de Fe/Ce. La nueva propuesta
metodolégica permite encontrar las leyes de velocidad que modelan con apropiado ajuste
los datos experimentales y explicar los parAmetros térmicos y las energias de activacion
encontradas por métodos isoconversionales tipicos.

La deconvolucién con funciones F-S se hizo en tres pseudo-componentes. Se determind
el triplete cinético y se propusieron leyes de velocidad para las cascarillas de arroz cruda,
lixiviadas en medio acido, acuoso y con catalizador, obteniéndose ajustes superiores a
95.5% con valores acordes a los reportados en la literatura para cascarilla de arroz y otros
tipos de biomasa lignocelulésica.

5.1 Articulo

Biomass and Bioenergy. JBAB-D-24-01485 (sometido el 01 de octubre del 2024).
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Effect of leaching and catalytic decomposition on the kinetics and thermodynamics
of rice husk pyrolysis

Highlights
9 The kinetics of raw and treated rice husks can be described as a three-pseudo-
component process.
A novel modification of multiple linear regression allows obtaining kinetic triplet.

The determined kinetic triplet and rate law allow us to appropriately describe the

pyrolysis.

Abstract

The thermochemical transformation of biomass is necessary to obtain renewable and non-
polluting energy. However, the development of models is required to overcome the
discrepancy in the kinetic triplet values obtained by the model-free and model-fitting
methods. The present work proposes a novel methodology for determining the kinetic triplet
and the rate law based on deconvolution with Fraser Suzuki (F-S) functions and applying a
modified multiple linear regression. Thermogravimetric tests were carried out in N2> on raw
rice husk samples, leached and impregnated with a Fe/Ce catalyst. The new
methodological proposal allows us to find the rate laws that model the experimental data
with appropriate adjustments and explain the thermal parameters and activation energies
found by typical isoconversional methods. Deconvolution with F-S functions was carried
out in three pseudo-components. The kinetic triplet was determined, and rate laws were
proposed for raw rice husks leached in an acidic, aqueous medium and with a catalyst,
obtaining adjustments greater than 95.5% and values by those reported in the literature for

rice husks and other types of lignocellulosic biomass.

Keywords: kinetic triplet; multi-component; deconvolution; Fraser-Suzuki; pyrolysis; rice
husk.
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Nomenclature

Symbols/abbreviations
RHRA

W Raw rice husk T1 Temperature of the first peak (°C)
RHWL Rice husk leached with water T2 Temperature of the second peak (°C)
RHAW Rice husk leached with acid Ti Ignition temperature (°C)

RHAW Rice husk 'Ieached with acid and To Burning temperature (°C)

-CAT impregned with the catalyst

HHV  Higher heating value (MJ kg?) S (Cl%r_r;(%ezrlgrl’sx?n_z)combustlblllty index
R:1 a(iari:_?)mposnmn rate at the first peak (% Di Devolatilization index (106 %°C-3 min1)
R» (Do/cjcmomg;)snmn rate at the second peak "0l Reaction model

HHV  Higher heating value (MJ kg?) Q Integral form of the reaction model
MLR  Multiple Linear Regression Eo Apparent activation energy

S-B Sestak-Berggren A Pre-exponential factor

F-S Fraser Suzuki opH Reaction enthalpy (kJ mol?)

OFW  Ozawa-Flynn-Wall method PG Gibbs free energy (kJ mol?)

KAS Kissinger-Akahira-Sunose method ®S Reaction entropy (J mol't K1)

ST Starink method P-Hem Pseudo-Hemicellulose

FR Friedman method P-Cel Pseudo-Cellulose

CK Combined kinetic method P-Lig Pseudo-Lignin

1. Introduction

The world nowadays needs to meet its energy demand in a sustainable way [341]. It is,
therefore, necessary to develop technologies based on the use and transformation of
renewable energy sources with the smallest possible environmental footprint [342]. An
excellent renewable energy source is biomass, particularly lignocellulosic biomass (LCB),
due to its enormous production volume and favorable thermochemical properties [3].
Specifically, 13,000 MTon year? of LCB are generated in the world [6], of which 160 MTon
correspond to rice husk (RH) [7]. Consequently, it is projected that by 2050, biomass can
provide 144 EJ of energy and avoid emission of up to 42,520 MTon of COzeq [285].

One of the most used exploitations of LCB is by thermochemical transformation
technologies, which allow energy and chemical substances of industrial interest to be
obtained [343]. Among these technologies, pyrolysis stands out thanks to its versatility,
widespread use, and technological evolution [286], [287]. However, problems related to the
kinetics of thermal decomposition persist [125], among which four stand out: i) the
significant simplification of reaction mechanisms [126]; ii) few published works using model

fits, parallel reactions [127], consecutive reactions or others; iii) the great discrepancy in
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activation energy values calculated by model-free and model-fitting methods [128]; and
finally, iv) the need to use reaction models that allow the thermal evolution of complex
samples such as the LCB to be appropriately represented [129].

The need for reliable thermodynamic and kinetic information, which can be generated by
thermal analysis (TGA) and calorimetric analysis, is urgent and necessary [128], [130],
[131]. This urgency underscores the significance of the kinetic study of the pyrolysis of solid
biomass from TGA. It will allow us to understand the phenomenon of thermal
decomposition, the generation of volatiles, the chemical reactions involved, and the
thermodynamic parameters necessary for biomass's extensive use and technological
transformation [291]. In addition, it will allow for the evaluation of the effect that
pretreatments such as leaching, and the use of catalysts have on the thermal
decomposition of biomass [133].

In that sense, a thermal decomposition process is a chemical reaction that can be modeled
with an equation that relates the reactants to the products. This relationship is governed by
a rate law that describes how biomass amounts change over time [292]. Considering that
decomposition presents a temperature dependence modeled by the Arrhenius equation, it
is possible to describe the biomass decomposition rate in terms of the kinetic triplet. This
corresponds to the frequency factor (A), the activation energy Ey and the reaction model
f(U) [245]. These parameters are essential because they characterize, model, and predict
the thermal behavior of the biomass [247].

There are a good number of publications related to the determination of the kinetic
information of lignocellulosic material with TGA [125], [128], [130], [131], and the vast
majority focus on the determination of Ey and In A isoconversionally, considering a global
single-step mechanism, also known as the model-free method, with the Ozawa-Flynn-Wall
(OFW) method being the most widespread way to perform the calculations. Another way to
make this determination is using model-based methods, with Coats-Redfern being the most
used method in the literature [4].

However, a large discrepancy is evident between the parameters determined by both
methods [127]. In general, the averages of Eyand In A determined without a model are 140
kJ mol! and 23, respectively. In contrast, the values of Egand In A determined with model-
based methods are 50 kJ mol'* and 7, respectively [128]. This discrepancy underscores the
complexity of the decomposition of lignocellulose and the need for more robust methods

that can more appropriately model such complex processes [293].
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Considering all the above, this research seeks to contribute to the thermo-kinetic
understanding of the effect of leaching and catalyst impregnation pretreatments on the
decomposition of hemicellulose, cellulose and lignin fractions in rice husk. For this, a novel
methodology was proposed based on mathematical deconvolution analysis, the Sestak-
Berggren model, and a modified multiple linear regression. With these, the kinetic triplet
and the related thermodynamic functions are determined. Furthermore, the pyrolysis of rice
husk with and without pretreatment is appropriately modeled. The efficient determination of
the kinetic information is achieved by reproducing the values of the Ey found by means of

the methods of Friedman and Starink.

2. Materials and methods

2.1. Materials

HCI (37%, Panreac), Fe(NO3)3-9H,0 (99.0%, Merck), Ce(NO3)3-6H.0 (99.99%, Sigma
Aldrich), N2 (99.995%), distilled water (1.0 = 0.1 uS cm™) and ASTM series sieves were
used for the procedures. The rice husks used were acquired from a commercial mill in
Casanare-Colombia. Approximately 2 kg were selected, eliminating impurities such as
voids, stones and straw, and the particle size was reduced using a 0.5 HP, 60 Hz, 115V
and 7.8 A blade mill. The resulting material was passed through ASTM sieves (25, 35, 40,
45, 60, 80,120 and 270). For the study, the fractions that were retained between meshes
60 and 80 were used.

The leaching process was carried out at 70 °C and 30 rpm for 2.5 hours, using a proportion
of 1 gram of husk for every 80 grams of solution, then filtered and washed with distilled
water [284]. The rice husk, after being leached in an acidic medium, was subjected to an
incipient impregnation operation using iron and nitrate salts dissolved in water. The
concentrations used were 0.2 m of Fe** and 0.01 m of Ce?* diluted in the rice husk.

The system adopted for sample identification was defined as follows: RHRAW for raw rice
husk, RHWL for water-leached rice husk, RHAW for acid-leached rice husk and RHAW-

CAT for acid-washed and catalyst-treated husk.

2.2. Physicochemical and thermal characterization

The elemental composition of the ashes was determined using a Shimadzu Lab Center
XRF-1800 equipment for X-ray fluorescence, following the ASTM E1621-13 standard. The
proximate, ultimate and constitutional analyzes were carried out according to the

methodology suggested by Saldarriaga et al. [241].
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To characterize the samples, the thermal parameters were defined as follows: T: and T»
indicate the temperatures of the peaks in the DTG thermogram. T; and Ty, are the
temperatures where the reaction rate is 1% min* at the beginning and end of the process,
respectively. Ry and R represent the reaction rates for the DTG peaks. S is the integral
combustibility index that reflects how easily the biomass decomposes. D; measures the
ability to generate volatiles, known as the devolatization index. All parameters were
determined according to what was reported in previous works [234], [242] and by Cai et al.
[243].

2.3. Kinetic analysis

The kinetic study was carried out using a TA Instruments SDT Q600 thermal analyzer. The
sample, weighing 10.0 £ 0.5 mg, was placed in alumina crucibles and a temperature
program was applied that included: an isothermal drying step at 105 °C for 10 minutes
followed by heating to 800 °C. The heating rates used were 10, 20, 30 and 40 °C min. An
N2 flow of 60 mL mint was used under a pressure of 1.5 bars. All experiments were
performed in duplicate.

Deconvolution of DTG thermograms and plotting were carried out using Origin Pro-2021.
The methodology used to analyze the thermogravimetric data, to determine the kinetic
triplet, the rate law and the thermodynamic functions, is illustrated in Fig.1.

E. isoconversional estimation
(Friedman and Starink methods).

2.3.1. Verification if the process
has a single or multiple reactions.
l Fraser-Suzuki deconvolution of

A\ J

the DTG data. Three pseudo-components.

2.3.2. Estimation of the reaction | Comparison with kinetic models |
model f(a). v (master-plot methodology).

i

Application of Kissinger method

2.3.3. E. determination. > -
in each pseudo-component.
2.3.4. Simultaneous | Novel modified multiple linear _ o P
determination of f(a) and In(A). " regression. g Goodness-of-fit verification.

2.3.5. Determination of the
thermodynamic functions.

Y

AH, AG, and AS.

Fig. 1. Process flow diagram of the kinetic analysis methodology.

The thermal decomposition of lignocellulosic biomass in a non-isothermal heating program

in N2, occurs in four stages. Starting with the evaporation of water and extractives below
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200 °C. Pyrolysis of hemicellulose occurs within a range of 220-315 °C. The decomposition
of cellulose occurs in a range of 315-400 °C. Finally, lignin degrades over a wide
temperature range of 160-900 °C [287], [344]. It is possible to represent this process
through chemical equations (1) and (2) [289]. Equation 3 presents the global reaction, which
could also represent the process that occurs in a single step [292].

0 i QOAEG QO a%d & & b OB EEm (1)
0 i 'QOEG & ¢ aukEi GQb O "B HORME ()
0 i QoOU0@QE %0b Q& G o "B ©)

All mathematical development, formulas and concepts are based on the guidelines
established by the Kinetics Committee of the International Confederation of Thermal
Analysis and Calorimetry (ICTAC) [245], [246], [247], [248].

For the TGA analysis it is convenient to define the reaction progress or degree of conversion
in terms of the mass change as shown in equation 4, where m, and m; represent the mass
at the beginning and at any time t of the temperature program, respectively. The final mass
or mass of ashes corresponds to magh.

R )
Considering that the relationship of decomposition with temperature is Arrhenius type, the
rate law can be stated as shown in equation 5, where QY is the reaction rate constant, A
corresponds to the frequency factor, Ey is the apparent activation energy, T is the
temperature, QY  is the reaction model and b is the temperature ramp of the non-
isothermal program [245].

b — QYOQ dMo/r— I | O— (5)
Rearranging and integrating equation 5, we arrive at equation 6. Since T is a function of
time, when the variable is changed, the term on the right of the equation is found. The
integral form of the reaction model is by definition "Q]  [245].

Q k., — b, QoO/R— Q0 - Qu/r— QY (6)

The isoconversional principle states that the rate of reaction at a constant degree of
conversion depends only on temperature. When one of the forms of equation 5 is derived
with respect to temperature we arrive at equation 7.

., | Cus
"|§ z l (7)

R ]
T
1 )

%| 1

>
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Since Uis constant then Q)  is also constant, so we arrive at equation 8. This condenses
the most important consequence of the isoconversional principle, which establishes that it
is feasible to find Eg without determining or assuming the reaction model. The above is the

basis for model-free methods [245].

ca'm < B

— 1 ) R (8)
Returning to equation 5 and applying the natural logarithm function, equation 9 is obtained
where Agis presented to highlight the dependence of the frequency factor on the degree of
progress. By performing thermal analysis tests at various temperatures, Ey can be

determined as the slope of the linear regression of the data dispersion of the graph of
& £¢— vs 1/T for constant values of U. When the differential form of the rate law is used, it

is known as the Friedman isoconversional differential method [245].

GE—  agQ B

h h

(9)

On the other hand, if we take equation 6, which does not have an analytical solution, and
apply the approximation proposed by Starink, we arrive at equation 10. This method is also

known as the Starink integral method and allows us to determine Egy with the slope of the

linear regression of the data dispersion by plotting & ¢—— vs 1/T for constant values of U.
h

a é—hg W0 P8 T TOP— (10)

Another method to determine Ey results from deriving equation 5 and considering the
condition of the maximum rate for which the second derivative is zero as shown in equation
11. The subscript m indicates that the term corresponds to the maximum rate. Rearranging
equation 11 and taking the natural logarithm gives equation 12. Since "Qe is
independent of the heating rate, which can be verified when the reaction curves do not
change with the heating ramp in the master graph, Eg can be determined as the slope of

the linear regression of the data dispersion plot of & €é— vs T The above is known as
h 1ok

the Kissinger method [245].

— — 5@ QOf— — ™ (11)

GE— ae —'@e V
h h

(12)
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2.3.1. Verification whether the process has a single or multiple reaction

The thermal decomposition of lignocellulose is a complex process that develops in multiple
stages [295]. However, for the determination of Egwith the Friedman differential and Starink
integral iso conversion methods, it was assumed that the decomposition process takes
place in a single stage. According to Vyazovkin et al., when Eg varies significantly during
the temperature program (x30% of the Ey average), it indicates that the process is complex
and requires several steps to be described [245].

The study of the multi-step reaction was developed through mathematical deconvolution
analysis (MDA). This was carried out considering four pseudo-components. Considering
versatility and robustness, asymmetric Fraser-Suzuki functions were used to model the
process [296], the mathematical form of which is shown in equation 13. Where Yo, @
and i "Qage constants related to the base, area and symmetry of the function. Tc is the

center that corresponds to the temperature at which the maximum velocity value occurs.

— 6 ——Qdbn (13)

The approach to three pseudo-components was carried out considering that the global
reaction is constituted by three chemical reactions in parallel. The decompositions occur in
order of thermal stability, decomposing mainly hemicellulose, cellulose, and lignin [114],
[297].

Once the deconvolution functions were known, the velocity values were calculated and then
integrated point by point with the Origin Pro-2021 integration tool. With the previous
information, the degrees of conversion U;, U,, and Us were found for pseudo-hemicellulose
(P-Hem), pseudo-cellulose (P-Cel), and pseudo-lignin (P-Lig), respectively. With all the
above, it is possible to describe the rate law in terms of the contributions of the reactions of

the three pseudo-components [245], as shown in equations 14 and 15.
— QYQ T YQ| T YQ| (14)

— B Q"YQ B — (15)

2.3.2. Estimation of the reaction model f(U)

Master plots are a very appropriate way to estimate the reaction model. The function @ |
that allows generating the master curves can be calculated as the product of Q@ "Q for
the standard reaction models shown on Table S1. For the experimental data it is calculated

with the DTG. Experimental | h(@® | ) is approximately determined as the product of
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the reaction rate and the square of the temperature, as shown in equation 16 [245], [298].
To make comparisons of the @| with the standard master curves (@] ) the
normalized form shown in equation 17 [299] can be used. The & | used to perform the

comparison are presented in the supplementary material (Fig. S1).

Q| Q Q — Y (16)
8 8 8 _ . (17)
8
Furthermore, to determine @ | , it is necessary to normalize the degrees of conversion

of P-Hem, P-Cel, and P-Lig by dividing each one by its maximum. The above generates

conversion degrees that vary from 0 to 1 for each pseudo-component.

2.3.3. Ey determination

Once it was verified that | is independent of b, that is, that the reaction model does
not vary with the ramp, the Kissinger method was used taking the T¢c as maximum peak
temperatures [245], which were obtained by Fraser-Suzuki deconvolution shown in the
supplementary material (Table S3). Linear regressions of the point dispersion were carried

out for the three pseudo-components of each sample, and as indicated in section 2.3,

0 é— vs — was plotted for the four ramps.
h h

2.3.4. Simultaneous determination of the reaction model and A
This method consists of a modified linear regression. Considering that the Sestak-Berggren
(S-B) equation 18 appropriately describes the reaction model, where m;, ni and p; are

superscripts that are determined experimentally, the rate law for an in reaction can be

expressed with equation 19. Rearranging the previous equation and dividing by ‘Q ,
the[ function shown in equation 20 is obtained. By applying the logarithm, equation 21 is
obtained. A multiple linear regression takingas Y=0 § ,X:=0 8§ ,X=0 & | and Xs=
a¢&aég | ,generates m=m; mz=n; and mz=p; as slopes and as intercept B= & &
In this way the frequency factor and the superscripts of the S-B equation can be determined
simultaneously. The cal cul ati ons were car0i0ed 9dut
Q P agp | (18)

— 0Qur— 1| p | adp | (19)

f
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M —— 0| P aep | (20)

ag a &0 aag cagp | nNaeaég | (21)

To verify the goodness of fit of the proposed velocity laws, three statistical tests were
applied [345]. The fit percentage (‘(O'Q® ) was calculated as shown in equation 22; the
adjustment correlation coefficient (Y ) with equation 23, where N corresponds to the
number of points chosen to perform the calculations. For all analyzes N was 679 points.
"O  corresponds to the ratio between the F-test value calculated ("O ) with the Excel data

analysis tool and "O is the standard F value for N-1 degrees of freedom and 95%

significance.
B - - ~
iy &
oM  Ap &P (22)
o o
B — —
Y p (23)
B — —
O — (24)

2.3.5. Determination of the thermodynamical functions

Once the frequency factors and apparent activation energies for each pseudo-component
have been found, the determination of the reaction enthalpy (YO is carried out using
equation 25; the Gibbs free energy (Y'Q with equation 26, where T corresponds to the
temperature at the maximum velocity, Kg to the Boltzmann constant
E& dp T Q@ i O )andh to Planck's constant (g @ T Q@ i ). Lastly, the

reaction entropy was determined with equation 27 [299].

YO O Y'Y (25)
YO O 'YY&é— (26)
vy LY 27)

3. Results and discussion
3.1. Physicochemical and thermal characterization of raw and leached husk
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The variation of the physicochemical properties shown on Table 1 conforms to the ranges
reported in the literature [9], [10], [30]. The significant differences in the properties of raw
husk and those treated by acid and aqueous leaching are notable. In this sense, increases
in VM of up to 3.3% are observed when RHRAW is compared with RHWL and RHAW. On
the other hand, the chemical composition of ash is one of the most significant effects of
leaching. In particular, the increase in SiO; and reduction of K,O. Only acid leaching
significantly affected the reduction of CaO and MgO contents. Therefore, it is possible to
affirm that the acid pretreatment generates the greatest removal of ionic species inherent
to the RH and increases the SiO; up to 99.45 + 0.04%.

The effects of leaching treatment on the physicochemical properties of rice husk have also
been reported in the literature. Increases in HHV, VM, SiO»% and reductions in FC, Ash,
K20, CaO, MgO, when using water, acetic acid, HCI [200] and citric acid [346]. For other
types of lignocellulosic biomass, similar behaviors have also been reported in the
physicochemical and thermochemical properties of eucalyptus wood [347], pongamia seed
pods [240], rice straw, miscanthus, grass [348] and wheat straw [221], [276].

Table 1. Physicochemical and thermal properties of treated and raw rice husk.

Property RHRAW RHWL RHAW
Mo (wt. %) 6.4+ 0.2 6.0*0.7 54+03
VM (wt. %) 66.5+ 0.2 69.6 + 0.6 69.9+ 0.3
FC (Wt. %) 17.30 + 0.08 15.11 + 0.06 14.93 + 0.09
Ash (wt. %) 9.83 + 0.02 9.2+05 .78 + 0.04
HHV (MJ kg?) 15.9+ 0.2 16.1+ 0.1 16.1+ 0.2
C (%) 41.3+0.1 41.3+0.2 41.3+0.173
H (%) 5.02 + 0.05 5.10 + 0.03 5.11 + 0.02
O (%) 36.9 + 0.3 37.7+0.3 37.8+0.1
Hemicellulose 40.0+0.3 41.4+ 0.4 38.8+0.3
(wt. %)

Cellulose (wt. %) 33.8+ 0.2 36.8+ 0.1 35.4 + 0.6
Lignin (wt. %) 26.2 + 0.4 21.7+0.7 258+ 0.7
SiOz (Wt. %) 92.14+ 0.08 97.30 + 0.08 99.45 + 0.04
K20 (wt. %) 3.53 + 0.05 0.19 + 0.01 ND
Na,O (wt. %) ND 0.06 + 0.01 ND
CaO (wt. %) 0.969 + 0.008 0.89 + 0.01 0.025 + 0.005
MgO (wt. %) 0.59 + 0.03 0.51 + 0.04 ND
P,Os (Wt. %) 1.35+ 0.02 0.22 + 0.02 0.31 + 0.02
SO3 (Wt. %) 0.66 + 0.05 0.30 £ 0.05 ND
Al,Os (Wt. %) 0.07 + 0.01 ND ND
Fe,0s (Wt. %) 0.29 + 0.01 0.156 + 0.007 0.14 + 0.02
Zno (wt. %) 0.020 + 0.001 0.016 + 0.001 ND
Otros (Wt. %) 0.39 + 0.03 0.363 + 0.005 0.08 + 0.01
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On the other hand, the variation of several thermal parameters is shown in Fig. 2. The
values shown for graphs a, b, ¢ and d are consistent with those reported for rice husk [243]
and other types of biomasses [349], [350], [351]. Evidently leaching changes, the thermal
parameters of chemical decomposition, since the removal of AAEM changes the reaction
routes [352], [353]. The reduction in T1, T2, Ti and Ty in RHAW and RHAW-CAT is notable
(Fig. 2 a and b). Also, the increase in R1, Rz, S and D; for RHAW (Fig. 2 ¢ and d) because
leaching not only removes AAEM and ionic species, but also hemicellulose. Both are
components of the cell wall of the husk, which when partially destroyed, increases the
surface area and improves the efficiency of heat and mass transfer, thus increasing the
decomposition rate and the S and D; [354]

It is important to highlight that although RHAW-CAT presents a reduction in the
characteristic temperatures confirming the catalytic activity, the D; and S indices are
reduced. The above may be because R1 and R; decrease with respect to the other samples;
consequently, the indices are also reduced. Cai et al. also reported a similar result for raw
husk impregnated with K, Ca, and Mg salts [243]. All thermal parameters calculated for the

four ramps are shown on Table S2.
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Fig. 2. Thermal parameters for a heating rate of a 10°C min™.
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3.2. Verification whether the process has a single or multiple stages

3.2.1. Isoconversional estimation of Ey

The variation of the activation energies as a function of U calculated by the Friedman and
Starink methods for increments of U=0.01 are presented in Fig. 3. It is notable that, from
>0.8, a substantial increase in Eyis observed, like the results that have also been reported
for husk [13], [306], [355] and other types of biomasses [331], [332], [356] subjected to
leaching. However, it is necessary to highlight the graphs of R? vs. Ufor the Friedman and
Starink methods that indicate a substantial distancing from one for (>0.8 (see Fig. S2).
Therefore, the Ey calculated higher than the value lacks physical meaning since the
dispersion departs from a linear trend [245]. Consequently, the analysis will be limited to
0.01<U<0. 8.
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Fig. 3. Ey determined by isoconversional a) Friedman and b) Starink methods.

Table 2 presents the average values of Egwith their respective R? calculated with Friedman
and Starink. Notably, the energy increases with the leaching treatment until it reaches a
maximum value for the system with the catalyst. In general, the error variation in the
activation energies calculated by both methods is considerable, reaching values of 80 kJ
mol™. For rice husk, Hu et al. report a relationship of Ey based on U calculated with the
Friedman method very similar to the one found in this work [309]. Similar results calculated
with Friedman and Ozawa-Flynn-Wall have also been reported for miscanthus giganteus,

sida hermaphrodita, and sorghum moench [357].
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Table 2. Apparent activation energy determined by isoconversional methods.

Friedman Starink
Sample - -

EU (k) mR? EU ( kJd)mR?
RHRAW 176 = 80 0.99+0.02 166 =60 0.99 + 0.03
RHWL 177 £ 80 1.00+£0.01 176+70 1.00 £ 0.01
RHAW 186 = 80 1.00+0.02 18160 1.00 £ 0.01
RHAW-CAT 190+ 60 1.00+£0.01 18850 1.00 £ 0.01

For rice husk leached in acid, washed and ground, and washed in water, values of Egy
calculated by the Flynni Walli Ozawa method are reported, also showing increases
because of leaching [306]. For a range of 0.2<U<0.9 for raw rice hulls calculated by
Friedman and Starink of 170 kJ mol* and 182 kJ mol?, respectively [13]. For rice straw
leached in water and acid, effects like those obtained in this work are observed, increasing
Eo from U>0.7 [358]. An increase is also reported for giant bamboo from U>0.8 [359].

Fig. S3 presents the TGA-DTG thermograms for the four heating ramps. It is notable that
as the ramp increases, the decomposition rates also increase. Furthermore, the maxima
shift towards higher temperatures [360]. The TGA-DTG data dispersions were used for the

deconvolution process with F-S functions.

3.2.2. Deconvolution of thermograms with Fraser Suzuki functions

In Fig. 4, the TGA and DTG thermograms and the respective deconvolutions into three
pseudo-components using asymmetric F-S functions are presented. The thermograms for
the other ramps are presented in the supplementary material (see Figures S4, S5, and S6).
Also, the deconvolution parameters of the thermograms for all heating ramps are shown on
Table S3. On the other hand, the selection of the number of peaks and their corresponding
temperatures were determined by the second derivative method, as presented in Fig. S7
[336]. In all cases, the R? was greater than 0.996%, which is an indication that the F-S
functions fit appropriately to the data dispersion.
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Fig. 4. Fraser-Suzuki deconvolution of the DTG data at 10 °C mint. a) RHRAW, b) RHWL,
¢) RHAW, and d) RHAW-CAT.

Treating thermal decomposition as a three-pseudo-component process is a method that
allows optimal modeling of lignocellulosic biomass pyrolysis [361], [362]. Obtaining the
pseudo-components in biomass has been carried out through mathematical deconvolution
analysis with Gaussian functions [308], [363], [364], asym2sig [338], [365], Weibull [366],
and other types of functions [247]. The versatility of F-S functions for modeling biomass is
well known [248], [367]. As shown in Fig. 4, the decomposition range varies from 180 to
600 °C. At the same time, cellulose presents an intense signal with a narrow amplitude,
consistent with the nature of lignocellulosic biomass [287] and what was reported by other
authors [309].

3.3. Estimation of the reaction model f(U)

3.3.1. Comparison with reference reaction models, master chart methodology




























































































































































