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Resumen

El fésforo (P) es un elemento no renovable, esencial para el desarrollo de las plantas.
La principal fuente de P es la roca fosforica, la cual ha disminuido notablemente en décadas
recientes, ya que durante los ultimos 20 afios entre un 80 - 90% se ha consumido para la
produccion de fertilizantes. A su vez, el P es el principal responsable de la eutrofizacion de
ecosistemas acuaticos, que se genera por la lixiviacion del P presente en el suelo luego de su
aplicacion como fertilizante y por la descarga de aguas residuales industriales, ganaderas y
domésticas con alta concentracion de P [1,2]. Por lo tanto, es necesario buscar procesos
sostenibles y eficientes, que permitan remover el P presente en medios acuosos, recuperarlo

y reciclarlo después de ser removido [1].

En este trabajo, se evalud la produccion de materiales y su capacidad como
adsorbentes para remover P desde soluciones acuosas, mediante una transformacion térmica
sencilla del jacinto de agua (Eichhornia Crassipes), el cual es una maleza nociva que crece
y se propaga rapidamente en la superficie del agua generando serios problemas ambientales.
La extensa red de enraizamiento le permite absorber nutrientes (P, N, K, S) del medio acuoso,
lo cual, junto con su reproduccion excesiva impiden el paso de la luz a través del agua
disminuyendo los niveles de oxigeno. La conversion de Eichhornia Crassipes en un material
adsorbente para la descontaminacion de agua, representa un método atractivo para mejorar

la gestion de esta especie invasiva tan problematica.

Este trabajo se desarroll6 en tres grandes bloques, los cuales son presentados a

continuacion:

1. Debido a que el jacinto de agua es una especie gque contiene 8.1% de P20s y 32.4%
de CaO, inicialmente se estudio el efecto de la temperatura de calcinacion en la
transformacion del P y Ca presente en esta biomasa, a compuestos inorganicos
asimilables por las plantas como la apatita. Los resultados mostraron que a
temperaturas de calcinacion de 450 y 550 °C se obtuvo 5.5 y 6.3% de apatita
[Cas(PO4)3(OH)], respectivamente, y que esta cantidad aumento con el incremento
de la temperatura de calcinacion hasta alcanzar un 36.6% a 800 °C, valores que se

verificaron mediante el uso de técnicas de analisis como difraccion de rayos X (XRD)



y espectroscopia infrarroja (FTIR). La apatita es un compuesto rico en P y Ca con
baja solubilidad en el agua, y se caracteriza por ser biocompatible con el suelo ya que
mejora el crecimiento de las plantas. Por lo tanto, una vez se logré obtener la mayor
cantidad de apatita se realizaron pruebas de biodisponibilidad, las cuales mostraron
liberacion lenta de P (entre 27.9 y 45.1%) y baja lixiviacion de P (entre 0.9 y 14.7%)
por escorrentia de aguas, las cuales son dos caracteristicas fundamentales en un

fertilizante, mostrando que este material constituye un recurso adecuado para este fin
[3].

La caracterizacion quimica realizada al material obtenido mostré que ademas de la
apatita, los materiales contienen 6xidos e hidroxidos metélicos como Ca(OH),
Al;03, MgO y Fes0a4. Con lo anterior y teniendo en cuenta que los 6xidos/hidroxidos
metalicos han sido reportados como fases activas en la eliminacion de P, se estudio
la capacidad de adsorcion de P usando los materiales obtenidos por calcinacion del
jacinto de agua. Adicionalmente, se evalué si mediante un tratamiento térmico
adicional es posible transformar el P adsorbido a apatita, y asi enriquecer el material,
incrementando la cantidad formada inicialmente. Durante el proceso de adsorcion de
P usando materiales obtenidos a 650 °C y mediante el uso de modelos cinéticos y de
isotermas en combinacidn con técnicas de caracterizacion quimica (FTIR y XRD), se
encontrd una capacidad maxima de adsorcion de 21.2 mg P/g, donde la quimisorcion
es el paso limitante del proceso de adsorcion, y el intercambio de ligandos seguido de
la precipitacion son los mecanismos dominantes en el proceso de adsorcion. En este
estudio se demostrd que después de calcinar el material adsorbido con P, la cantidad
de apatita increment0 de 25.1 a 41.0%. Las pruebas de solubilidad mostraron el
potencial uso del material obtenido como fertilizante fosfatado, ya que presentd baja

solubilidad en el agua, lo que garantiza liberacion lenta del nutriente al suelo [4].

Teniendo en cuenta el potencial del material obtenido para la remediacion de aguas,
y la presencia de apatita y otras fases de Ca generadas en el proceso térmico, en este
trabajo se buscd evaluar una aplicacion alternativa relacionada con la inmovilizacion
de metales pesados como Cd?" y Cu?*. Los resultados mostraron que la eficiencia de

remocidn de estos metales desde soluciones acuosas increment6 con el aumento de la
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temperatura de calcinacion desde 550 °C (24.9% Cd?*y 12.7% Cu?*) hasta 700 °C
(51,5% Cd?** y 31,8% Cu?*). Se demostrd que los compuestos producidos durante la
calcinacion del jacinto de agua promueven la adsorcion de Cd?* y Cu?* a través de la
precipitacion de CdCOs, CdzP207 y Cuo.0sMgo.0sO, CuzP207, los cuales tienen baja

solubilidad y reducen la movilidad de estos metales [5].

En general, esta investigacion demuestra que es posible realizar de manera sostenible
la eliminacion y recuperacion de P utilizando biomasas residuales, lo que contribuye con la
recirculacion de este elemento vital y finito. Del mismo modo, se logra valorizar el jacinto

de agua, biomasa residual con alto impacto negativo en el medio ambiente.

Palabras claves: reciclaje de fosfato, jacinto de agua, apatita, adsorcion, metales pesados,

inmovilizacion de metales
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Abstract

Phosphorus (P) is a non-renewable and essential element for plants development. The
main source of P is the phosphate rock which is in depletion due to the high fertilizer
consumption and production. Besides, P is the main responsible for the eutrophication of
aquatic ecosystems, which is generated by the discharge of industrial, livestock, and domestic
wastewater with high P concentration [1,2]. Therefore, it is necessary to search for
sustainable and efficient processes for the removal of P from aqueous media, its recovery,

and recycling [1].

In this work, water hyacinth (Eichhornia Crassipes), a noxious weed that grows and
spreads on water surface generating environmental problems, is treated with simple thermal
transformations to produce adsorbent materials for the removal of P from aqueous solutions.
The extensive rooting network in water hyacinth allows it to absorb nutrients (P, N, K, S)
from the aqueous systems, which, together with its excessive reproduction, impedes the
passage of light through the water and decreases oxygen levels. The conversion of
Eichhornia Crassipes into an adsorbent material for water decontamination represents an

attractive method to improve the management of this problematic invasive species.
This work was developed in three large blocks, which are presented below:

1. Water hyacinth contains 8.1% of P»,Os and 32.4% of CaO, therefore, in this work
effect of calcination temperature on P and Ca transformation to inorganic compounds
assimilable by plants such as apatite was initially studied. Results showed that at
calcination temperatures of 450 and 550 °C, it was obtained 5.5 and 6.3% of apatite
[Cas(PO4)3(OH)], respectively. These values increased with calcination temperature
until reaching 36.6% at 800 °C, which were verified using analysis techniques such
as X-ray diffraction (XRD) and infrared spectroscopy (FTIR). Apatite is a compound
rich in P and Ca with low water solubility, and it is characterized by being
biocompatible with soil as it improves plant growth. Therefore, once it was possible
to obtain the material with the largest amount of apatite, solubility tests were
performed. It was shown slow P release (between 27.9 and 45.1%) and low P

leaching (between 0.9 and 14.7%) by water runoff, which are two fundamental
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characteristics in a fertilizer, showing that this material constitutes a suitable resource
for this purpose [3].

Chemical characterization performed on the material produced from the calcination
of water hyacinth showed that in addition to apatite, materials contain metal oxides
and hydroxides such as Ca(OH)2z, Al203, MgO, and Fe3Oa4. Therefore, considering
that metal oxides/hydroxides have been reported as active phases in P removal P
adsorption capacity was studied. Additionally, the effect of the thermal treatments in
materials after P adsorption and the transformation to apatite was studied. Results
indicated that it is possible to transform the adsorbed P to apatite, increasing the
amount initially formed. Adsorption of P on materials obtained at 650 °C was studied
by modelling the experimental data to kinetic and isotherm models. A maximum
adsorption capacity of 21.3 mg P/g was found. The characterization with FTIR and
XRD for the materials before and after P adsorption in combination with the kinetics
and isotherms models allowed us to identify the chemisorption as the limiting step of
P adsorption and, ligand exchange followed by precipitation as the dominant
mechanisms in the adsorption process. In this study, it was also shown that the
calcination of these materials after P adsorption induced the transformation to apatite
which increased from 25.1 to 41.0%. Solubility tests showed the potential use of these
materials as phosphate fertilizer since it presented low solubility in water that

guarantees the slow nutrient release in soils [4].

This work considered an alternative application in water remediation for the obtained
material. Due to the presence of apatite and other Ca phases generated during the
thermal process, this work sought to evaluate the immobilization of heavy metals
such as Cd?* y Cu?*. Results showed that the removal efficiency of these metals from
aqueous solutions increased with increasing calcination temperature from 550 °C
(24.9% Cd?* and 12.7% Cu?*) to 700 °C (51,5% Cd?* and 31,8% Cu?"). It was shown
that the compounds produced during water hyacinth calcination promote adsorption
of Cd?* and Cu?* through precipitation of CdCOs, CdzP207, and Cug0sMgo 950,
Cu2P207, which have low solubility reducing the mobility of these metals [5].



In general, this research demonstrates that the sustainably perform of P removal and
recovery by using waste biomasses is possible, which contributes to the recirculation of this
vital and finite element. Likewise, water hyacinth, waste biomass with a high negative impact

on the environment, can be valorized.

Keywords: phosphate recycling, water hyacinth, apatite, adsorption, heavy metals,

immobilization metals



Organizacion de la tesis

La tesis se presenta como una coleccion de capitulos individuales que contribuyen a
la obtencion de los objetivos de esta investigacion. La mayoria de estos capitulos
corresponden a articulos que han sido publicados o sometidos en revistas cientificas,
especializadas en el area de investigacion de este trabajo de maestria.

El capitulo 1 corresponde al estado de arte, donde se muestra la importancia del
fésforo y la necesidad de buscar fuentes alternativas para el reciclaje de este elemento. Se
resalta la eutrofizacion como uno de los principales problemas en sistemas acuosos, debido
al alto contenido de fosforo en aguas residuales descargadas sin un tratamiento adecuado. Se
identifican los principales métodos usados para la eliminacion de fosforo, tales como
remocion bioldgica, quimica y fisica, los cuales no son eficientes al momento de reducir la
concentracion de fosforo a niveles tan bajos (entre 0.02 - 0.05 mg/L) para evitar que se
presente eutrofizacidn de ecosistemas acuaticos. Por lo tanto, se exploran otras alternativas
como la adsorcion, usando materiales de bajo costo obtenidos a partir de biomasas (como el
jacinto de agua), que ademas permitan recuperar el fésforo adsorbido. De igual manera, se
muestran los principales mecanismos que gobiernan el proceso de adsorcion de fosforo y los

métodos existentes para la recuperacion del fésforo adsorbido.

El capitulo 2 presenta la hipétesis planteada para el desarrollo de la investigacién y
los objetivos de este trabajo.

En el capitulo 3 se muestra el efecto de la temperatura de calcinacion en la
transformacion del fosforo presente naturalmente en el jacinto de agua a un fosfato de calcio
biocompatible con el suelo y asimilable por las plantas como la apatita. La caracterizacion
qguimica mediante difraccion de rayos X (XRD) y espectroscopia infrarroja (FTIR) indica
que el contenido de apatita en los materiales obtenidos depende de la temperatura de
calcinacion, el cual incrementa con el aumento de la temperatura. Adicionalmente, se
evidencio el potencial uso de los materiales como fertilizante fosfatado, debido a la liberacion
lenta y bajo porcentaje de lixiviacion en agua; ademas, que no contiene trazas de metales que
causen efectos negativos en el suelo. En este capitulo se le da valor agregado al jacinto de

agua, el cual se caracteriza por ser una maleza acuética con problemas de disposicion final.
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(Articulo publicado: Anyi Ramirez; Sebastian Pérez; Elizabeth Florez y Nancy Acelas.
Utilization of water hyacinth (Eichhornia crassipes) rejects as phosphate-rich fertilizer.
Journal of Environmental Chemical Engineering (2021) 9(1) 104776).

El capitulo 4 proporciona un enfoque circular para reciclar el jacinto de agua como
un material multifuncional para diversas aplicaciones ambientales; por ejemplo, remocion
del fésforo desde soluciones acuosas, la recuperacion y el reciclaje de este mediante el
potencial uso como enmienda para el suelo. El jacinto de agua calcinado a 650 °C
proporciona un material heterogéneo que contiene principalmente, en mayor proporcion
Ca(OH)2, MgO, Al>03 y Cas(PO4)30H, las cuales son especies que se caracterizan por
favorecer la adsorcion de fosforo desde soluciones acuosas. Se presenta el ajuste a modelos
cinéticos y de isotermas, los mecanismos que gobiernan el proceso de adsorcion de fosforo,
al igual que la posterior transformacién del fosforo adsorbido a apatita y su biodisponibilidad
para las plantas. (Articulo sometido: Anyi Ramirez-Mufioz; Sebastian Pérez; Elizabeth
Flérez y Nancy Acelas. Phosphorus recovery from aqueous solution using water hyacinth
(Eichhornia Crassipes) toward sustainability through transformation to apatite. Journal of

Environmental Chemical Engineering).

En el capitulo 5 se presenta una aplicacion alternativa para los materiales obtenidos a
partir de jacinto de agua. Teniendo en cuenta que la presencia de apatita y otras fases de Ca
se han estudiado en procesos de inmovilizacion de metales pesados como cadmio (Cd) y
cobre (Cu), los cuales se encuentran como iones Cd?* y Cu?*en sistemas acuosos. En este
estudio se detalla el proceso de adsorciéon y la caracterizacion de la superficie de los
materiales antes y después de adsorber Cd?* y Cu?*, usando técnicas de analisis como
espectroscopia Infrarroja por Transformada de Fourier (FTIR), difraccion de rayos x (XRD)
y espectroscopia de fotoelectrones emitidos por rayos X (XPS). Igualmente se muestran
experimentos que corroboran la inmovilizacion del cadmio y cobre en la estructura del
material. (Articulo sometido: Anyi Ramirez-Mufioz; Sebastian Pérez; Juan Mufioz-Saldafia;
Elizabeth Flérez y Nancy Acelas. The role of inorganic compounds obtained from the
calcination treatments of water hyacinth (Eichhornia Crassipes) on the Cd?* and Cu?* heavy
metals uptake (removal and immobilization) from contaminated water. Environmental

Nanotechnology, Monitoring & Management).
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https://www.sciencedirect.com/science/article/pii/S2213343720311258

El capitulo 6 muestra los aspectos relevantes de este trabajo de maestria y
adicionalmente, se plantean algunas recomendaciones Yy perspectivas de futuras

investigaciones.
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Capitulo 1

1. Estado del arte

1.1. Importancia del fosforo

El fésforo (P) es uno de los elementos fundamentales para la vida y es esencial para
la produccion de alimentos [6]. La principal fuente de obtencién de P es la roca fosférica,
con un 35% de fosfatos (P20s), la cual no es renovable, sus reservas cada dia son mas
limitadas y su precio incrementa de forma continua, debido al aumento de fertilizantes a base
de fosfato para la produccion agricola [7,8]. La demanda de fertilizantes fosfatados aumenta
anualmente entre 1y 2% y se espera que para el afio 2023 sea aproximadamente 50 millones
de toneladas, ocasionando una notable disminucion de la fuente de fosfato, que solo podra
satisfacer la demanda de fertilizantes fosfatados durante s6lo unos afios mas [1].
Actualmente, con el objetivo de usar eficientemente los recursos, evitar la fertilizacion
excesiva y reciclar el P, algunos agricultores han optado por aplicar el estiércol de animal en
las tierras de cultivo [8]. Sin embargo, estas medidas por si solas no son suficientes para
lograr la sostenibilidad y optimizacion respecto al uso de P [8]. Por lo tanto, es necesario
realizar una mejor gestion del ciclo del P, con un enfoque que aborde la futura escasez de P

y explore los métodos de recuperacion y reutilizacion de este.

El P ademas de ser un nutriente importante para las plantas, es un elemento con
movilidad baja en el suelo y a su vez el principal responsable de la eutrofizacién de
ecosistemas acuaticos [7,9,10], debido a la lixiviacion [2] por el agua de escorrentia del P
presente en el suelo luego de su aplicacion como fertilizante [7,9,11]. Adicionalmente, aguas
residuales industriales, ganaderas y domesticas con un alto contenido de P y sin un adecuado
tratamiento en plantas de tratamiento de aguas residuales (PTAR’s), impactan negativamente

la biodiversidad de los ecosistemas acuaticos [1,12].



1.2. Métodos de eliminacion de fosforo desde soluciones acuosas

En aguas superficiales se ha reportado que concentraciones de P entre 0.02 - 0.05
mg/L, pueden conducir a un crecimiento descontrolado de algas (eutrofizacion), lo que causa
reduccion del oxigeno disuelto en el agua y produccién de toxinas, llevando a la muerte de
peces y pérdida de la vida acuatica [7,10]. Por lo tanto, es necesario eliminar el P de aguas
superficiales y para ello se han estudiado una variedad de técnicas que involucran métodos

bioldgicos, quimicos y fisicos.

Los métodos bioldgicos estan basados en la degradacion que se presenta en el
tratamiento convencional de lodos activados, el cual necesita un estricto control de
parametros operativos para eliminar la gran mayoria de P [13] y genera grandes cantidades
de lodos que requieren una adecuada disposicion final [14]. En este proceso (lodos activados)
las bacterias con capacidad de absorcidn bioldgica prolongada de fosforo se multiplican y el
P se deposita en la pared celular. La eliminacion de P ocurre en el tanque de activacién de
las PTAR’s, por donde circula la corriente principal de las aguas residuales, a través del
enriquecimiento bioldgico y la descarga posterior por medio del lodo excedente [15]. La
degradacidn bioldgica generada en este tratamiento esta sujeta a la necesidad que tienen las
bacterias de usar el P para satisfacer sus requerimientos metabdlicos basicos, lo cual solo
resulta en remociones entre el 20% y el 40% del P presente en el agua residual [16]. Sin
embargo, es importante mencionar que existe una clase de bacterias, conocidas como
organismos acumuladores de polifosfatos (Polyphosphate Acumulating Organisms, PAOS)
[17], los cuales bajo condiciones Optimas pueden tomar P en exceso; es decir, mas del que
necesitan para el metabolismo normal, fendmeno denominado “luxury uptake”. A esto se le
conoce como: eliminacion biol6gica mejorada de fosforo (Enhanced Biological Phosphorus
Removal, EBPR). Sin embargo, este proceso requiere una configuracion mas compleja en la
PTAR junto con un proceso anaerobio antes del proceso aerobio [16]. En este caso las
remociones del P pueden ser mayores al 40%, con la respectiva alta produccion de lodos que
requieren una disposicién final y un incremento en el costo del tratamiento, lo cual constituye

una desventaja de los métodos bioldgicos.

Los métodos quimicos estan basados principalmente en la precipitacién quimica

mediante el uso de calcio, hierro y aluminio. Este proceso es susceptible a condiciones



ambientales como el pH y presenta problemas tanto en la neutralizacion del efluente como
en la disposicion final de la alta cantidad de lodos que quedan después del tratamiento
[13,14]. En este proceso, el anion fosfato reacciona con los cationes del precipitante (sales)
[9,15] y de esta manera se desestabilizan los coloides contenidos en las aguas residuales y
cohesionan en microfléculos, que dan paso a la formacion de macrofléculos o fléculos [9].
Finalmente, los macrofloculos se separan de las aguas residuales por medio de
sedimentacion, filtracion o la combinacion de estos procedimientos. Este proceso de
precipitacion de fosfatos afecta la degradacién bioldgica de la materia organica y la oxido-
reduccién bacteriana del nitrogeno, ya que se producen cambios en la relacion N/DBO
(relacion Nitrogeno/Demanda Bioquimica de Oxigeno) [15]. El porcentaje de remocion de
fésforo con este método es del 80% aproximadamente [15].

Respecto a los métodos fisicos, se destacan tres procesos: i) la smosis inversa, ii) la
electrodialisis y iii) la adsorcion. No obstante, se ha reportado que los dos primeros son
ineficientes y costosos [13]. Sin embargo, la adsorcion ha demostrado ser prometedora, ya
que los contaminantes se pueden eliminar en un amplio rango de pH, a bajas concentraciones
de P, algo que no es posible con los métodos bioldgicos y quimicos, pues en estos no es
posible eliminar el P hasta una concentracion cercana a cero [13]. Esto lleva a una ruta viable
para la recuperacion y reutilizacion del P removido. Autores como Cordell et al. [8] han
reportado que las aguas residuales tienen un alto contenido de P y que la demanda de fésforo
se puede satisfacer mediante la recuperacion del P presente en estos medios acuosos. Por lo
tanto, los métodos de adsorcion de P desde aguas residuales pueden contribuir a satisfacer la
demanda futura de P y a ayudar a mitigar los impactos ambientales que conlleva el alto

contenido de P en los ecosistemas acuaticos.

Adicionalmente, los métodos de adsorcién han demostrado ser atractivos debido a la
simplicidad, alta eficiencia y bajo costo de operacién. Sin embargo, la baja selectividad hacia
el fosfato (en presencia de aniones competitivos, tales como sulfato, cloruro o carbonato)
hace que los adsorbentes convencionales no sean Utiles para la adsorcion y recuperacién de
P desde soluciones acuosas [18]. Debido a estas dificultades se han desarrollado adsorbentes

que son considerados utiles y eficientes, en términos de capacidad y reversibilidad en el



proceso de adsorcion [18]. Con este método el porcentaje de remocidn de fésforo es del 98%

aproximadamente [12,18].

1.3. Adsorcién de fésforo desde soluciones acuosas

1.3.1. Cinética e isotermas de adsorcion - modelos

La cinetica del proceso de adsorcidn es importante durante los estudios de adsorcion,
ya que puede predecir la velocidad a la que un contaminante es removido desde soluciones
acuosas y proporcionar datos valiosos para el entendimiento del mecanismo de adsorcién
[19]. Los modelos cinéticos (Tabla 1-1) de pseudo primer orden (ecuacién 1-1) [20] y pseudo
segundo orden (ecuacion 1-2), permiten determinar si el paso que limita el proceso de
adsorcion es la fisisorcion o la quimisorcion. En la Tabla 1-2 se presentan los parametros
cinéticos y de isotermas para la adsorcion de fosforo desde soluciones acuosas, usando
biomasas modificadas y sin modificar. Como se puede observar, la mayoria de los estudios
de adsorcion de P desde soluciones acuosas usando materiales obtenidos a partir de biomasas
(biochars), han reportado que el paso que limita el proceso de adsorcion es la quimisorcion,
el cual por lo general es determinado por el buen ajuste de los datos experimentales a la forma
lineal del modelo de pseudo segundo orden. Es importante mencionar que la forma lineal
solo es ideal para explicar los datos de los primeros tiempos de contacto (< 30 minutos)
mientras que la forma no lineal proporciona valores mas confiables de velocidad y capacidad
de adsorcidn, ya que disminuye el sesgo entre los datos experimentales y los calculados por
el modelo [21]. Por lo tanto, es importante evaluar el ajuste de los datos experimentales
usando las formas no lineales de los modelos cinéticos de pseudo segundo orden y pseudo
primer orden, tal y como se presenta en la Tabla 1-2, donde la mayoria de los estudios han

reportado el uso de los modelos cinéticos no lineales.

Por otra parte, la retencion de una sustancia en un sélido a diversas concentraciones
se mide a través de una isoterma de adsorcion [22]. Los modelos de isotermas (Tabla 1-1) de
Langmuir (ecuacion 1-3), Freundlich (ecuacion 1-4) [23], Temkin (ecuacion 1-5) [24] y
Langmuir-Freundlich (ecuacion 1-6) [25,26] son muy usados para los estudios de equilibrio
en los procesos de adsorcion de P. Estos modelos permiten determinar caracteristicas como:
a) la capacidad maxima de adsorcion; b) la favorabilidad o no favorabilidad del proceso de

adsorcion; c) el tipo de interaccion; y d) la heterogeneidad del adsorbente.



De los datos presentados en la Tabla 1-2 se tiene que los datos experimentales se
ajustan a cualquiera de los modelos de isotermas mencionados. Por lo tanto, de cada ajuste
es posible obtener datos importantes que ayudan a entender el proceso de adsorcion de P.
Cuando los datos se ajustan al modelo de Langmuir, significa que en el equilibrio la adsorcion
ocurre en monocapa, con una superficie homogénea que presenta nimero fijo de sitios
activos que tienen la misma afinidad por P. En cambio, si los datos se ajustan al modelo de
Freundlich, se puede interpretar que existen interacciones en superficies heterogéneas en
multicapas, las cuales presentan diferentes afinidades y energias de interaccion entre los sitios
activos de la superficie del adsorbente y el P, lo que indica diferentes sitios activos para
remover P. Ahora bien, como se observa en la Tabla 1-2 los datos pueden ajustarse a mas de
un modelo de isoterma, de lo que se puede inferir que en ese caso no existe una unica forma
de interaccion entre el material adsorbente (Biochar)-P y que ademéas hay mezcla de
mecanismos de adsorcion. Por otro lado, cuando los datos se ajustan al modelo de Langmuir-
Freundlich, se puede encontrar comportamiento tanto de Langmuir como de Freundlich, lo
que corresponde a una isoterma versatil que adicionalmente aporta un dato importante que
permite determinar la homogeneidad o heterogeneidad del material adsorbente [10]. Con el
ajuste al modelo de Temkin, se asume que el calor de adsorcién del adsorbato en una capa
disminuye linealmente con el cubrimiento de la superficie del adsorbente debido a las
interacciones adsorbente—P [27].

Tabla 1-1. Ecuaciones de los modelos cinéticos y de isotermas.

Modelo Ecuacion

Pseudo primer orden q,=q,(1-*") (1-1)
q Zkgt

Pseudo segundo orden qg=—"— (1-2)
£ ]+qek2t
C,0 K

Langmuir q =i (1-3)
¢ CK +1

Freundlich g =K,Ci (1-4)



Temkin

Langmuir-Freundlich

1.~ (KuCog) ™ +1

RT
4,==-Ln(K;C) (1-5)

0, (K.Co)™ (16)

En la Tabla 1-1, g,: cantidad de contaminante adsorbido en el equilibrio (mg/g); q,:

es la cantidad de contaminante adsorbido en tiempo (mg/g); ¢: tiempo (min); k;: constante de

velocidad de pseudo primer orden (1/min); k,: constante de velocidad de pseudo segundo

orden (g/mg.min); Q,,,: capacidad maxima de adsorcion (mg/g); C,: concentracion en el

equilibrio (mg/L); K} : constante de Langmuir (L/g); K: capacidad de adsorcion en multicapa

(mg/g); %: constante ligada a la intensidad de adsorcién; K,: constante de afinidad de

adsorcion (L/mg); n.r: indice de heterogeneidad; R: constante universal de los gases

(kJ/mol.K); T: temperatura (K); K;: constante de Temkin (L/g); b: constante relacionada con

el calor de la adsorcion (kJ/mol).

Tabla 1-2. Parametros cinéticos y de isotermas para la adsorcion de fosforo desde soluciones

acuosas usando biomasas modificadas y sin modificar.

Capacidad
Método de Modelo Modelo de méxima de )
Adsorbente L o ) _, Referencia
modificacion cinetico isoterma  adsorcion,
Qm (mg/g)
) Pseudo
Residuos de -
Impregnacion segundo )
concha de Freundlich 0.30 [28]
- con Fe orden -
mejillon _
lineal
Residuo de | »
mpregnacion
lodos Pred . Pseudo Freundlich 111.0 [29]
con Fe
activados segundo




orden -

lineal

Lodos de

depuradora

Sin modificar

Pseudo
segundo
orden -

lineal

Langmuir y
Temkin

3.8

[30]

Paja de trigo

Sin modificar

Pseudo
primer
ordeny
pseudo
segundo
orden -no

lineal

Langmuir

1.64

[31]

Paja de trigo

Impregnacién

con Al

Pseudo
segundo
orden -no

lineal

Langmuir

82.78

[31]

Paja de trigo

Impregnacion

con Mg

Pseudo
primer
ordeny
pseudo
segundo
orden -no

lineal

Langmuir

153.40

[31]

Paja de trigo

Impregnacion

con Mgy Al

Pseudo
segundo
orden -no

lineal

Langmuir

153.40

[31]




Paja de cafia

Impregnacion

) - Langmuir 17.60 [32]
de azucar con Mg
Bambu Sin modificar - - 1.33 [33]
Pseudo
Impregnacion segundo Langmuir
Bambd Pred : ’ ) Y 344 [33]
con Mg orden -no Freundlich
lineal
) Pseudo
Céscara de
] _ . segundo _
huevo / fibra  Sin modificar Langmuir 72.0 [34]
orden -no
de palma _
lineal
) Pseudo
Céscara de
) _ . segundo _
huevo /paja  Sin modificar Langmuir 231 [35]
orden -
de arroz _
lineal
Pseudo
. Co- .
Jacinto de L segundo Langmuir -
precipitacion ) 5.07 [10]
agua orden -no Freundlich
con Fe _
lineal
) o Pseudo
] Enriquecimiento
Jacinto de segundo ) entre 12.15
con Fe, Mn, Zn Freundlich [37]
agua orden -no y 31.55
y Cu :
lineal
Microalga Langmuir y
marina Sin modificar - Langmuir - 8.23 [36]
marron Freundlich




Microalga ]
) o Langmuir -
marina Electroquimica - ) 31.28 [36]
. Freundlich
marron

1.3.2. Materiales usados para adsorber fosforo

En los procesos de adsorcion de P se ha reportado el uso de materiales adsorbentes
como carbon activado, zeolita, quitosano, hidroxidos metalicos, entre otros [12,38—41]. Estos
materiales, en especial los carbones activados, se pueden impregnar o modificar con
diferentes iones metalicos para mejorar la capacidad de adsorcién de P [1]. Sin embargo, la
busqueda de adsorbentes mas econdmicos y con alta capacidad de adsorcion de P, sigue

representando un desafio para las investigaciones futuras.

La busqueda de adsorbentes econdmicos ha tenido especial atencion en aquellos que
son obtenidos a partir de diferentes biomasas generadas en los procesos agroindustriales por
su bajo costo, amplia variedad de materia prima y facilidad de modificacion, y como valor
agregado, reduccion de carga ambiental producida por dichos residuos [1]. Como se observa
en la Tabla 1-2, en la adsorcion de P se puede usar biomasa modificada o sin modificar. La
biomasa sin modificar generalmente tiene mucha materia organica y una fuerte capacidad de
adsorcion de cationes, pero una adsorcion limitada de contaminantes anidnicos (como
fosfatos), debido al bajo contenido de cationes metalicos; ademas, dado que la estructura de
la biomasa tiene compuestos organicos ricos en P, durante los procesos de adsorcién se
evidencia liberacion de P [35]. Por lo tanto, para mejorar la capacidad de adsorcion de P de
los residuos de biomasa, se ha planteado introducir minerales y especies cationicas en su
estructura. Para tal fin, diversas metodologias han sido reportadas: a) impregnacion (antes y
después de pirdlisis), b) modificacion electroquimica, c) enriquecimiento de la biomasa con
metales usando soluciones de adicion (bioacumulacion), d) co-pirélisis de la biomasa y
fuentes naturales de iones metalicos, entre otras metodologias [1]. Por otra parte,
caracteristicas fisicoquimicas como composicion elemental, area de superficie y porosidad
de los adsorbentes, son otros factores que afectan la capacidad de adsorcion, los cuales varian

dependiendo el tipo de biomasa y la temperatura del tratamiento. Especificamente, cuando



se habla de materiales eficientes para remover P, se ha reportado que la presencia de
elementos metélicos tales como Mg, Al, Ca, Lay Fe, son los que influyen en la adsorcion de
P [1,35,42]. Por lo tanto, biomasas ricas en estos minerales tales como céscara de huevo,
thalia dealbata, cascara de mani, lodos de depuradora y jacinto de agua, Se convierten en una
alternativa para producir materiales adsorbentes para remover P desde sistemas acuosos
[34,37,43-45].

Diversos autores han evaluado el uso de jacinto de agua (Eichhornia Crassipes) para
la adsorcion de P. Por ejemplo, Cai et al. [10] estudiaron la adsorcién de P de un biochar
preparado a partir de la pirélisis de jacinto de agua, modificado con 6xido de hierro,
encontrando una capacidad méxima de adsorcion (Qm) de 5.07 mg/g. Los autores
determinaron que los principales mecanismos responsables de la elimnacién de P eran la
atraccion electrostatica entre la superficie del adsorbente cargada positivamente y los aniones
de P presentes en solucion, y el intercambio de ligandos entre los grupos —OH de la superficie
enlazados a los &tomos de Fe y los aniones de P en la solucién para formar los enlaces Fe—
O-P. Por otro lado, Mosa et al. [37] estudiaron la adsorcion de P usando biochars, generados
en la pirdlisis de jacinto de agua ricos en metales (Fe, Mn, Zn y Cu). Ellos encontraron Qnm
entre 12.15 y 31.55 mg/g, sugiriendo la precipitacion como el mecanismo predominante en
el proceso de adsorcion, con contribucion parcial de intercambio idnico, atraccion
electrostatica y formacion de complejos con los grupos funcionales activos. Para nuestro
conocimiento, alin no se conocen reportes donde los residuos de Jacinto de agua sean
transformados térmicamente y que sus minerales presentes naturalmente se usen como fases
activas para la eliminacion selectiva de P desde sistemas acuosos, y su posterior recuperacion

desde el material adsorbido.

1.3.3. Mecanismo de adsorcion de fosforo

Los andlisis de modelos cinéticos y de isotermas permiten tener una idea de la manera
como se da el proceso de adsorcidn. Sin embargo, para entender el mecanismo de adsorcion
que involucra interacciones fisicas y quimicas entre el P en forma del anién fosfato (H2PO4
) y el adsorbente, es necesario usar técnicas quimicas de caracterizacion. EI mecanismo varia

dependiendo del material adsorbente utilizado e incluye interacciones electrostaticas,
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interaccion con hidrégenos, intercambio idnico, intercambio de ligandos, complejacién y
precipitacion [1,18,46,47] (Fig. 1-1).

i Interaccion con
\ hidrogenos  /
Intercambio de ?H /
ligandos 0 ' O=—pP=0 I
L
—p_oy} / HO—P—OH o
H,0 + HO—P OH:I OH | Complejacion de
OH OL | 0w _0O0 / -0 esfera interna
O= / "‘.
P —
/O mp-gM M=o 0
HO H}; P
M/O OH
. 0. OH .
o W ¥ p?
Precipitacion M X\X‘,+ HO/P\\O
w0l .8
~
P~ —p— _
// OH HO—F—0H Intercambio
Interacciéon  © 0 1onico
electrostatica
Especie de P M: fase activa, Ca, Al, Mg, Fe, La
‘ Fase activa

X: especie anidnica, CI

Fig. 1-1. Mecanismos que pueden intervenir en el proceso de adsorcion de fosfato.

La interaccidn electrostatica es afectada por el pH de la solucién y del punto de carga
cero (pHrzc) del adsorbente, lo cual se presenta en procesos quimicos y fisicos, y se considera

como un proceso de adsorcion facil y reversible [1,48]. En este mecanismo hay atraccién

entre las cargas negativas del fosfato y las positivas presentes en la superficie del adsorbente.

En la interaccion con hidrogeno los aniones de fosfato (H2PO4” y HPO4%) pueden
interactuar con los aceptores de hidrogeno del material, formando enlaces de hidrogeno
[47,49].

El intercambio de iones se da cuando un anion de fosfato reemplaza a un anion de la

estructura del adsorbente, y se considera un proceso reversible cuando los iones de fosfato se
pueden recuperar de la superficie del material adsorbente [1,29].
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En el intercambio de ligandos, el anion fosfato forma un enlace con un cation metalico
en la superficie del adsorbente, dando como resultado la liberacion de iones OH™ que se
encontraban unidos al cation metélico [18,48,49], ocasionando un incremento del pH final
de la solucion. La adsorcion de fosfato mediante este mecanismo, esté relacionada con la
complejacion de esfera interna, la cual da como resultado una union mas fuerte de los aniones

de P con el adsorbente en comparacion con el intercambio i6nico [48].

La complejacién (interna o externa) tiene lugar en soluciones acuosas donde la
superficie de los dxidos/hidroxidos metalicos esta generalmente cubierta con grupos
hidroxilo. En la complejacion de esfera interna, una molécula de fosfato se une a uno o dos
atomos de metal (mono o binuclear, respectivamente), mediante uno o dos enlaces de oxigeno
(mono o bidentado, respectivamente) [18,47,49]. Mientras que en la complejacion de esfera
externa, una molécula de agua esta presente entre los iones y la superficie del éxido metalico
[49].

La precipitacion de sales de fosfato poco solubles ocurre cuando la concentracion del
fosfato excede su solubilidad. La precipitacion de las especies de fosfato sobre la superficie
del adsorbente se ha reportado ampliamente para materiales modificados con Ca, Mg, Al y
Fe [37,50,51]. Con materiales que contienen grandes cantidades de Ca soluble y un pH alto,
la eliminacion puede ocurrir directamente a través de la formacion de precipitados de fosfato

de Ca. Este proceso es rapido y los fosfatos precipitados no se recuperan facilmente [1].
1.4. Métodos de recuperacién del fosforo adsorbido

Generalmente, se han usado dos métodos para recuperar el P desde el material
adsorbido, uno esta enfocado a la desorcion del fosfato adsorbido en el material y en el otro
se trata de utilizar directamente el material adsorbido con P en aplicaciones agricolas, como

un tipo de fertilizante fosfatado.

La desorcion de P desde los materiales adsorbidos esta pensada para adsorbentes cuyo
costo de produccion es elevado, por lo que es necesario encontrar soluciones eluyentes de
fosfato para dejar el material adsorbente en dptimas condiciones y que pueda ser utilizado en
un nuevo ciclo de adsorcion; esto implica que dicho adsorbente se someta a varios ciclos de

adsorcion-regeneracion [12]. Se han usado soluciones eluyentes basadas en &cidos (HClI,
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H2SO4 y CsHgOy7), bases (NaOH) y sales (NaCl), donde su eficiencia de desorcion depende
de la fortaleza de la interaccion P-adsorbente, del nimero de ciclos de regeneracion y del
efecto de la solucion sobre los elementos con los que fue dopado el biochar [1]. Una vez el
P es retirado del adsorbente se obtiene una solucidn concentrada de P con la cual es posible
sintetizar materiales ricos en fosfato; por ejemplo, la estruvita, que puede ser utilizada como
fertilizante [52-54]. Ramirez et al. [12] estudiaron la desorcién de P usando NaOH, NaCl y
NaOH/NaCl desde una resina sintética impregnada con éxidos de Fe hidratados, la cual
previamente habia adsorbido P. Encontraron que el NaCl tenia la capacidad de desorber hasta
el 97% del P adsorbido; adicionalmente, el material adsorbente quedaba en Optimas
condiciones para adsorber P nuevamente, soportando hasta 3 ciclos de adsorcion-
regeneracion y reduciendo solo un 26% de su capacidad de adsorcion inicial. Por su parte,
Shiba y Ntuli [55] obtuvieron una tasa de extraccion de P de lodos de depuradora de 82% en
2 horas, y con el fin de eliminar metales (Fe) de la solucidn rica en P, esta fue sometida a un
proceso de adsorcion usando una resina cationica; la solucion libre de Fe fue usada en la

precipitacion de P en forma de estruvita.

Para materiales adsorbentes producidos a partir de biomasa como el biochar, que es
un material rico en carbono y otros nutrientes, una vez se logra una adsorcion eficiente de P,
la mejor manera de usarlo es aplicandolo directamente como enmienda para suelos; asi,
ademas de mejorar la capacidad de retencion de agua, aumenta la capacidad de unién de
nutrientes y mejora la fertilidad del suelo [56,57]. Esta es la mejor manera de utilizar el P
adsorbido, dado que para estos materiales la regeneracion después de la adsorcion suele ser
dificil [31,58,59]. Las aplicaciones de los materiales cargados con fosfato estan sujetas tanto
a la biodisponibilidad del P como a la posibilidad de desorcién de iones metalicos (Cu, Cd,
Pb, Cr, entre otros) presentes en el material que pueden tener un efecto negativo para el suelo.

Por lo que es necesario garantizar que el adsorbente no posea esos metales en su estructura.

La biodisponibilidad de P, luego de ser adsorbido en el material y el suministro de
fosfato a las plantas cultivadas, depende de factores como la cantidad de fosfato que ya se
encuentra en la estructura del material, la cantidad de fosfato adsorbido en el material, la
interaccion entre el fosfato adsorbido y otros nutrientes presentes en el biochar que podrian

agregarse de otras fuentes, y de la interaccion entre el fosfato y los elementos disponibles en

13



los materiales [37]. Algunos autores han investigado la biodisponibilidad del fosfato en los
materiales adsorbidos y el suministro de fosfato a las plantas, mediante el estudio de
liberacion de fosfato por medio de su lixiviacion de los materiales en el tiempo. Por ejemplo,
Yao et al. [60] obtuvieron una tasa de liberacion de P de 4.5 mg/g en 144 horas, para un
biochar preparado a partir de tejidos de tomate enriquecidos con Mg que contenian 116.6
mg/g de fosfato; Liu et al. [61] estudiaron la transformacion del P presente en lodos de
depuradora adicionando CaO para obtener un material rico en fases de fosfato de calcio
(apatita) que mejoraba la disponibilidad de P para las plantas; adicionalmente, ellos
estudiaron la lixiviacion de metales peligrosos (Zn, Mn, Cu, Cr y Pb) y encontraron que la
adicion de CaO ayudaba a disminuir la liberacion de dichos metales, debido a la posible
formacion de fases cristalizadas en las que quedaban inmovilizados. Sin embargo, a pesar
del progreso que se ha logrado utilizando los materiales cargados de fosfato como
fertilizantes de liberacion lenta, se requieren mas investigaciones que tengan en cuenta el
problema de inmovilizacion de iones metélicos, ya que su alto contenido en el material
conlleva a riesgos para el medio ambiente y la salud humana vy, por lo tanto, limita su

aplicacion como enmienda o fertilizante del suelo.
1.5. Justificacién de la investigacion

Para la eliminacion de P desde soluciones acuosas, minerales compuestos de Ca, Al,
Mg, Si y Fe se han reportado como activos para la adsorcion selectiva de este elemento, a
través de formacién de complejos de esfera interna, precipitacién quimica, intercambio
i6nico e intercambio de ligandos [18,47,49,62,63]. Por lo tanto, biomasas ricas en estos
minerales tal como el jacinto de agua, se convierten en una alternativa para producir
materiales adsorbentes con gran potencial. Los tratamientos térmicos al Jacinto de agua,
permiten transformar los minerales presentes en las principales fases activas para el proceso
de adsorcion de P. Sin embargo, a la fecha no se conocen estudios donde se reporte que a
través de una transformacién térmica simple y econdmica del Jacinto de agua, pueda
obtenerse un material adsorbente aprovechando los minerales presentes naturalmente,
actuando estos como fases activas en la eliminacion de P, lo cual permita alcanzar alta
capacidad de adsorcion de P y su posterior recuperacion desde el material adsorbido. Del

mismo modo, dichos estudios no incluyen analisis cinéticos detallados para entender
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procesos de adsorcion de P y una caracterizacion minuciosa que permita elucidar el

mecanismo que da lugar al proceso de adsorcion.

Por consiguiente, este estudio esta basado en la hipdtesis de que la transformacion
térmica simple y econdémica del Jacinto de agua (Eichhornia Crassipes), permite generar un
material adsorbente para remover fosforo desde soluciones acuosas, con el que
adicionalmente se pueda obtener un producto de alto valor agregado y biodisponible en el

suelo.
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Capitulo 2

2. Objetivos

2.1. General

Evaluar la remocion y recuperacion del fosforo adsorbido desde aguas residuales sintéticas

usando un material adsorbente obtenido a partir de Jacinto de agua (Eichhornia Crassipes).
2.2. Especificos

o Evaluar el efecto de la temperatura de calcinacion en la transformacién del fésforo
presente naturalmente en el jacinto de agua a un producto biocompatible con el suelo
y asimilable por las plantas.

o Evaluar la eliminacion de fosforo desde soluciones acuosas usando el material
obtenido y su potencial aplicacién como fertilizante.

o Evaluar el uso potencial del material obtenido a partir de residuos de jacinto de agua
(Eichhornia Crassipes) para la remocion de metales pesados (Cd?* y Cu?*) desde

soluciones acuosas Yy la posterior inmovilizacion en la estructura del material.
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Capitulo 3

3. Utilization of water hyacinth (Eichhornia

crassipes) rejects as phosphate-rich fertilizer

Published on: Journal of Environmental Chemical Engineering (2021) 9(1) 104776
Abstract

Phosphorus (P) recovery from water hyacinth is one of the promising sources to recovery
and recycle P to alleviate P supply shortage in the future. The result of calcination
temperature during the thermal treatment of calcium (Ca) and P-rich water hyacinth is
presented here. Results showed a Ca/P molar ratio of 5.07 in water hyacinth ashes and, that
with the increase in calcination temperature, P and Ca are transformed into hydroxyapatite.
The amount of hydroxyapatite increased until 34.0%, while other Ca phases such as CaO,
CaCOs, and Ca(OH)> were obtained in 6.1%, 3.9%, and 18.0%, respectively. The
bioavailability test showed that the material produced at 700 °C (hydroxyapatite and other
Ca-rich phases) could be used as a fertilizer, with P slow release in aqueous solutions, giving
up 3.7% and 29.3% of P release in deionized water and formic acid, respectively. Besides,

CaO and Ca(OH): are used for soil neutralization as their disposition can help the crops.
3.1. Introduction

Water hyacinth (Eichhornia crassipes) is a weed native to the lakes and swamps of
the Amazon basin in western Brazil and is one of the most complex invasive species in
aquatic ecosystems with high growth rates [1-3]. It excessively reproduces on the aquatic
surface and negatively impacts the native biodiversity and lake hydrology by increasing the
evapotranspiration rate of water [3]. The extensive rooting scheme of water hyacinth allows
it to absorb hazardous elements and nutrients from aqueous mediums [4,5], which together
with excessive reproduction prevents light from passing through the water. Consequently,

this results in decreased amount of dissolved oxygen, increased CO> levels in the water, and
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ultimately eutrophication [2,3,6]. The physical extraction of water hyacinth from water
bodies is an adequate method to clean up [7,8]. However, because of the high volume of
water and pollutants, a challenge is posed for sustainable waste management [1,6,9]. Notably,

water hyacinth contains nutrients and thus is a potential fertilizer for soil [1].

Water hyacinth typically contains 1% — 4% of P [5,10-13], which is one of the most
important and essential elements for all living organisms [14-17]. P is in high demand, and
its main nonrenewable sources (phosphoric rock) are on a decline [18-20]. Therefore, the
recovery of P from P-enriched waste has gained significant attention, as it mitigates the
scarcity of P-rich fertilizers and also prevents the potential risk of waste disposal [21,22].
However, water hyacinth cannot be directly used as a P source; it must undergo a thermal
transformation, which usually involves calcination or pyrolysis [2,23], in both of which water
hyacinth ashes are converted into a promising P-recycling source [24]. A considerable
reduction in water hyacinth volume ensures satisfactory waste disposal [25]. This waste
management initiates a circular design system that transforms wastes into valuable and useful
P-rich fertilizers [26].

The use of P-rich biomass ash for recovering and reutilizing of this element is of
increasing interest. Regarding resource utilization, meat and bone meal (MBM), incinerated
sewage sludge ash (ISSA), agricultural wastes, etc. [22] represent rejects that are widely
studied for this proposal. Compared with that in the raw-biomass matrix, the P mass content
is enriched during thermal treatments [27]. However, the P remaining after thermal
transformation cannot be directly used as a fertilizer, as it is in the inert form, which is not
bioavailable to plants [28]. Currently, acid or alkaline leaching and electrodialysis are being
reported as satisfactory methodologies that achieve P recovery with high efficiency [27].
However, the solubility of the trace hazardous elements during this pretreatment is
problematic [18].

Due to sewage sludge ash (SSA) is the most widely used biomass to recover P after
different thermal treatments [21,27,28], several authors have conducted studies to enhance
the biocompatibility and bioavailability of P [29]. The most practical method for optimizing
the recycling of P is to transform the P present in the ash into a phosphate that is bioavailable

to plants, such as hydroxyapatite (Cas(PO4)3OH). Hydroxyapatite is the most abundant and
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available phosphate in rocks. It is stable and easy to obtain. Furthermore, it is biocompatible
to soils and improves plant growth. In hydroxyapatite, the P is bounded to calcium; therefore,
this phosphate can be achieved by adjusting the Ca/P molar ratio. The Ca/P molar ratio ranges
from 1.67 to 1.50 [30], thus to biomass with the Ca/P molar ratio of less than 1, and it is

necessary to add external sources of Ca.

As shown above and according to the author’s knowledge, most of the studies
regarding ash transformation to hydroxyapatite are related to sewage sludge [30,31]. There
are no studies using ashes produced during the thermal treatment of water hyacinth to
produce a valuable resource of P. Water hyacinth ash is a Ca-rich residue; therefore, the Ca
that is inherent to ash can be used to produce hydroxyapatite. In this work, the temperatures
of calcination for water hyacinth, and the effect during P transformation to hydroxyapatite
were worked systematically. The enhancement effect of temperature on P transformation into
hydroxyapatite and their fertilizer properties, such as P slow release in aqueous mixtures,
was subsequently studied. It is also important to highlight that P recycling from P-enriched
wastes is an initiative to close its unidirectional flow, and water hyacinth incineration

represents a sustainable strategy for managing this residue.

3.2. Materials and methods

3.2.1. Thermal transformation - Calcination

Water hyacinth rejects were collected at the Ituango Hydroelectric Plant
(Hidroituango) located on the Cauca River between the municipalities of Ituango and
Bricefio, Antiogquia, Colombia. It was washed using distilled water to remove impurities,
dried an oven at 105 °C for 24 h, ground, and finally passed through a sieve with size < 0.850
mm; subsequently, it was designated as WH. The sample WH was calcined in a horizontal
tube furnace at the temperatures of 350 °C, 450 °C, 550 °C, 650 °C, 700 °C, 800 °C, and 900
°C at a heating rate of 10 °C/min, and with isotherm of 2 h in an air atmosphere (100 mL/min).
The materials obtained were ground and sieved to a particle size < 0.335 mm and labeled as
CWH-X, where X denotes the calcination temperature. Each calcination treatment was

performed in duplicate.
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3.2.2. Materials characterization

WH was characterized using a thermogravimetric analyzer (TGA Q500, TA
Instruments) to determine moisture content, volatile material (VM), fixed carbon (FC), and
ash. The contents of metal oxides were determined by X-ray fluorescence, XRF (Thermo
Scientific ARL OPTIM’X WDXRF), and elemental composition in C, H, O was determined
using the ASTM D-5373-08 method (CHNSO TrueSpec® Micro, LECO). The functional
groups present in WH before and after each heat treatment were characterized by Fourier-
transformed infrared spectroscopy, FTIR (Spectrum two-PerkinElmer with UATR for a
range within 4000-450 cm™1). Moreover, the crystalline phases present in each material were
identified by X-ray diffraction (XRD) using a Shimadzu XRD-6100 diffractometer with Cu
Ka radiation (A = 1.5406 A), at 40 kV in the 26 angle range of 10° to 80° with a step size of
0.026° and period of 50 s. The yield of CWH in each transformation process was calculated
considering the mass ratios before and after calcination. Similar analytical procedures were
previously reported by many studies [32,33].

3.2.3. Soluble P of CWH-X

The bioavailability of P was determined by the solubility of P compounds in 2%
formic acid following the procedure describe by Shiba et al., 2017 and Zheng et al., 2020
[34,35]. The content of water-soluble phosphorus (WSP) is an indicator of the phosphorus
loss when a solid fertilizer is applied to the soil. The WSP was analyzed by following the

procedure reported by Liu et al. [36].

3.3. Results and discussion

3.3.1. Materials characterization
- Raw material - Water Hyacinth

WH, which has a high content of hemicellulose and lignin [3], can remove metals
present in the water, including heavy metals, the presence of these elements in water depends
mainly on the origin of the effluent discharge [37]. In our case, hazardous elements were not
detected as evidenced in the following characterization (Table 3-1 and 3-2), the water

hyacinth used in this study includes Al, Fe, Mg, and Ca, as well as phosphates from aquatic
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ecosystems [38]. These elements can be recovered by performing heat treatments [29].
Therefore, WH must be characterized before and after the treatments to identify the type and
quantity of phases, such as; carbonates, oxides, and phosphates, which may be present in the
treated materials. Accordingly, it would be possible to make decisions regarding the use and

final disposal of the material [30,31].

Table 3-1 shows the elemental characterization for WH, which is high in C (49.40%),
H (4.80%), and O (44.20%), three of which are the major components of biomass. Other
elements, including N and S, are found in smaller quantities (0.30% in both the cases), which
may be attributed to the low capacity of water hyacinth to absorb these elements. The
proximate analysis shows that WH comprises 76.97% VM, 8.55% FC, and 14.48% ash. The
abundant VM has been used to produce biofuels, such as ethanol [39], while FC has been
reported to be used in electro-catalysis [40]. Fig. 3-la depicts the curve of the
thermogravimetric analysis. From the curve, it is observed that under a nitrogen atmosphere,
the main loss corresponds to the decomposition of cellulose and hemicellulose, both of which
are the components of the biomass and have low thermal stability. Upon changing the
atmosphere of reaction to air, the oxidation of FC (represented by lignin) occurs followed by

ash formation.

Table 3-1. Chemical composition of water hyacinth rejects.

Moisture Proximate analysis (wt. %)? Elemental analysis (wt. %)
(Wt. %) VM FC Ash N C H s o°
10.51 76.97 8.55 14.48 030 49.40 480 0.30 45.2

VM: volatile material; FC: fixed carbon; N: nitrogen; C: carbon; H: hydrogen; S: sulfur; O:

oxygen. 2 dry basis. P obtained by difference.
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Fig. 3-1. Characterization of water hyacinth (WH). a: proximate analysis; b: FTIR spectrum.

Fig. 3-1b shows the FTIR spectrum for WH. The signal at 3300 cm™ corresponds to
the vibration of the —OH groups; the bands at 2893-2937 cm™ correspond to C—H sp®
stretching vibrations, while those at 1367 and 1420 cm™* may be attributed to —-CH3 and —
CH; flexions. The band at 1605 cm™ is attributed to the stretching vibration of —OH
deformation, and also to the stretching vibration of the carbonyl C=0O of the carboxylic
groups of WH [20]. The main band around 1030 cm™ can be attributed to the vibration of
the flexion of the C—O bond, or to the out-of-plane bending for carbonates (CO3?") or O—P—
O bonds of the phosphorus present in WH [41,42].

The chemical characterization of the ashes using XRF is shown in Table 3-2, which
indicates that the oxides of Ca (32.4%), Si (19.3%), Mg (15.4%), Al (9.2%), and Fe (5.1%)
are the main ash components. These oxides have been reported to play a vital role in
phosphorus immobilization, as they can react with P to form various phosphates [43,44]. The
percentage of P2Os (8.1%) indicates that water hyacinth naturally removes phosphates from

aqueous ecosystems, thereby making it a natural source for the P recovery.

Table 3-2. XRF analysis of the water hyacinth ashes.

X-ray fluorescence
Oxides CaO SiO2 MgO Al,03 P,0s Fe;03 SO3 K20 NaO TiO; MnO LOI°
wt.% 4.85 288 230 138 121 0.76 0.74 053 0.18 0.06 0.06 84.98
wt. %2 32.44 19.26 15.38 9.23 8.09 5.08 495 355 120 040 040 -

& composition of the oxides in ash. b|_oss on ignition.
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P can be found in nature in a linked state with other elements in the form of inorganic
compounds such as phosphates or organic compounds [45]. These forms of P react with clay,
iron, and aluminum compounds present in the soil. Consequently, the solubility of P
compounds becomes significantly low such that only a small amount of soil nutrients can be
present in solution at any time; i.e., the bioavailability of P for plants is decreased. Therefore,
it is necessary to transform the different forms of P into inorganic compounds that can be
assimilated by plants, such as hydroxyapatite (Cas(PO4)3OH) [30], which requires a calcium
source to maintain the minimum Ca/P molar ratio of 1.67 [31]. From Table 3-2, it can be
determined that the Ca/P molar ratio is 5.07 for WH, thereby indicating that to transform P
to a value-added and bioavailable mineral such as hydroxyapatite, especially in this case, it
Is not necessary to add external sources of Ca.

3.3.2. P and Ca-transformation: Effect of calcination temperature

The water hyacinth yields at each calcination temperature, that is, CWH-350, CWH-
450, CWH-550, CWH-650, CWH-700, CWH-800, and CWH-900; were 27.7%, 23.1%,
20.7%, 16.7%, 15.8%, 14.7 %, and 14.5% respectively. The decrease in the yield
performance with increase in the temperature is in accordance with the literature [3]. This
behavior is attributed to the fact that upon increasing the temperature, both the rate of
dehydration and decomposition of organic components and the enrichment of minerals in the
solid residue increase. Through the calcination process, the Ca?* present in the WH can form
different compounds including CaCO3z, Ca(OH)2, and CaO [46]. P can mainly form H3sPO4
at low temperatures irrespective of the calcination conditions, while at higher temperatures
oxides including P4O10, P20s, PO, and PO- are formed. However, in the thermal treatment of

Ca-containing biomass, the formation of calcium phosphates is expected [18].
- Low temperatures

Fig. 3-2 shows the FTIR spectra of WH calcined at three temperatures, i.e., 350 °C,

450 °C, and 550 °C. Generally, for these three temperatures, the signals at 3300 cm ™ related

to the vibration of —OH groups, the signals between 2893-2937 cm ™ related to the stretching

of the C—H sp® bond, and the signals at 1605 cm™* related to the stretching of the C=0 bond

considerably decrease in intensity, indicating the decomposition of the main components of
WH [47].
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Fig. 3-2. (a) FTIR spectra of water hyacinth (WH). CWH-350: Water hyacinth calcined at
350 °C; CWH-450: Water hyacinth calcined at 450 °C; CWH-550: Water hyacinth calcined
at 550 °C. b) Increase in the range: 450-815 cm ™.

For CWH-350, the signals at 712 and 875 cm™* of the -COs?" group are observed:;
these signals are confirmed by the bands of weak intensity, centered at 1418 and 1458 cm™*
corresponding to the symmetric and asymmetric stretching modes of the COs? group [48],
indicating the presence of CaCOs [49,50]. Upon increasing the temperature to 450 °C, the
intensity of CaCOs signals increases and becomes even more at 550 °C. Additionally, CWH-
550 shows bands at 567 and 602 cm™ of the PO;~ group, as verified by the increase in the
intensity of the bands around 1000-1100 cm™, corresponding to the asymmetric and
symmetric deformation modes of the [PO4]va4 group (v4 O—P—O) [48]. These results indicate

that the temperature of 550 °C initiates the decomposition of inorganic phosphorus.

XRD confirmed CaCOs formation (see Fig. 3-3). The materials exhibited a peak at
260 =29.4°, which corresponds to the (104) plane of CaCO3 (ICSD-#: 166364). According to
these results, at 550 °C no intense signals were observed for apatite, indicating that most of
the P content was still forming organic structures and that Ca was in the form of CaCO:s.
Apatite formation, which requires a high temperature, has been reported using Ca(OH). as
the Ca source [51].
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Fig. 3-3. XRD patterns for WH calcined at low temperatures. CWH-350: Water hyacinth

calcined at 350 °C; CWH-450: Water hyacinth calcined at 450 °C; CWH-550: Water

hyacinth calcined at 550 °C.

- High temperatures

Fig. 3-4 shows the FTIR spectra for CHW-650 and CHW-900 samples. New band
around 3640 cm™ is observed, while the intensity of the bands at 1418 and 875 cm
decreases. These observations account for CaCOz decomposition, which in turn induces the
formation of Ca(OH), [52]. At 700 °C the band at 712 cm™ characteristics of CaCOs,
considerably decreases, and the decrease in the band at 3640 cm™ at 900 °C indicates the
transformation of Ca(OH), to CaO. However, the band at 1030 cm™ of the P-O bond of the
[PO4] group and the signals at 567 and 602 cm™ corresponding to the asymmetric and
symmetric deformation modes of the [PO4]vs (v4 O—P—-O) group increase in intensity. The
position of these bands has been reported to be a characteristic of Ca phosphates, especially

apatite [48], and becomes increasingly separated or split as crystallinity increases [53].

The v4 asymmetric bending mode has been used to measure the crystallinity of apatite
[54]. To evaluate the effect of heat treatment on the crystallinity of the formed apatite the
infrared splitting factor (SF) was calculated as reported by Weiner and Bar-Yosef [53], as
the sum of the heights of the 567 and 602 cm™ phosphate peaks divided by the height of
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trough between them (Fig. S1). The SF values obtained were 3.67, 4.07, 3.71 and 3.2 for
CHW-650, CHW-700, CHW-800, and CHW-900 respectively, showing that crystallinity
increases with the calcination temperature until 700 °C, at higher temperatures, apatite is
transformed into other calcium phosphates [55], which may explain the decrease in SF until
3.2 at 900 °C.
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Fig. 3-4. (a) FTIR spectra of water hyacinth (WH). CWH-650: Water hyacinth calcined at
650 °C; CWH-700: Water hyacinth calcined at 700 °C; CWH-800: Water hyacinth calcined
at 800 °C; CWH-900: Water hyacinth calcined at 900 °C. b) Increase in range: 450-815cm™.

The FTIR results are complemented by the XRD patterns of CWH-650 — CWH-900
(see Fig. 3-5a). It can be seen that CWH-650 presents new peaks at 20 = 17.9° and 34.0° for
the (001) and (010) planes, respectively, of Ca(OH). (ICSD-#: 202225); additionally, the
presence of apatite was confirmed with the peaks at 260 =31.4°, 32.1°, and 32.4° for the (211),
(112), and (030) planes, respectively, of Cas(PO4)3(OH) (ICSD #: 180315). For CWH-700,
the peak at 20 = 29.4° of the (104) plane of CaCO3 considerably decreased, and diffraction
peaks appeared at 20 = 32.2°, 37.3°, and 53.8° for the (111), (002) and (022) planes of CaO
(ICSD-#: 60199). For CWH-800, the peak at 20 = 29.4° CaCOs3 disappears completely, and
the peaks for Cas(PO4)3(OH) and CaO show the high intensity for Ca phases. For CWH-900,
the peaks corresponding to Cas(PO4)3(OH) decrease and peaks at 20 = 25.9 ° and 31.3°
corresponding to (200) and (032) planes for Cag(HPO4)2(PO4)4(H20)s appear. These results
show WH as a P and Ca source, which, when thermally calcined at high temperatures (> 650

°C), transforms into a value-added product such as hydroxyapatite.
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Fig. 3-5b shows the XRD patterns for apatite calculated using Rietveld refinement.
The crystallite size are 5.4 nm, 9.4 nm, 10.3 nm, and 11.3 nm for 5.3 for CWH-650, CWH-
700, CWH-800, and CWH-900 respectively, this observation is in accordance with the SF
determined by FTIR for CWH-650, CWH-700, CWH-800, and CWH-900. Thermal
processes have been reported to facilitate the production of various calcium phosphates and

improve crystallinity and other physicochemical properties such as bioavailability [56,57].
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Fig. 3-5. a) XRD patterns. b) Standard XRD pattern obtained for apatite by Rietveld
refinement. CWH-650: Water hyacinth calcined at 650 °C; CWH-700: Water hyacinth
calcined at 700 °C; CWH-800: Water hyacinth calcined at 800 °C; CWH-900: Water
hyacinth calcined at 900 °C.

3.3.3. Phase quantification by XRD

Rietveld refinement was used to quantify the crystalline Ca phases present as CaCOs3,
Ca(OH)2, Ca0, and Cas(PO4)3(OH) in the calcined materials (see Fig. 3-6). At temperatures
from 350 °C to 550 °C, no significant changes were observed; approximately 50% of the
crystalline material corresponded to CaCOs. Upon increasing the temperature to 650 °C,
CaCO3 decomposed into Ca(OH)2 (15.79%) (Reaction 3-4), which is one of the most active
phases of Ca in the production of hydroxyapatite and apatite [58,59]. This is reflected from
apatite production (26.11%). These results are in accordance with the findings reported for
apatite production, thereby establishing that once the apatite nuclei form on the surface, they
can spontaneously grow consuming calcium and phosphate [41]. For CWH-700, the amount
of apatite increased until 34.04%, while CaO, CaCOs3, and Ca(OH). were obtained in 6.11%,
3.9%, and 18%, respectively. The hydroxyapatite increases slightly up to 36.64% for CWH-
800 and decreases again in CWH-900 as well as Ca and Ca(OH), indicating the formation
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of other phases. These results show that 700 °C is a suitable temperature for the obtention of
a material with high hydroxyapatite content. These results are in agreement with the Ca/P
molar ratio present in these materials (5.07). Additionally, it has been reported that for Ca/P
molar ratios > 1.67, in addition to obtaining apatite with high crystallinity and thermal
stability [56], it is possible to obtain a biphasic mixture with Ca(OH)2 [60]. Apatite has been
formed by the thermal treatment of sewage sludge by adding other Ca sources, following
which it can be used as a fertilizer [31]. Additionally, CaO and Ca(OH)2 are used for soil

neutralization [61], as their appropriate disposition can benefit the crops.
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Fig. 3-6. Quantification of the phases of Ca (wt. %) according to the Rietveld refinement of

the XRD patterns of calcination treatments at different temperatures for water hyacinth.

Similarly, upon analyzing the metals present in the different materials and their
transformation with temperature, the presence of any heavy metal was not observed, which
even at low concentrations can negatively affect living beings and thus ultimately destroying
the stability of ecosystems [62]. The non-detection of hazardous elements in the different
materials obtained in this work can be explained by the origin of the water hyacinth residues,
so it can be said that the plant during its growth process did not absorb heavy metals from
Cauca River located between the municipalities of ltuango and Bricefio, Antioquia,
Colombia, at the height of the Ituango hydroelectric plant. The presence of heavy metals in
biomass ash is one of the main problems for the disposal and use of the waste [31,36].
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Additionally, removing heavy atoms increases the cost of transformation, coupled with
limited applications in the soil [29,30]. As previously shown, because WHSs do not contain
hazardous elements, they are appropriate rejects to transform P into hydroxyapatite, which is
used as a fertilizer. However, the low solubility of hydroxyapatite is an impediment to
producing fertilizers for plants [63,64]. Therefore, the direct use of hydroxyapatite will

require an effective yet cheap means of solubilization.

3.3.4. Proposed reactions during thermal transformations

It can be concluded that the removal of organic matter, cellulose, hemicellulose, and
lignin, occurs mainly at 350 °C, yielding CO, and H.O as products (Reaction 3-1).
Additionally, at low temperatures, the Ca®* of the cell walls can react with O, to form CaO,

which is known for its ability to capture COz; therefore, Reaction 3-2 can also occur [65].

350°C-450°C, O -
CnhHmO(mi2+2n) - % H20 + n CO2 (3-1)

Ca0 + CO» =% CaCO, (3-2)
As indicated by the FTIR and XRD results for temperatures up to 550 °C, the main
organic components decompose, and the intensity of the apatite signals is still low. The
literature has reported that apatite formation improves with Ca(OH) presence; therefore, a
high temperature is required to achieve the transformation of CaCOs3 [66]. As is showed in
Reaction 4 at 650 °C Ca(OH) formation can occur upon the combination of CaCOs3 with the

water released in Reaction 3-1.

650°C, O -
CaCOs + H20 %3 Ca(OH), + CO2 (3-4)

The presence of Ca(OH). combined with phosphate facilitates apatite formation
(Reaction 3-5) [59]. At temperatures > 700 °C, Ca(OH). decomposes into CaO (Reaction 3-

6), which could disfavor apatite formation.

;. 650°C, 0, ) (3-5)
5Ca(OH)2 + 3P03" ——— Cas(PO4)30H + 90OH
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700 °C, O -
Ca(OH), ———3 Ca0 + H0 (3-6)

From the XRD and FTIR analyzes, the signals of phosphorus oxides (P20s), or Mg
and Al phosphates (Mgs(POs)2 and AIPO4) were not identified, may be because the high
amount of Ca present in the material promoted hydroxyapatite formation, which is more
effective fertilizer than other sources of P [67]. It was also observed that the total amount of
P increased from 0.53% in WH to 3.64% in CWH-900 upon increasing the calcination
temperature (see Table 3-S1). This increase in the formation of P is attributed to the
breakdown of stable organic matter that produces the phosphorus released from its cell wall
[68].

3.3.5. P-bioavailability of CWH-X

Fig. 3-7. shows the solubility of P in a 2% formic acid solution and deionized water
for each of the calcination temperatures to which WH was subjected. It can be seen that the
solubility of P obtained in deionized water (between; 0.9 and 14.7%) was lower than that
obtained in 2% formic acid (between 27.9 and 45.1%).

The content of soluble P in water (WSP) shows that the lower the temperature, the
higher the percentage of solubility (14.7% for CWH-350 to 0.9% for CWH-900), which
indicates that at high temperatures P can transform into more stable species as hydroxyapatite
that in its crystalline forms can be less soluble in water [36]. On the other hand, the high
percentage of solubility of P in 2% formic acid indicates that CWH-X can be used as an
amendment for acid soils, allowing a release of 45.1% of the P contained in the material in
24 h.
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Fig. 3-7. Phosphorus solubility in 2% formic acid (FA), and deionized water (DW).

The results show that although it is possible to reduce the volume of water hyacinth
until approximate 14.48% according to proximate analysis (Fig. 3-1) and XRF (ash =
15.02%), the calcination temperature has an important effect to obtain a material rich in

hydroxyapatite, as was observed by XRD and FTIR which after its disposal in the soil can
release P as fertilizer.

3.4. Conclusions

This research was focused on the phosphorus recovery as hydroxyapatite from water
hyacinth and its potential application as fertilizer, to modify the water hyacinth calcination
process between 350 °C — 900 °C and the solids obtained were characterized by FTIR and
XRD and the bioavailability of P was determined by the solubility of P compounds in 2%
formic acid and deionized water.

e According to characterization, water hyacinth composition has a high Ca content
(34.44 % of CaO). The material does not require the addition of extra Ca sources such

as Ca(OH): or CaO to produce hydroxyapatite.

e The present study shows that the extractable P values of water hyacinth vary with

experimental calcination conditions. At low calcination temperatures (350 °C — 550
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°C), the main crystalline phase is CaCO3, and the P remains in organic form. At high
temperatures (650 °C—900 °C), Ca is transformed into Ca(OH),, and Ca-phosphates
such as hydroxyapatite are formed.

e The sample calcine at 700 °C (CWH-700) reached 34.05% hydroxyapatite, which can
be used as fertilized with slow P release; the tests carried out showed a P release at
24 h of 28.4% in formic acid and 3.6% in deionized water.

e On the other hand, during the characterization of hyacinth ashes, hazardous elements
were not identified, which represents one of the most pressing threats to use this type

of biomass as a P-fertilizer.

This work also contributes to the understanding of the transformation into a valuable
product, where calcination processes should not only be used to reduce the volume of the
removed water hyacinth, but also to obtain a valuable product that can be used as fertilizer.
Considering the higher hydroxyapatite content, the behaviors of these compounds in soil and

plants require future study.
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Capitulo 4

4. Recovering phosphorus from aqueous solutions
using water hyacinth (Eichhornia Crassipes)
toward sustainability through its transformation

to apatite

Submitted on: Journal of Environmental Chemical Engineering
Abstract

This work provides circular leveraging strategies for using water hyacinth (Eichhornia
Crassipes) (WH) in the removal and recovery of phosphorus (P) from aqueous solutions.
This study also assesses the transformation of the adsorbed phosphorus into a high value-
added product (apatite) and its potential as a soil amendment. The materials evaluated were
recovered from WH calcination at temperatures ranging between 350 °C and 700 °C, which
evidenced great amounts of Ca(OH)2, MgO, Al2Os, and Cas(PO4)sOH. The material that
evidenced highest P removal capabilities was CWH-650, which was produced from
calcination at 650 °C; hence, it was used during the P adsorption process. The results showed
that chemisorption is the limiting step in the adsorption process, with a maximum adsorption
capacity determined by its adaptation to the Langmuir model at 21.21 mg P/g. Likewise, the
study determined that the exchange of ligands followed by precipitation in the apatite
formation process were the dominant mechanisms during the adsorption process. An
additional calcination step conducted on the CWH-650 adsorbent previously used in the
removal of P denoted an increase in the amount of apatite (up to 41.0%), as demonstrated
through fourier-transform infrared spectroscopy and X-ray diffraction analysis.
Subsequently, this study concluded that the Ca- and P-enriched phases exhibited a higher
solubility of P in 2% formic acid than in deionized water, which fostered the release of up to

60 mg P/g, indicating its potential use as a phosphate fertilizer and an acid-soil amendment.
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4.1. Introduction

Phosphorus (P) is a nonrenewable nutrient essential for the development of plants. It
is used in fertilizers generated from phosphoric rock, an almost depleted resource as at least
80%-90% of its world reserves have been exhausted in the last 20 years [1]. Therefore, P is
also the main cause of aquatic ecosystem eutrophication, which is generated by P leaching
from the soil after its application as a fertilizer and due to the discharge of industrial,
livestock, and domestic wastewater with high concentrations of P [2—4]. For this reason,
removing and recovering P from aqueous systems, via sustainable and efficient processes, is

a topic of high interest.

Adsorption is one of the most widely used technologies not only to remove
phosphates from wastewater but also recover and recycle P [5,6]. It has been reported that
adsorbents rich in Ca, Al, Mg, Si, Fe, and Zr are selective in the removal of P through the
formation of internal sphere complexes, chemical precipitation, and ion exchanges [7-11].
Therefore, biomass rich in these minerals, such as eggshells, Thalia dealbata, peanut shells,
sewage sludge, and water hyacinths (WHs), become an alternative for the production of
adsorbent materials [11-15]. WH (Eichhornia Crassipes) is a weed that reproduces
excessively on lake surfaces [15-17]. However, when subjected to heat treatments, Fe, Si,
Mg, Ca, or Al minerals commonly found in this biomass [18,19] can be transformed into
oxides/hydroxides of these metals, which have been reported as active phases for the

selective adsorption of P [20].

Cai et al. [4] studied the adsorption of P using a biochar prepared from the pyrolysis
of WHs modified with iron oxide and determined an adsorption capacity of 5.07 mg P/g,
wherein the active phases used for the removal of P were Fe3O4 and Fe>Oz, which allowed
ligands to be exchanged between the OH™ ions on the surface of the material and a phosphate
ion (PO4*") solution through the formation of Fe—O—P bonds. On the other hand, Mosa et al.
[15] studied the adsorption of P from biochars generated from the pyrolysis of WHSs rich in
metals (Fe, Mn, Zn, and Cu), obtaining P adsorption capacities from 12.15 mg P/g to 31.55
mg P/g, and reporting the precipitation of P species as the main adsorption mechanism.
Among the different metals present in these biomasses, calcium is one of the most attractive

for the removal and recovery of P because it favors the formation of apatite (Cas(PO4)3OH)
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[12,21]. Apatite is a calcium phosphate biomaterial that constitutes a valuable path for the
recovery of P [14,18]. Owing to its biocompatibility with soils, apatite enhances plant growth,
which makes it suitable as an alternative amendment acting as a phosphate fertilizer [18,22].
It has also been reported that subjecting apatite to heat treatments below 800 °C increases

crystallinity and improves plant bioavailability [23].

In our previous study [18], we determined that WH ashes exhibit a Ca/P molar ratio
of 5.07, and as the calcination temperature increases, P and Ca are converted into apatite. In
addition, these ashes contain oxides and hydroxides of metals, such as Ca, Al, Mg, and Fe
(i.e., Ca(OH)2, Al>03, MgO, and Fe304), which are active phases in the adsorption of P. To
the best of our knowledge to date, there are no known studies in which thermally transformed
WH is not only used to adsorb P but also after the adsorption process, wherein, after a simple
heat treatment, the adsorbed P may be transformed into a high value-added product, such as

apatite, which is also bioavailable for plants.

Therefore, this study seeks to assess the appropriate conditions for obtaining the
maximum possible P removal rates from aqueous solutions using WH ash and its subsequent

transformation into apatite bioavailable for plants.

4.2. Materials and methods

4.2.1. Material production and characterization

WH waste used for this study was collected at the Ituango Hydroelectric Project
(Ituango Dam) located on the Cauca River between the municipalities of ltuango and Bricefio
in the department of Antioquia, Colombia. The WH-derived adsorbent materials used were
prepared by calcination at temperatures of 350 °C, 450 °C, 550 °C, 600 °C, 650 °C, and 700
°C, according to the previously described methodology [18]. The materials obtained were
crushed, sieved at a particle size lower than 0.335 mm, and named CWH-X, where X
represents the corresponding calcination temperature. Calcination at each temperature was

conducted in duplicate to validate the reproducibility of the treatment.

Before and after adsorption, the different materials were characterized by Attenuated
Total Reflection-Fourier Transform Infrared (ATR-FTIR) spectroscopy, using a Spectrum
two-PerkinElmer with UATR for a range within 4000-450 cm ™2, to determine the functional
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groups present on the surface and X-ray diffraction (XRD) patterns were obtained using a
Shimadzu XRD-6100 diffractometer with Cu Ka radiation (A = 1.5406 A), at 40 kV in the
20 angle range of 10° to 80° with a step size of 0.026° and a period of 50 seconds to identify

crystalline phases and their quantification.

4.2.2. Adsorption of P

P adsorption experiments were conducted with the different materials obtained in
order to determine the adsorbent with the highest removal capacity and thus perform the
adsorption equilibrium and kinetics experiments. Preliminary experiments were conducted
by adding 0.05 g from each adsorbent obtained with 50 mL of a synthetic solution at 75 mg/L
phosphorus prepared from KH2PO4 (Panreac, 99.0%) at a pH level of 5.31 (natural value).
The mixture was constantly stirred for 2 h at 200 rpm at 25 °C. The phosphorus concentration
remaining in solution throughout the work was determined by the colorimetry method (Hach,

PhosVer® 3 Phosphate Reagent), using a DR 3900 spectrophotometer (Hach).

4.2.2.1. Equilibrium and adsorption rate experiments

Based on the previous experiment, the CWH-650 material exhibited the highest
percentage of P removal. Hence, the experiments to assess both the kinetics and isotherms of
the adsorption process were conducted using this adsorbent. First, KH2.PO4 was used to
prepare a synthetic stock solution at a P concentration of 500 mg/L. And through dilutions,
solutions were prepared at different P concentrations (10, 25, 50, 75, 110, and 130 mg/L).
The experiments were conducted in a propeller reactor at 200 rpm, adding 500 mL from each
solution at their natural pH level (values between 5.13 and 5.98, depending on the
concentration) to 0.5 g of adsorbent at 25 °C. Samples were taken at intervals between 2 and
5760 min until equilibrium was reached. During all experiments, we made sure the total
volume subtracted did not exceed 5% of the total volume. We also measured the pH level of

the solutions periodically, and recorded the changes produced over time.

We considered that we had reached the equilibrium point when we recorded no
significant concentration variations (< 2%) in 3 consecutive samples. The P removal
percentage and adsorption capacity were calculated according to Equations (4-1) and (4-2)

below, respectively.
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where %R represents the P removal percentage, Co (mg/L) is the initial P
concentration in the solution, C¢ (mg/L) is the P concentration over time t, g: (mg/g) is the
amount of P adsorbed over time t, V (L) is the volume of the solution, and w (g) is the mass

of the adsorbent material.
4.2.2.2. Effect of the initial pH of the solution

Once the equilibrium time was determined in the previous experiments, the effects
from the initial pH value of the P solution were assessed by adding 0.05 g of the adsorbent
to 50 mL of the different synthetic solutions at a P concentration of 100 mg/L and pH values
of 2, 4, 6, 8, 10, and 12 using 1M NaOH or 1M HCI to stabilize the pH levels. The samples
were stirred at 200 rpm for 72 h at 25 °C.

4.2.3. P-enrichment and P-solubility

To enrich the CWH-600, CWH-650, and CWH-700 adsorbents with more stable and
bioavailable Ca—P phases, once the materials were used to remove P from agqueous solutions
following the procedure described in Section 2.2.1, the adsorbents were subjected to an
additional calcination process at temperatures of 600 °C, 650 °C, and 700 °C, respectively.

The bioavailability of P in these materials (CWH-600, CWH-650, and CWH-700)
was determined by evaluating the solubility of P compounds in formic acid as per the
methodology described by Shiba et al. and Zheng et al. [14,24]. The experiments were
conducted dissolving 0.05 g from each material in 50 mL of formic acid at 2%. The mixtures
were stirred at 200 rpm for 24 h at 25 °C and passed through a 0.45 pum filter to determine
the concentration of P. The amount of P bioavailable was standardized based on the mass of
the solid sample. On the other hand, the content of water-soluble P (WSP) is an indicator
used to evaluate the loss of P when a solid fertilizer is applied to the soil [23]. Hence, our
WSP content was assessed following the procedure reported by Liu et al. [23], mixing 0.025
g from each material in 25 mL of deionized water. The mixtures were stirred at 200 rpm for
24 h at 25 °C and passed through a 0.45 um filter to determine the concentration of P. The
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amount of WSP was standardized based on the mass of the solid sample. The bioavailability
and WSP experiments were performed before P adsorption, after P adsorption, and after
calcining the material with the adsorbed P. All experiments were conducted in duplicate.

4.3. Results and discussion

4.3.1. Adsorption of P

To identify the most efficient material in the removal of P, we analyzed both the WH
without transformation and WH calcined at different temperatures. Fig. 4-1 denotes the
phosphorus removal percentages from the different adsorbent materials: WH, CWH-350,
CWH-450, CWH-550, CWH-600, CWH-650, and CWH-700. Here, we observed that WH
without any treatment desorbed P, which is naturally present within the structure of WH (our
previous work, [18]). In addition, P removal percentages improved with heat treatments and
increased as the calcination temperature increased. However, the removal percentage
reported for CWH-700 is very similar to the removal percentage reported for CWH-650
(29.86% and 30.56%, respectively). This is related to the fact that, at 650 °C, the entire WH
sample turns into ash, which mostly contains Ca(OH)2 (15.8%, our previous work, [18]), one
of the most active calcium phases in the removal of P [12,25]. Previous studies revealed that
Ca(OH)2 is produced during the heat conversion of biomass because the Ca present in its
structure acts as a precursor in the formation of CaCOs, which is later transformed into Ca
(OH)2 [15]. In this study, for CWH-650 and CWH-700, the content of Ca(OH): is 15.8% and
16.5%, respectively (our previous work, [18]), which is related to their similar P removal
percentages and, in turn, to the presence of this phase of calcium. Fig. 1 evidences that for
materials produced at temperatures between 350 °C and 600 °C, the content of Ca(OH)2 is
zero. However, P adsorption still occurs, indicating that there are other active phases, such

as Al203, MgO, and Fez0s4, that contribute to the adsorption process.

Based on our data, we selected CWH-650 for the removal of P. Consequently, all the
P adsorption equilibrium and kinetic experiments were conducted using this adsorbent

material.
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Fig. 4-1. Percentage of phosphorus removal using different water hyacinth transformation
and Ca(OH): content of each adsorbent [18] (P concentration = 75 mg/L, adsorbent quantity
=0.05 g, pH =5.31, temperature = 25 °C, stirring speed = 200 rpm, contact time: 2 h).

4.3.1.1. Equilibrium and adsorption rate

The list of the kinetic parameters determined by the good adjustment of the
experimental data to pseudo first-order and pseudo second-order kinetic models (Table 4-S1
and Fig. 4-S1) at a correlation coefficient of R?2 > 0.94 are shown in Table 4-S2. The
adjustment of the experimental data to the pseudo first-order model indicates physisorption
between CWH-650 and P; whereas, the good adjustment of the experimental data to the
pseudo second-order model indicates chemisorption. These results suggest the existence of
different adsorbate—adsorbent interaction energies in the adsorption process. The adsorption
capacity values at equilibrium, ge, determined by the pseudo first-order model are closer to
the experimental values, Qe exp, and because k> values are less than the ki values,

chemisorption is the limiting step in the adsorption process of P for CWH-650.
4.3.1.2. Adsorption isotherms

Fig. 4-2 denotes the adsorption isotherms of P for CWH-650 using the Langmuir,
Freundlich, Temkin, and Langmuir—Freundlich models (Table 4-S3). Here, we may observe

a good adjustment of the experimental data to the four models, which is consistent with the
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correlation coefficients listed in Table 4-S4 (R? > 0.99). In this study, the CHW-650 material
exhibits concave isotherms (type L) [26], which indicates that the relationship between the
remaining P concentration and P concentration adsorbed decreases as the P concentration

value increases. This suggests a progressive saturation of CWH-650.
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Fig. 4-2. Phosphorus adsorption isotherms in CWH-650 (solution volume = 500 ml,
adsorbent amount = 0.5 g, temperature = 25 °C, stirring speed = 200 rpm, contact time = 72
h). CWH-650: water hyacinth calcinated at 650 °C.

The good adjustment of the experimental data to the Langmuir model allowed us to
determine the maximum adsorption capacity (21.21 mg/g) and indicate that, at equilibrium,
adsorption occurs in a monolayer with a homogeneous surface that presents a fixed number
of active sites with the same affinity for P. However, we may also observe a good adjustment
of the experimental data to the Freundlich model, which accounts for interactions on
multilayered heterogeneous surfaces with different affinities and interaction energies
between P and the active sites on the CWH-650 surface. This model predicts that the
adsorption process is favorable as 1/n = 0.195 [27]; whereas, the adjustment to the Temkin
model indicates that P adsorption heat decreases linearly within a layer as the surface
coverage increases due to the CWH-650-P interactions, wherein adsorption is characterized
by a uniform distribution of bond energies [28]. Furthermore, the value of b = 0.768 kJ/mol

indicates a physical interaction between CWH-650 and P that occurs via Van Der Waals [29].
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Finally, the good adjustment to the Langmuir—Freundlich model suggests that the CWH-650
adsorption system has demonstrated Freundlich’s behavior at low P concentrations and
followed the prediction of the characteristic Langmuir monolayer adsorption capacity at high
P concentrations [30]. In addition, the value of n.r = 0.960 indicates that CWH-650 is a

heterogeneous material with homogeneous tendencies [31,32].

Hence, we can conclude that there is no single form of interaction between CWH-650
and P and a mixture of adsorption mechanisms is present. This is consistent with the findings
reported by other studies on P adsorption using materials rich in Ca-bearing phases. For
example, Liu et al. [21] found that a biocarbon rich in CaO could be obtained from eggshells
and rice straw. This biocarbon acted as an adsorbent for P, whose process could be described
through the Langmuir isotherm model. Mitrogiannis et al. [33] used a natural zeolite
pretreated with Ca(OH)2 to recover phosphorus, finding that the Freundlich and Temkin
isotherm models better described P adsorption. On the other hand, Markou et al. [34] used
bentonite pretreated with Ca(OH). for the adsorption of P, and found that the experimental
data had a better adjustment to the Freundlich model, which was consistent with the results
found by XRD, which revealed that the surface was heterogeneous, so there were different P

adsorption models.
4.3.1.3. Effect of the initial pH of the solution

The initial pH of a solution is a parameter that influences the ionization balance of
the H2.PO4~, HPO4*", and PO4>~ species, as well as the surface charges of the adsorbent [35],
which generates changes in the P adsorption capacity for CWH-650. Fig. 4-3 illustrates the
effects from the initial pH of the solution on the ability exhibited by CWH-650 to adsorb P.
Here, all solutions increased their initial pH values to produce an increased final pH, thus
indicating an increase in the number of OH™ ions present in each solution. During the P
adsorption process on metal oxides/hydroxides, the ligand exchange mechanism has been
one of the most reported [20,36], in which the PO4>~ anion forms a covalent bond with a
metal cation on the adsorbent surface, thus releasing the OH™ ions attached to the metal cation
[37], and causing an increase in the final pH value of the solution. This indicates that the

ligand exchange is one of the mechanisms by which P is adsorbed onto CWH-650.
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Fig. 4-3. Effects from the initial pH value on P adsorption (solution volume = 50 ml,
adsorbent amount = 0.05 g, temperature = 25 °C, stirring speed = 200 rpm, contact time = 72
h).

Fig. 4-3 evidences that there are no pH adsorption tendencies as the initial pH value
of the solution increases. At a pH of 2, adsorption capacity is 8 mg/g. Then, it increases to
17 mg/g when the initial pH value is 4, but it decreases again to 5 mg/g at a pH of 8. However,
when the initial pH value of the solution is 12, it exhibits its highest capacity, reaching close
to 35 mg/g. This behavior can be explained taking into account that both, the proportion of
the H3PO4/ HoPO4/ HPO4? "/ PO4> specifies present in the solution and solubility of Ca(OH).
and CaCOs phases present in CWH-650, are related to pH levels. As shown in Fig. 4-4, at a
pH value of 2, there is high solubility of Ca(OH), and CaCOs, forming Ca?* in the solution
[38], which additionally favors the HsPO4/H,PO4~ species [39]. The interaction between Ca?*
and H2PO4™ may be responsible for the adsorption levels that were determined. However, a
large amount of Ca?* still remains in solution (Fig. 4-S2). Increasing the initial pH value
(from 4 to 6) favors the formation of HPO4?", and the interaction of this species with the Ca?
from Ca(OH). favors the formation of Ca(H2PO4). and CaHPO4. At these pH values (Fig.
S1), the FTIR spectra of the post-adsorption samples exhibit CaCOs-characteristic signs
between 1400 and 1500 cm™?, indicating that they do not intervene in the adsorption process.
The Ca(H2P04)2 and Ca(HPO4) compounds formed at pH values of 4 and 6 are known as
apatite precursors [40]. Hence, we can produce a complex mixture that involves different
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post-adsorption calcium phosphates (Ca—P (Ca(H2PQOas)2, Ca (HPOa, Cas(PO4)sOH). This
variety of Ca—P species could explain the higher adsorption percentage observed in Fig. 4-3
for initial pH values of 4 — 6. At higher initial pH values (8-10), Ca (OH)2 solubility decreases
[38]. Additionally, the presence of HPO.>~ in balance with PO4*", increase of PO4*~, and
presence of Ca(OH). cause the precipitation of the Cas(PO4)30OH phase [41], which requires
a larger amount of Ca?* for the removal of a P atom (Ca/P = 1.67) than CaHPO4 (Ca/P = 1).
Finally, at a pH value of 12, the presence of PO*", which not only interacts with Ca(OH)q,
also succeeds in replacing the COs*  group from CaCOs to form Cas(PO4)3OH, which is
reflected in an increase in P removal percentages. This is confirmed in the FTIR spectrum
(Fig. 4-S2), where the PO4>~ bands in Cas(PO4)sOH increase considerably after adsorption,
while the CO3? bands decrease.
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Fig. 4-4. P adsorption at different initial pH.

4.3.2. Characterization of the adsorbed P—Ca species

Fig. 4-5 denotes the FTIR spectra for CWH-650 before and after adsorbing P (CWH-
650-P). In addition, the CWH-650—P sample was subjected to a new calcination treatment in
order to increase the crystallinity of the phases formed after the P adsorption process (CWH-
650—P-650).

CWH-650 features bands at 712 and 875 cm™ for the CO3?>™ group. These signals are

confirmed by the band centered at 1430 cm ™ corresponding to the symmetric and asymmetric
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stretching modes of the CO3?>™ group [42], and suggesting the presence of CaCOs [43,44].
The 1030 cm™* band represents the P-O bond from the PO4>~ group, and the signs at 567 and
602 cm™? correspond to the asymmetric and symmetric deformation modes of the PO4*~ (va
O-P-0) group, which were initially found in CWH-650 (our previous work, [18]). The
position of these bands has been reported as characteristic of calcium phosphates, especially
apatite [45]. The stretching and the narrow vibration band observed at 3640 cm™' also

indicates the presence of —OH, which corresponds to Ca(OH) [46].

After the P adsorption process (CWH-650—P), the bands at 567 and 602 cm™* increase
their intensity, suggesting the presence of new phosphate groups on the surface of the
material. The Ca(OH), band at 3640 cm™! disappears while the bands at 646 and 680 cm ™!,
corresponding to Al2Os3 and MgO, respectively, decrease significantly, signaling the
intervention of these minerals in the P adsorption process. On the other hand, the bands at
779 and 796 cm™?, assigned to the asymmetric Si-O-Si stretching vibration [43,45] do not
show relevant changes, which indicates that SiO, does not play a significant role in the

adsorption of P.

After calcining the P-adsorbed material, CWH-650-P-650, we observe an increase in
the characteristic apatite bands at 567, 602, and 1030 cm™* and a decrease in the CaCO3 bands
at 712, 875, and 1430 cm™L. The band at 3640 cm™ corresponding to Ca(OH), reappears,
indicating that the CWH-650-P calcination process increases the crystallinity of phases, such
as apatite, while forming Ca(OH)> from the decomposition of CaCO3, which still remains in
the sample because it did not undergo changes during the P adsorption process. On the other
hand, the SiO2, A1bO3, and MgO bands present in CWH-650—-P did not experience changes
after the second calcination process (CWH-650-P-650).
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Fig. 4-5. FTIR spectra of the different materials obtained from the water hyacinths.

Next, we obtained XRD patterns in order to supplement the results generated by the
FTIR. Fig. 4-6 reveals that CWH-650 presents peaks at 20 = 17.9° and 34.0° for the (001)
and (010) planes of Ca(OH). (ICSD #: 202225). Furthermore, the presence of
Cas(PO4)3(OH), (ICSD #: 180315) was confirmed by the peaks at 26 = 31.4°, 32.1°, and
32.4° for the (211), (112), and (030) planes, respectively. The peak observed at 20 = 26.6°
corresponds to the (011) plane of SiO2 (ICSD #: 42498), while the peaks at 260 = 42.9° and
20 =25.4° correspond to the (002) plane of MgO and (012) plane of Al.Og, respectively. The
presence of aluminum silicate is also observed for the peak at 20 = 27.9° of the (200) plane
of albite (NaAlSizOg, KAISi3Og). Here, it is evident that after adsorbing P, the CWH-650-P
peaks corresponding to the MgO and Al.Oz phases decrease in intensity, indicating that they
are involved in the P adsorption process. Likewise, the Ca(OH). peak decreases while the
Cas(PO4)3(OH) peak increases, thus suggesting that the phosphorus remaining in the solution
reacts with Ca(OH). present in the material to form more apatite (30.3%). These results are
consistent with the FTIR.
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Fig. 4-6. X-ray diffraction patterns for the different materials obtained from water hyacinths.

CWH-650-P-650 denotes a higher level of crystallinity for apatite, with more intense
and sharp peaks as shown by phase quantification (Fig. 4-7). After the calcination process,
apatite reaches a content of 41.0%, as opposed to the 25% found in CWH-650, while Al>O3
and MgO decrease due to their intervention in the P removal process. It has been reported
that phosphates are adsorbed on Al or Mg, thus forming Al-O-P and Mg-O-P species
[14,35,47], which were detected by XRD possibly due to their smaller amounts. Based on
these results, Ca(OH)2 provided the greatest contributions to P adsorption in CWH-650.
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Fig. 4-7. Phase quantification (wt.%) after Rietveld refinement of the XRD patterns for the
different materials obtained from water hyacinths.

Therefore, the dominant mechanism in the adsorption of phosphate anions on
materials rich in metal oxides/hydroxides, such as CWH-650, is proposed to be the exchange
of ligands [6,9]. This may explain why the —OH groups in Ca(OH). observed by FTIR and
XRD disappear after the P removal process, which then generates apatite precipitation. This
process can be represented by the following main reaction:

5 Ca(OH)2¢) + 3 KH2POs(ag) ~ Cas(PO4)3(OH)s) + 6 H20() + 3 KOHag)

This chemical reaction is general and can involve sub-reactions, which depend on the
Ca/P ratio and the pH level, as presented in Fig. 4-4. The reagents can generate precursors
such as amorphous calcium phosphate (Cas(HPOa)2, dicalcium phosphate (CaHPO.),
tricalcium phosphate (Caz(POa4)2), and octacalcium phosphate (CagH2(POa4)s) [48-50].

These results suggest that post P adsorption calcination process fosters the formation
of P compounds with higher crystallinity rates, such as the apatite. In this regard, the apatite
iIs more stable and less soluble in water [18,23], which produces a material with higher

phosphate content that could act as a slow-releasing phosphate fertilizer.
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4.3.3. P-solubility: effect of heat treatment on the adsorbed material

Fig. 4-8 denotes the solubility of P in a 2% formic acid and deionized water solution
for the different materials after the P adsorption process (CWH-600-P, CWH-650-P, and
CWH-700-P), and after calcining the P-adsorbed material (CWH-600-P-600, CWH-650—P-
650, and CWH-700-P-700). The results reveal that the content of water-soluble P decreases
for all CWH-XPX materials, which means that after calcining the materials with P adsorbed
from aqueous solutions, more stable P phases are formed than those generated after
adsorption. These results are consistent with other studies reporting that calcination at high
temperatures favors the formation of P phases, such as the apatite, which, due to their high
crystallinity level, are more stable and less soluble in water [18,23]. On the other hand, the
solubility of P in 2% formic acid is much higher than its solubility in deionized water, and it
increases significantly after calcining the material with the adsorbed P. For this reason, these
materials are suitable amendments for acid soils. These results are favorable since, to be
suitable for soils, the phosphate fertilizer must have low solubility in water to avoid loss of
phosphorus by runoff, but, at the same time, it must be able to guarantee a slow release of

nutrients to the soil.
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Fig. 4-8. Phosphorus solubility in 2% formic acid (FA) and deionized water (DW).
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4.4. Conclusions

WH calcinated at 650 °C evidenced high P removal percentages mainly due to its
Ca(OH)2 content and other compounds, such as Al.Oz and MgO, acting as active phases in

the P adsorption process.

The experimental data validated good adjustments to the pseudo first-order and
pseudo second-order Kinetic models, suggesting the existence of different adsorbate—
adsorbent interaction energies in the adsorption process. However, this study determined that
the chemisorption between the P anions and active phases in CWH-650 was the limiting step
in the adsorption process. On the other hand, isotherm models, such as Langmuir, Freundlich,
Temkin, and Langmuir—Freundlich, proved to be a good adjustment for the experimental
data, providing a maximum adsorption capacity of 21.21 mg P/g for the CWH-650 material,
and indicating that there is no single form of interaction between CWH-650 and the anions
of P. Therefore, a mixture of adsorption mechanisms is presented, wherein ligand exchanges

followed by precipitation was the dominant mechanism during the adsorption process.

The pH value of the solution also plays an important role in the P adsorption process
due to the variation of P species that interact with the active phases found on the surface of
the adsorbent material. Nevertheless, changing the initial pH value of the solution did not
exert any significant effect on the P adsorption process; however, an increase in the final pH
value of the solution revealed a ligand exchange between the anionic species of P and
Ca(OH)2, generating the release of OH™ ions and leading to the precipitation of apatite
[ACs(PO4)3(OH)], as validated by FTIR and XRD.

Based on the FTIR and XRD analyses, we were able to determine that subjecting the
P-adsorbed material (CWH-650-P) to the calcination process produces a material with a
higher apatite content, which increases from 30.3% to 41.0%. This P- and Ca-enriched phase
exhibits low solubility in water and is characterized by being biocompatible with the soil as
it improves plant growth. Therefore, the bioavailability tests evidenced that the material
obtained may be potentially used as a phosphate fertilizer as it presented low solubility in
water, which guarantees a slow release of nutrients to the soil, preventing the loss of
phosphates due to rainwater runoffs, and, in turn, satisfying the need for the recovery and
reuse of phosphorus.
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Capitulo 5

5. The role of inorganic compounds obtained from
the calcination treatments of water hyacinth
(Eichhornia Crassipes) on the Cd?* and Cu?* heavy
metals uptake (removal and immobilization) from

contaminated water

Submitted on: Environmental Nanotechnology, Monitoring & Management
Abstract

Industrialization activities in Colombia have led to the discharge of heavy metals into water,
with an imminent threat to the environment. The use of natural materials as low-cost sorbents
for the removal of heavy metals from aqueous solutions has recently received major attention.
It is well known that water hyacinth (Eichhornia crassipes) is a noxious weed due to its
congested growth and rapid spread causing serious environmental problems e.g., in the water
quality and its respective fauna. Recently, efforts have been made to utilize in different
applications the inorganic materials that are obtained from the weed after heat treatments in
a range of temperatures. In this work, the effect of Ca-P-rich minerals formed after a
calcination treatment between 350 — 900 °C of water hyacinth on the removal and
immobilization levels of Cd?* and Cu?* from aqueous solutions is reported. It was found that
removal efficiency increases with the calcination temperature from 550 °C (24.9% Cd and
12.7% Cu) to a maximum level at 700 °C (51.5% Cd?* and 31.8% Cu?*). The reason is that
700 °C treatments favor the formation of calcium apatite, which is known as an active Ca-P
phase for the removal of metallic ions. Compounds produced during the calcination of the
water hyacinth promote the Cd?* and Cu?* uptake through the precipitation of CdCOs -

Cd2P207 and Cuo.0sMgo.osO - Cu2P207 compounds, among others. These precipitates have
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low solubility (0.055% of Cd and 0.003% of Cu) that reduce contaminants mobility and

therefore increase removal feasibility.
5.1. Introduction

Contamination associated with industrial wastewater discharges in aqueous systems
is nowadays a global concern [1]. Industries mainly dedicated to electroplating, mining,
metallurgy, and tanning activities generate wastewater with high content of toxic heavy
metals such as cadmium (Cd?*) and copper (Cu?*) [1-3], that can lead to health problems in
animals, plants, and humans [4,5]. Among the conventional methods used for the treatment
of contaminated wastewater, the adsorption of heavy metals into materials produced during
the transformation of biomass has been considered as a viable and efficient method for its
removal from aqueous systems [3,6-9]. In particular, it has been found that materials
produced during the thermal transformations of water hyacinth (WH) are promising
adsorbents to remove heavy metals from contaminated water, [4,10] and using WH in water
remediation should represent an efficient option to manage problems related to this invasive
species [9]. According to literature reports, the calcination of water hyacinth at different
temperatures leads to the formation of inorganic active phases that depending on their
stoichiometry show the ability for the adsorption and immobilization of heavy metals [11,12].
After calcination at 350 or 900 °C, the ash content rate from WH varies from 27.7% to 14.5%,
respectively. The main phases found in the ashes are CaCOs, Ca(OH),, Cas(POa4)3(OH),
Fe30a4, Al,03, and MgO at low calcination temperatures (350 °C — 550 °C), while at high
temperatures (650 °C — 900 °C), Ca(OH). and Ca-phosphates (Ca-P) such as apatites are
formed with the presence of P in WH [13]. It has been demonstrated that these phases are
active for the removal/immobilization of heavy metals [1,4,7,10,14-17]. For instance, Flores-
Cano et al. [16] used eggshell rich in calcite phase for the adsorption of Cd?*. They found
that the sorption was not a reversible process, with low adsorption ability with the value of
adsorption capacity of 3.75 mg/g at pH = 6 and, that the main sorption mechanisms were
precipitation and ion exchange. On the other hand, Balaz et al. [18] found an increase in the
cadmium uptake ability of the eggshell upon milling with an adsorption capacity of 329 mg/g
due to the formation of aragonite phase during milling. Additionally, Hu et al. [15] used
calcite (CaCOs) to adsorb Cu?* leading to a 99.76% remotion efficiency by copper
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precipitation as a basic sulfate like the posnjakite, reducing the residual concentration in the

solution to less than 0.5 mg/L.

Different studies have demonstrated that calcium phosphates have a high removal
capacity for divalent heavy metal ions in water [19-27]. Liu et al. [28] evaluated Cd*
adsorption onto hydroxyapatite - attapulgite composites for the adsorption of different metals
showed that ion exchange also contributed to the Cd?* removal with an adsorption capacity
of 131.5 mg/g. Further on, Thanh et al. [29] employed a nanocomposite of magnetic
hydroxyapatite as an adsorbent for the removal of Cu?* and Ni?* from aqueous solution
obtaining adsorption capacities of 48.78 mg/g and 29.07 mg/g, for Cu?" and Ni?",

respectively.

Even when the adsorption of heavy metals is successfully achieved, the process
creates a disposal problem due to the presence of heavy metals in the adsorbent, which
potentially leaching out to the environment. Several studies have demonstrated that the
adsorption of heavy metals by using calcium phosphates, such as apatite phases generates
stable metal-phosphate complexes and reduces their mobility [5,30-32]. For instance, in a
related study, Liu et al. [33] demonstrated that during the removal of Cu?* from groundwater
by using hydroxyapatite/calcium silicate hydrate 76.3% of the Cu?" adsorbed was
immobilized by the material. Li et al. [34] found that phosphate rock combinate with ferric
nitrate and ashes produce from biomass immobilize Cd?* with a reduction of Cd?* in the soil
of 34.0% and 15.7% by using different extraction tests. The mechanisms for the
immobilization of heavy metals that have been proposed are i) adsorption of metallic ion on
the calcium phosphate surface followed by cation exchange with calcium, and ii) the
dissolution/precipitation of a solid with lower solubility that reduces contaminant mobility
and, therefore increased stability [22—-27]. Thus, materials based on Ca—P phases are clearly
able to immobilize heavy metals. Furthermore, it was reported elsewhere that apatite and
other Ca—P phases were obtained after heat treatments of WH materials [13]. Therefore, this
paper aims to determine the role of inorganic compounds, which are rich in calcium and
phosphate present in WH on the removal and immobilization of Cd?* and Cu?* from aqueous
solutions. The adsorbent materials were obtained from the calcination of WH at different

temperatures and tested to eliminate Cd?* and Cu?* from aqueous solutions. The Cd?* and
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Cu?*immobilization percentage was determined using the Synthetic Precipitation Leaching
Procedure (SPLP) from the EPA [35]. Additionally, interactions in the adsorption process
were characterized by FTIR, XRD, and XPS.

5.2. Materials and methods

5.2.1. Preparation and characterization of materials

Water hyacinth weed was collected at the Ituango Hydroelectric Plant (Hidroituango) located
on the Cauca River between the municipalities of Ituango and Bricefio, Antioquia, Colombia.
The adsorbent materials derived from water hyacinth used in this study were prepared by
calcination at temperatures of 350, 450, 550, 650, 700, 800, and 900 °C according to the
methodology described in previous work [13]. The evaluated materials were named CWH-

X, where X stands for the calcination temperature.

Materials were characterized by Fourier-transformed infrared spectroscopy, FTIR
(Spectrum two-PerkinElmer with UATR for a range within 4000 - 450 cm™) to determine
the functional groups present on the surface of materials. The crystalline phases present in
each material were identified by X-ray diffraction (XRD) patterns using a Shimadzu XRD-
6100 diffractometer with Cu Ka radiation (A = 1.5406 A), at 40 KV in the 26 angle range of
10° to 80° with a step size of 0.026° and period of 50 s. The chemical environment of the
surface of the materials was determined from X-ray photoelectron spectroscopy analysis
(XPS) using an XR50 M monochromatic Al Kal (hv = 1486.7 eV) X-ray source and a
Phoibos 150 spectrometer that has a one-dimensional detector 1D-DLD (SPECS, Berlin,

Germany).

5.2.2. Adsorption of Cd** and Cu?*

Cd?* y Cu?* adsorption experiments were carried out by contacting 0.05 g of each
material obtained with 100 mL of synthetic solutions of 200 mg/L of Cd?* and Cu?* prepared
from CdCl2.2.5H40 (Alfa Aesar, 79.5 — 81.0%) and Cu(NOz3)..3H20 (PanReac, 98 — 100%),
with pH values of 6.14 and 5.33, respectively. The mixture was kept under stirring for 24 h
at 200 rpm at 25 °C. The concentrations of Cd and Cu were determined by the method of
colorimetry (Hach, TNT 852, and TNT 860, respectively) using a DR 3900

spectrophotometer (Hach). All experiments were done in duplicate.
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5.2.3. Leaching of Cd’* and Cu**

Batch tests according to a standard SPLP Method 1312 [35] were performed to
determine the percentage of immobilization of Cd?* and Cu?* in CWH-based materials after
adsorption. CWH-550-Cu, CWH-550-Cd, CWH-700-Cu, or CWH-700-Cd in 0.5 ¢
amounts_were mixed in a glass Erlenmeyer flask with 10 mL of an H.SO4/HNO3 solution
(relation H2SO4/HNO3 of 60/40 (by weight) diluted with deionized water to pH 4.2). The
samples were mixed by shaking at 30 rpm for 18 h at a temperature of 25 °C, then passed
through a 0.45 um filter, acidified with concentrated HNO3, and the concentrations of Cd
and Cu were determined by the colorimetry method (Hach, TNT 852 and TNT 860,
respectively) using a DR 3900 spectrophotometer (Hach). All experiments were done in

duplicate.

5.3. Results and discussion

5.3.1. Calcination products

Fig. 5-1a shows the characterization by XRD for the WH samples calcine at different
temperatures (350 °C to 900 °C). For calcined WH from 350 °C to 650 °C the higher peaks at
26 = 26.6°, and 20 = 29.4° correspond to the (104) plane of CaCO3 (ICSD-#: 166364) and the
(011) plane of SiO> (ICSD-#: 42498), with an increase of temperature the peaks
corresponding to CaCOs decrease and the formation of others phases is observed by the
presence of new peaks, for example at 260 = 17.9° and 34.0° for the (001) and (010) planes,
respectively, of Ca(OH). (ICSD-#: 202225); additionally, the presence of calcium apatite
(ICSD #: 180315) was confirmed with the peaks at 26 = 31.4°, 32.1°, and 32.4° for the (211),
(112), and (030) planes, respectively. Other Ca phase at temperatures higher than 700 °C is
CaO (ICSD-#: 60199) which has characteristic peaks at 26 = 32.2°, 37.3°, and 53.8° for the
(111), (002) and (022) planes. For CWH-900, the peaks corresponding to Cas(PO4)3(OH)
decrease and peaks at 20 = 25.9 ° and 31.3° corresponding to (200) and (032) planes for
Cag(HPO4)2(PO4)4(H20)s appear. At high temperatures (800 - 900 °C) a peak at 20 = 42.9°
for the (002) plane for MgO (ICSD-#:61325) increases the intensity. Other peaks with lower
intensity can be attributed to FezOa, K20, albite (NaAlSizOs, KAISi3Og), and leucite phases.
These results show that the composition change with the temperature obtaining materials

with heterogeneous composition.
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Fig. 5-1b shows results of phase content according to Rietveld refinement after calcination
treatments at different temperatures of the WH samples. The quantification by XRD showed
relatively high contents for MgO (11 - 15%), SiO> (6.4 - 11.7%), and albite. With increasing
temperature, crystalline phases in a lesser extent FesO4 (3.47%), Al2O3 (3.01%), and K20

(0.73%) are formed, which are commonly found in soils.

Mg phases have been reported to be active in the removal of Cd?* and Cu?* [36,37], through
a combined adsorption mechanism together with the Ca phases present as CaCQO3, Ca(OH),
Ca0, and Cas(PO4)3(OH). Transformation of calcium phases with temperature has been
previously studied elsewhere [13]. CaCOs content increases from 350 °C to 550 °C from
44.27 % to 51.17 %. CaCOz is also well known to be an active phase in the adsorption of
Cd?* and Cu?* through a precipitation mechanism [4,15,38,39]. For CWH-700, the amount
of apatite increased to 34.04%, while CaO, CaCO3, and Ca(OH)2> were obtained in 6.11%,
3.9%, and 18%, respectively. The apatite slightly increases up to 36.64% for CWH-800 and
decreases again in CWH-900 as well as Ca and Ca(OH). indicating the formation of other
phases. Calcium apatites are also widely used as efficient adsorbents for toxic metal ion
removal from wastewater [40-42]. On the other hand, albite is present in all materials, Chen
et al. [43] reported albite-bass porous ceramic for the adsorption of Cd?* and other heavy

metals.

Most of the reaction products from the calcination treatment of WH show suitability
for the adsorption of heavy metals. For instance, at low temperatures (< 550 °C) with CaCOs
is the main phase, while at a high temperature (> 650 °C) calcium apatite is the phase in
greater quantity. Both Ca-based phases have been studied in the removal of heavy metals,
which makes the materials obtained from WH calcination promising for the adsorption of
Cu?" and Cd?*.
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Fig. 5-1. (a) XRD patterns for water hyacinth calcined (CWH) at different temperatures. (b)
Quantification of phases (% wt.) according to Rietveld refinement of the XRD patterns of

water hyacinth calcined (CWH) at different temperatures.

5.3.2. Adsorption of Cd* and Cu**

Fig. 5-2 shows the percentage of removal of Cd?* and Cu?* for WH-material

calcinated at different temperatures. From this plot, it can be observed that powder calcined
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at temperatures below 650 °C have lower percentages of adsorption of Cd?* (between 17.8
% and 30.2 %) and Cu?* (between 9.6 % and 23.1 %) than those calcined at temperatures
between 700 and 900 °C (42.5 — 51.2 % to Cd** and 22.8 — 31.8 % to Cu?®*). Comparing
Figures 5-1 and 5-2 a correlation between the percentage of Cd?* and Cu?* removal and
composition, e.g., the calcium apatite content can be observed. More specifically, a
maximum in the removal percentage seems to be correlated with the material with the highest
apatite content (CWH-700, and CWH-800, see Fig. 5-1), at higher temperatures (900 °C) the
apatite  content decreases and phases such as octacalcium  phosphate
(Cag(HPO4)2(P04)4(H20)s) and leucite (K(Si2Al)Os) appear, which do not favor the
adsorption of Cd?* and Cu?* causing a decrease in the removal percentage. Apart from the
relationship between the percentage of adsorption and the composition of the materials one
has to take into account specific area, crystallinity, porosity, among other powder properties,
which are all affected by calcination conditions, such as temperature and time [42].
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Fig. 5-2. Percentages of removal of Cd?* and Cu?* of water hyacinth calcined (CWH) at

different temperatures.
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5.3.3. Adsorption mechanisms

Due to the differences in the removal of Cu?* and Cd?* as a function of temperature and to
understand the adsorption mechanism and phases responsible for the adsorption of cations
WH-samples calcined at 550 and 700 °C were analyzed before and after adsorption by ATR-
FTIR, XRD, and XPS to determine the interaction and formation of new Cu and Cd species.

Fig. 5-3 shows the XRD patterns of CWH-550 and CWH-700 before and after adsorption;
the samples were labeled as CWH-500-Cu, CWH-700—Cu in the case of Cu?* removal and
CWH-500-Cd and CWH-700-Cd for Cd?* removal. The presence of CaCOs is confirmed in
CWH-550 with the peak at 26 = 29.4°, which corresponds to the (104) plane (CaCOs, ICSD -#:
166364) [45]. The peak observed at 20 = 26.6° corresponds to the (011) plane of SiO:
(ICSD-#: 42498), and the peak at 26 = 42.9° corresponds to the (002) plane for MgO,
aluminum is mainly forming an aluminosilicate with a peak at 26 = 27.9° of the plane (200)
for albite (NaAlSizOs, KAISiz0s). For CWH-700, the peak at 20 = 29.4° of the (104) plane
of CaCOs is lower. It can be seen that CWH-700 presents peaks at 260 = 17.9° and 34.0°,
which correspond to the (001) and (010) planes of Ca(OH). (ICSD-#: 202225), respectively;
additionally, the presence of apatite (Cas(PO4)3(OH)) (ICSD #: 180315) was confirmed with
the peaks at 26 = 31.4° and 32.1°, for the (211) and (112) planes, respectively, and diffraction
peaks at 20 = 32.2°, 37.3° and 53.8° for the (111), (002) and (022) planes indicating the
presence of CaO (ICSD-#: 60199).

The formation of crystalline particles of Cd?* and Cu?* was observed on CWH-
550 and CWH-700. XRD patterns of CWH-550-Cd and CWH-700-Cd revealed the
formation otavite (CdCO;, ICSD 156740). The diffraction peaks corresponding to MgO
decreased significantly whereas those associated to CaO, Ca(OH)., Al;0s3, and KO
vanished, which indicates that these phases were involved in the precipitation of otavite or
the formation of other chemical species with Cd. On the other hand, CWH-550-Cu showed
intense peaks of Cu-mineral in the form of posnjakite (Cu,(OH)SO,.H,0O, ICSD 100276).
In contrast, CWH-700—Cu is a highly amorphous case and does not present peaks for
posnjakite making a detailed analysis difficult. However, a peak is observed at 26 = 28.4°
for the (201) plane corresponding to Cuz(P20y). Otavite and posnjakite have been reported
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as a precipitated product in the Cd?* and Cu?*, respectively, using adsorbents containing Ca
[4,15].
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Fig. 5-3. XRD patterns for CWH-550 and CWH-700 before and after adsorption Cd and Cu.
CWH-550 and CWH-700: water hyacinth calcined at 550 and 700 °C, respectively; CWH-
550-Cu, CWH-550-Cd: water hyacinth calcined at 550 °C after of adsorption Cu and Cd,
respectively; CWH-700-Cu and CWH-700-Cd: water hyacinth calcined at 700 °C after of

adsorption Cu and Cd, respectively.

Fig. 5-4 shows the FTIR spectra before and after adsorption. Before adsorption for both
CWH-550 and CWH-700 bands at 1050 and 960 cm™ are assigned to the Si—O-Si
asymmetric stretching vibration and Si—-OH asymmetric vibration respectively, while the low
intensity band at 779 cm™ is characteristic of the symmetric vibration of the Si—O bond
[46,47]. In all cases, the SiO; signals are still visible after the adsorption, indicating that SiO>
does not play a significant role in the adsorption process. On the opposite, the band at 646
cm ! associated to MgO is observed [48] before and after adsorption, which decreases,
mainly in the case of Cu?* indicating the formation of a Cu—MgO compound. As previously
discussed, a CuxMg1-xO solid solution was identified by XRD for CWH-700—Cu.
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For CWH-550, the signals at 712 and 875 cm™* corresponding to —CO3?~ group are observed:;
these signals are confirmed by the bands centered at 1418 and 1458 cm™* corresponding to
the symmetric and asymmetric stretching modes of the CO3?>  group [49], indicating the
presence of CaCO3[47,50]. In the case of Cd?* adsorption, new bands were observed at 860
and 840 cm™* for CWH-550—-Cd and CWH-700—Cd, respectively.

CWH-550 and CWH-700 also showed bands at 567 and 602 cm™ of the PO4* group, as
verified by the bands around 1000 and 1100 cm™2, corresponding to the asymmetric and
symmetric deformation modes of the [PO4]va group (v4 O—P—0O) [49] corresponding to apatite
[13]. The bands at 567 and 602 cm™* change considerably after adsorption indicating that the
phosphate group plays a main role in the adsorption of Cd?* and Cu?*. For CWH-550-Cu,
the band at 602 cm™ moves to 600 cm™* and also gains intensity, and for CWH-550-Cd, the
567 cm! band increases its intensity. Again, these changes indicate that calcium phosphates
are involved in the adsorption of Cu?* and Cd?*, possibly by a substitution mechanism by
cation exchange as it has already been reported elsewhere [40]. However, the XRD pattern

of the CWH-700 sample shows an interplay of calcium apatite with amorphous compounds.

The band at 680 cm™ corresponds to Al-O bond, which has a higher intensity for
CWH-700 than for CWH-500 and, disappears after adsorption, as does the peak at 26 =
25.37° in XRD (Fig. 5-3). This fact serves as evidence that Al.Os is also active in the Cd?*
and Cu?* removal [51-53].
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Fig. 5-4. a) and c): FTIR spectra of water hyacinth calcined at 550 °C and 700 °C; b) and d);

Increase in the range: 815 — 450 cm™*. Before and after Cu?* and Cd?* removal.

Fig. 5-5 and Table 5-1 show the XPS spectra, position, and atomic quantification for CWH-
700 before and after Cd** and Cu?** removal. The XPS survey spectra for CWH-700 (Fig. 5-
5a) revealed peaks of C, Al, Mg, P, S, CI, K, Ca, Na, Si, and O; where O has the highest
intensity and atomic composition according to the result in Table 5-1. After removal (Fig. 5-
5b and 5-5¢) the characteristic peaks for Cd?* and Cu?* were identified. According to the
curve-fitting Cd 3p peak consists of two spin-orbit doublets, the higher intensity envelope
Cd 3p12 at 653.9 eV and Cd 3ps2 at 619.5 eV, the second one, with lower intensity envelope
Cd 3p12 at 649.7 eV and Cd 3p32 at 615.7 eV both doublets in a 1:2 area ratio. The presence
of two doublets may be due to the presence of CdCO3; and Cd>P>O7 which agrees with the
results observed by XRD (Fig. 5-3). Similar results have been reported for adsorption and
precipitation of Cd with phosphate addition in soils [54]. The curve-fitting for Cu 2p shows
the doublet for Cu 2p1 at 955.9 eV and Cu 2ps» at 936.0 eV for Cu?", the second doublet
corresponds to the shake-up structure for Cu 2p [55]. The value of 936.0 eV is close to the
reported for CuSO4 (936.0 eV) and Cu3(PO4)2 (935.85 eV) [56], which complements the
results obtained by XRD for CWH-700—Cu.
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High-resolution spectra for K, C, Al, Mg, and P, which are possibly involved in the removal
of Cd?* and Cu?* are shown in Fig. 5-5d-h. Interactions of these elements with Cd?*as have
been reported by Chen et al.[57] that were confirmed with the current results. For instance,
C 1s signal at 289.5 eV for COs%" increases for CWH-700—Cd indicating the presence of
CdCOz. Additionally, the signals for Ca 3p, Mg 1s, Al 2p, and P 2p are all shifted after the
adsorption tests indicating the formation of particular compounds or solid solutions
associated to Cd?* and Cu?*. In the case of Ca the shifting was from 346.7 eV to 345.7 eV
(see Table 5-1), whereas P 2p is shifted from 133.0 eV to 133.3 eV and 133.5 eV after Cd?*
and Cu?* removal respectively indicating the formation of phosphates compounds [56]. In
the case of adsorption experiments for Cu?* removal, Mg 1s is shifted from 1305.2 to 1304.4
eV which is possibly associated to the Cuo.osMgo.esO formation observed by XRD. It is worth
to note that the signals for Ca and Al decrease in intensity after Cu?* removal, possibly due

to a partial dissolution of compounds that contain these elements.
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Fig. 5- 5. @) XPS survey for water hyacinth calcined at 700 °C, before and after Cd?* and
Cu?* removal, b-h high resolution XPS spectra for Cd, Cu, K+C, Ca, Al, Mg and P.

84



The surface composition of CWH-700 (Table 5-1) evidenced that the WH ashes do not
contain other heavy elements corroborating previous results [13]. After adsorption, the
content of Cd?* and Cu?* is 28.0% and 30.3%, while the Ca decreases from 18.0% to 11.6%
and 5.4%, respectively. Although other elements were released into the aqueous solution,

none present greater risk compared to the removed heavy elements.

Table 5-1. Element quantification and position determined by XPS for CWH-700 before

and after Cd?* and Cu?* removal from an aqueous solution.

Element _ CWH-?QQ CWH-?OO_—Qd CWH-?OO_—Qu
Weigh (%) Position (eV) Weigh (%) Position (eV) Weigh (%) Position (eV)

Al 5.4 73.80 4.5 74.20 0.0 -
Si 11.2 101.96 8.6 102.17 7.3 102.17
P 3.2 133.03 2.0 133.29 2.7 133.52
S 2.1 168.89 1.7 169.00 3.2 168.44
Cl 3.9 198.74 1.6 198.89 2.2 198.42
C 8.1 284.80 6.1 284.80 6.4 284.80
K 5.6 293.01 1.3 292.95 0.3 293.13
Ca 18.0 346.67 11.6 345.68 5.4 346.79
O 34.2 531.85 29.7 531.63 38.4 531.96
Na 1.3 1073.17 0.0 1073.17 0.0 1073.17
Mg 7.1 1305.21 4.8 1305.23 3.6 1304.41
Cd 0 - 28.0 619.44 0.0 -
Cu 0 - 0.0 - 30.3 936.00

According to the above results, Fig. 5-6 shows a schematic representation of the proposed
Cu?" and Cd?* removal mechanism by CWH-550 and CWH-700 from aqueous solutions. The
XRD results showed that CaCOs is the phase in the highest proportion for CWH-550, while
Ca(OH), and calcium apatites are the main phases in CWH-700. These phases interact
promoting the formation of Cu** and Cd*" precipitates such as Cu(SO4)3(OH)s(H20) and
CuzP,07 for Cu?*, CdCO; and Cd,P,07 for Cd**. Lower proportion phases as MgO and Al>O;3
present in the adsorbents also intervene, which is evidenced by the change of IR bands
corresponding to MgO and AlOs. In the case of Mg, the formation of Cuo.0sMgo.osO was
observed, while Al precipitates were not observed, possibly due to its low content in the

materials.
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precipitated.

5.3.4. Leaching of Cd’* and Cu*”*

Fig. 5-7 shows the leaching percentages of Cd?* and Cu?* adsorbed on CWH-550 and
CWH-700. It can be seen that the metals adsorbed on CWH-700 present lower leaching
percentages (0.003% and 0.055% for Cu?* and Cd?*, respectively) compared to those
adsorbed on CWH-550 (0.013% and 0.747% for Cu?* and Cd?*, respectively). However,
these leaching percentages are less than 1%, indicating that the materials obtained from the
calcination of the water hyacinth immobilize approximately 99% of the adsorbed Cd?* and
Cu?* on their surface, which may be related to the presence of phosphate and calcium species
(apatite and calcite) that help the formation of species that precipitate during adsorption. In
the case of apatite, part of it can dissolve in the aqueous solution under acidic conditions and
the dissolved phosphates can react with Cu or Cd to form phosphate-metal compounds such
as CuzP207 or Cd2P207. In the case of calcite or other calcium compounds, Cd?* and Cu?*
exchange with Ca?* to form stable compounds such as CdCOs. These compounds are highly
insoluble and help the immobilization of these metals [33,34]. The potential of phosphate
compounds in enhancing the immobilization of heavy metals has been demonstrated in the

scientific literature [33,34,41,58]. In general, the presented results indicate that the
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immobilization of Cu and Cd by the calcined water hyacinth can substantially reduce the

contamination of these metals in the water.
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Fig. 5-7. Leaching percentage of Cu?* and Cd?* for adsorbed materials.

5.4. Conclusions

Economic and eco-friendly materials obtained from the calcination of water hyacinth
were tested for the successful removal/immobilization of Cu?* and Cd?* from aqueous
solutions. The calcination of WH allows mainly the formation of Ca—P phases such as
CaCOg, Cas(PO4)3(0OH), and MgO and Al2Os in lower proportion. These phases have a high
capacity for adsorption and retention of heavy metals. According to XRD results, Cd?*
precipitates as CdCO3 and Cd,P,07 while Cu?* precipitates as Cuo.osMgoosO and CuzP207
for water hyacinth calcined at 700 °C, (CWH-700). On the other hand, calcium phosphates
in materials calcined at temperatures higher than 550 °C play an important role in the removal
of Cd?* and Cu?* since the maximum removal percentage matches with the materials with
the highest apatite content, possibly by the exchange of Cd?*/Cu?* by Ca?*. The solid
precipitates have low solubility in simulated natural precipitation water (< 0.055% of Cd and
< 0.003% of Cu) that reduce contaminant mobility and, therefore increased stability in soils

preventing new contamination.
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Capitulo 6

6. Aspectos relevantes y perspectivas

6.1. Conclusién general

Con los resultados obtenidos en este trabajo (Fig. 6-1) se demostrd que la
transformacion térmica (calcinacion) del jacinto de agua (Eichhornia Crassipes) presenta
una via sostenible para la remocion y recuperacion del fosforo presente naturalmente en la
biomasa y ademaés en sistemas acuosos. Fue posible obtener un material rico en fosfato de
calcio (apatita) con uso potencial de enmienda para suelos &cidos, que actia como un
fertilizante fosfatado de liberacion lenta. Ademas, los materiales obtenidos pueden usarse
como materiales adsorbentes del fésforo presente en soluciones acuosas, permitiendo
disminuir el problema ambiental de la eutrofizacion ocasionado por el alto contenido de
fésforo. De otro lado, fue posible incrementar el contenido de apatita en los materiales usados
en la adsorcion de fosforo mediante un tratamiento de calcinacion adicional. En esta
investigacion se demostrd que los materiales obtenidos a partir de la calcinacion del jacinto
de agua no solo actian adecuadamente para la eliminacién y reciclaje del fosforo, sino que

también pueden remover e inmovilizar metales pesados como el cadmio y el cobre.
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Fig. 6-1. Principales resultados encontrados en este trabajo.

6.2. Conclusiones especificas

o Mediante la caracterizacion por FRX y XRD del jacinto de agua se evidencio el alto
contenido de Ca (34,44% de CaO), lo cual lo convierte en un material que no requiere
adicion de fuentes externas de Ca para generar la relacion adecuada Ca/P (1.67) para
producir apatita a diferentes temperaturas de calcinacion. Se encontr6 que a bajas
temperaturas de calcinacion (350 °C — 550 °C), el CaCOs es la fase cristalina principal
y el P permanece en forma organica; mientras que a altas temperaturas (650 °C — 900
°C), el Ca se transforma en Ca(OH). promoviendo la formacion de fosfatos de Ca
como apatita [Cas(PO4)3(OH)], de la cual se obtiene hasta un 36.64% a 800 °C.
Debido al contenido de apatita, los materiales presentan uso potencial como
fertilizante con liberacion lenta de P; los ensayos realizados mostraron una liberacion

de P a las 24 h del 28.4% en &cido formico y del 3.6% en agua desionizada.

o Al emplear el jacinto de agua calcinado a 650 °C (CWH-650) como un material para

la adsorcion de fosforo, se encontro alto porcentaje de eliminacion de P (29.86%),
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generado principalmente por el contenido de Ca(OH), y otros compuestos como
Al;O3 y MgO, que actian como fases activas en el proceso de adsorcién de P.
Mediante analisis cinético del proceso de remocion, se determind que el paso
limitante de la velocidad de adsorcion es la quimisorcion de P sobre CWH-650. Por
otro lado, los modelos de isotermas como Langmuir, Freundlich, Temkin y
Langmuir-Freundlich ajustaron muy bien los datos experimentales, proporcionando
una capacidad méxima de adsorcion de 21.21 mg P/g e indicando que no existe una
unica forma de interaccion entre CWH-650 y P. Esto demuestra una mezcla de
mecanismos de adsorcion, donde el intercambio de ligandos seguido de la
precipitacion fueron los mecanismos dominantes en el proceso de adsorcion. Los
analisis de FTIR y XRD permitieron determinar que el proceso de calcinacion al
material adsorbido con P (CWH-650-P), genera la obtencion de un material con

mayor contenido apatita, la cual incrementa de 30.3 a 41.0%.

o El proceso de calcinacion del jacinto de agua favorecio la formacion de fases de Ca-
P como CaCOs y Cas(POs)3(OH), ademas de MgO y Al>O3 en menor proporcion.
Estas fases tienen una alta capacidad de adsorcidn y retencion de metales pesados.
Segun los resultados de XRD para el jacinto de agua calcinado a 700 °C (CWH-700)
utilizado en la remocion de metales, el Cd?* y el Cu?* precipitaron como CdCOs y
Cd2P207, y Cuo.0sMgo.osO y CuzP207, respectivamente. Se demostro que la apatita y
las especies de Ca juegan un papel importante en la eliminacion de Cd?* y Cu?* desde
soluciones acuosas. El fosforo se puede liberar a la solucion y reaccionar con los
metales, y el calcio puede presentar intercambio idnico con el Cd?* y el Cu?*. Los
precipitados que se formaron durante la adsorcion presentaron baja solubilidad
(<0.055% de Cd y <0.003% de Cu), reduciendo la movilidad de los contaminantes e
incrementando la inmovilizacion de Cd y Cu en CWH-700.

6.3. Perspectivas de investigacion

Este trabajo contribuye al entendimiento de la transformacion térmica del jacinto de

agua como una metodologia econdmicamente viable para obtener un producto de valor
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agregado, con aplicaciones relevantes en la remocion y reutilizacion de fésforo a partir de
medios acuosos, ademas en la remocion de metales pesados en sistemas acuosos, ambos
aspectos relevantes desde un punto de vista ambiental. Mediante el desarrollo de esta
investigacion se contribuye a ver el proceso de calcinacion no solo como un método de
disposicion el jacinto de agua en la reduccion de su volumen, sino también como metodologia
para obtener un material que pueda usarse como fertilizante y/o adsorbente de contaminantes

de medios acuosos.

Los resultados obtenidos en esta investigacion, abren las puertas para estudiar las

aplicaciones previamente mencionadas a escala real donde:

o Se estudie el comportamiento de estos materiales usando aguas residuales reales
mediante experimentos por lote y en continuo, ya que estas suelen brindar
informacion mas acorde a los procesos que se dan en plantas de tratamiento de aguas

residuales.

o Se evalle la selectividad hacia el P en presencia se otros aniones competitivos como

arseniato, nitrato, sulfato, carbonato, entre otros.

o Se explore el comportamiento de estos compuestos en el suelo y las plantas.
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Anexos

Anexo C3: capitulo 3

Table 3-S1. P content for calcined samples

Sample Yield (wt %) P20s (wt %) P (wt %)

WH 100.00 1.21* 0.53
CWH-350 27.70 4.37 191
CWH-450 23.10 5.24 2.29
CWH-550 20.70 5.85 2.55
CWH-650 16.70 7.25 3.16
CWH-700 15.81 7.65 3.34
CWH-800 14.70 8.23 3.59
CWH-900 14,51 8.34 3.64

* Determined by XRF

0.03

A CWH-900
CWH-800
B —— CWH-700
- SF= A+B CWH-650
<002+ C
<
N
>
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‘D
&
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700 650 600 séo1 500 450
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Fig. 3-S1. The splitting factor (SF) of Weiner and Bar-Yosef, (1990). SF is measured as the
sum of the heights of the 602 and 567 cm™ phosphate peaks divided by the height of trough
between them.
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Anexo C4: capitulo 4

The equations for kinetic models of pseudo first order (equation C4-1) and pseudo
second order (equation C4-2) are presented in Table 4-S1.

Table 4-S1. Equations for kinetic models.

Models Equation
Pseudo first order q,=q,(1-e”"1) (C4-1)
q Zkzt
Pseudo second order <

= = 4-2
qt ] +Clek2f (C )

When g..: is the amount of phosphorus adsorbed at equilibrium (mg/g); ¢,: is the amount of

phosphorus adsorbed in time (mg/q); #: time (min); k;: is the pseudo-first-order rate constant

(1/min); k. is the pseudo second order rate constant (g/mg.min).

Fig. 4-S1. Fit to pseudo first order and pseudo second order kinetic models.
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Table 4-S2. Parameters of pseudo first order and pseudo second order kinetic models.

Co (mg/L) 10 25 50 75 110 130
Ce (mg/L) 2.400 10.000  30.000 55,500 91.875 112.500
Qe exp (MY/Q) 8.000 14333  19.326  19.500 20.625  20.000
Pseudo first order

k1 (1/min) x 10 6.579 5.900 0.714 0.039 0.035 0.033
ge (Mg/g) 7.546 13.685 16.840 17.553 18.639  16.183
R? 0.9888 0.9728 0.9670 0.9764 0.9552  0.9430

Aqe (%) 6.02 4.74 14.76 11.09 10.65 23.59

Pseudo second order

k2 (/mg.min) x 10  1.773 0.699 0.056 0.003 0.003 0.002
qe (Mg/g) 7.668  14.024 17572 18.901 19.464  17.869
R? 0.9934 0.9851 0.9808 0.9873 0.9727  0.9606

AQe 4.33 2.20 9.98 3.17 5.96 11.93

The equations for the Langmuir (equation C4-4), Freundlich (equation C4-5), Temkin

(equation C4-6) and Langmuir-Freundlich (equation C4-7) isotherm models are shown in

Table 4-S3.

Table 4-S3. Isotherm model equations.

Models Equation
. CeQ KL
Langmuir = m C4-4
gmui 1" CR 71 (C4-4)
Freundlich g =K.C (C4-5)
. RT

Temkin qe=7Ln(KTCe) (C4-6)

K,C)mr
Langmuir-Freundlich _ 9y (K,CO™ (C4-7)

T K Comrel
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ration factor R = ———
Separation facto LS ITK.C,

(C4-8)

When q.: is the amount of pollutant adsorbed at equilibrium (mg/g); Q,,: is the maximum
adsorption capacity (mg/g); C.: is the concentration in equilibrium (mg/L); K,: is the
Langmuir constant (L/g); Kr: is the adsorption capacity in multilayer (mg/g); %: is a constant
linked to the adsorption intensity; K,: is the adsorption affinity constant (L/mg); n,r: is the
index of heterogeneity; R: universal gas constant (kJ/mol.K); T: temperature (K); K;:
Temkin's constant (L/g); b: is a constant related to the heat of adsorption (kJ/mol); Cy: is the

initial concentration (mg/L); R;: is the separation factor (dimensionless).

Table 4-S4. Langmuir, Freundlich, Temkin and Langmuir-Freundlich isotherm parameters.

Qm (mg/g) 21.207 Kr (L/g) 7.039

Langmuir K. (L/mg)  0.239 Temkin b (kJ/mol) 0.768
R? 0.9973 R? 0.9825
RL %(32%17 Qm (Mmglg)  21.382

Kr (mg/g)  8.656 Langmuir-Freundlich Ka (L/mg) 0.235

Freundlich 1/n 0.195 NLF 0.96
R? 0.9665 R? 0.9973

—pH2.0
——pH4.0
——pH 6.0
——pH 8.0
pH 10.0 1030
pH12.0 0-P-0 pH12.0

Transmittance (a.u.)
Transmittance (a.u.)

1700 1600 1500 1400 1300 1200 1100 1000 900 800 750 700 650 600 550 500 450
- -1
Wavenumber (cm’™) Wavenumber (cm™)

Fig. 4-S2. FTIR for CWH-650 after adsorption at different initial pH.
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