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Resumen

Las grasas naturales sin extension, condicionan el alimento y tienen un comportamiento reoldgico y sensorial diferente al de
las grasas extendidas con otros materiales. La presente investigacién evalu6 el efecto del uso de un extensor de grasa sobre
algunas propiedades de calidad textural y sensorial de un chorizo tipo antioquefio. Se sustituyd la grasa de cerdo mediante
el uso de alginato de sodio (E1) y alginato de sodio adicionado con fibra citrica (E2), los cuales se usaron para sustituir
parcial (70 %) y totalmente la grasa en una formulacién de chorizo tipo antioquefio. Se realizaron pruebas instrumentales
y sensoriales para medir algunos atributos de calidad del producto. El extensor graso a partir de alginato de sodio (E1),
influy6 positivamente en las caracteristicas instrumentales y sensoriales del producto. La fuerza de corte arrojé valores de
hasta 4,03 % por encima del testigo y, en relacién al analisis sensorial, fue el mismo tratamiento el que obtuvo las mejores
puntuaciones. En conclusién, el uso de E1 permite elaborar un producto con el requerimiento nutricional deseado.

Palabras clave: bajo en grasa; producto cdrnico; sustituto de grasa; sensorial; fuerza de corte; alginato de sodio.

Abstract

The natural fats without extension, condition the food and have a rheological and sensorial behavior, different from the fats
extended with other ingredientes. The present research evaluated the effect of the use of a fat extender on some properties
of textural and sensory quality of an Antioquian kind of chorizo. Pork fat was replaced by the use of sodium alginate
(E1) and sodium alginate added with citrus fiber (E2), which were used to partially (70 %) and totally replace the fat in
an Antioqueno-kind of chorizo formulation. Instrumental and sensory tests were performed in order to measure some
attributes of product quality. The Sodium alginate (E1) fat extender, influenced positively the instrumental and sensory
characteristics of the product. The cutting force delivered values of up to 4.03 % above the control and, about the sensory

103



Informador Técnico 83(2) Julio - Diciembre 2019: 103-111

analysis, it was the same treatment that obtained the best marks. In conclusion, the use of E1 allows to produce a product
with the desired nutritional requirement.

Key words: low fat; meat product; fat substitute; sensorial; cutting force; sodium alginate.

Introduccion

Como respuesta a las variaciones de los modelos de alimentacién recomendados principalmente por los
profesionales de la salud e incluso por otras corrientes, la industria alimentaria no solo se ha dedicado a producir,
sino también a contribuir con la investigacién y desarrollo de productos, en aras de atender las necesidades
actuales del mercado. La reduccién del contenido de grasa en los alimentos es uno de ellos. Es considerado
uno de los ingredientes con mayor riesgo para la salud de los consumidores. La ingesta excesiva de alimentos
fuente de grasa y con un consumo elevado de calorifas acompafiado de estilos de vida sedentaria, promueven
trastornos nutricionales que afectan el peso corporal y la salud en general (Cabezas-Zabala; Herndndez-Torres;
Vargas-Zarate, 2016).

Segtin Mariné (2017), la seguridad de los embutidos es el factor limitante de su consumo. Por ello, en la
actualidad son objeto de debate por los eventuales efectos negativos sobre la salud derivados de su consumo
excesivo, esto depende en gran medida de la naturaleza de la materia prima basica (carne porcina, bovina,
avicola), la cantidad y la naturaleza de las grasas con un contenido significativo de colesterol y los aditivos
incorporados para su elaboracién. De hecho, es ahi donde radican las debilidades de los embutidos, estudios
como el realizado por Ros et al., (2015), reportan que el consumo de dietas con altos contenidos de grasas,
especialmente de origen animal, aportan un gran porcentaje de grasas saturadas asociadas con enfermedades
cardiovasculares, diabetes, tensioén arterial, cAncer, entre otras, que ponen en riesgo la vida de las personas.

La Organizacion Mundial de la Salud (2016), recomendé el consumo de grasas esenciales en la
alimentacién diaria para la obtencién de energia, entre las que se deben incluir las grasas “cardiosaludables” y,
de igual forma, manifest6 la necesidad de sustituir las grasas saturadas. Asf las cosas, el consumo de grasa total
no debe superar el 35 % de la dieta diaria, de este total, las grasas poliinsaturadas deben estar entre 2,5 %y 9,0 %,
mientras que las grasas monoinsaturadas entre 15 % y 20 %. Finalmente, menciona que el consumo de grasas
saturadas no deberia estar por encima del 10 %.

Respecto a la grasa animal, los niveles mas altos de colesterol y dcidos grasos saturados; presencia de esta
en la carne de cerdo, lo que se relaciona con una serie de enfermedades asociadas a su ingestién (Pacheco-Pérez;
Restrepo-Molina; Lépez-Vargas, 2011). Por ello, los productos carnicos elaborados con dicho ingrediente, incluso la
carne misma, se han convertido en una amenaza para el consumidor, quien debido a esto, ha optado por ingerir
alimentos poco procesados o formulados con niveles reducidos de grasa y colesterol, perfil de 4dcidos grasos
mejorados y con la incorporacién de ingredientes saludables (Olmedilla-Begoria; Jiménez-Francisco, 2014).

No obstante, es bien conocido que la grasa condiciona las caracteristicas sensoriales y de textura
instrumental del producto (Rivera, 2012). Esto, se basa fundamentalmente en que las grasas aportan muy
buenas caracteristicas sensoriales a los productos, pero a su vez, impactan negativamente en la salud del
consumidor y las convierte en materiales propensos a ser sustituidos en las diversas formulaciones, de manera
que, el verdadero problema que el técnico debe resolver es la elaboracién de un material que parezca grasa, que
confiera las mismas caracteristicas de este con un aporte calérico menor y que no represente un peligro para la
salud publica. Para ello, tanto la ciencia como la industria carnica, han investigado el uso de sustitutos de grasa
que permitan mantener la calidad del producto mediante el uso de diversos materiales proteicos, lipidicos,
carbohidratos e incluso agua como sustitutos, con el fin de cefiirse a las estrategias modernas de alimentacién
que mejoran la composicién o calidad de los alimentos de origen animal (Landero, 2015).
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Con lo anterior, se evidencia una necesidad constante de generar alternativas de consumo, a partir de
la reformulacién de productos que contribuyan con una alimentacién saludable. El objetivo de la presente
investigacién es la evaluacién del efecto del uso de un extensor de grasa sobre las propiedades de calidad en
términos de textura y sensoriales de un chorizo tipo antioquerio.

Materiales y métodos

Se tom¢ la grasa de cerdo y se extendié con agua mediante la relacién grasa: agente de extension: agua (49:
2: 49), respectivamente, usando dos extensores. El primer extensor (E1) estuvo conformado por una mezcla
de alginato de sodio, sulfato de calcio y pirofosfato tetrasédico, mientras que el segundo (E2) fue adicionado,
ademas, con fibra citrica. La grasa extendida se preparé con ayuda de un homogeneizador (Sammic®, TR/BM-
350BN+BB) a velocidad 2 por 3 min. Para ello, se adicioné primero el agua, luego el extensor y, por tltimo, la
grasa. Tanto el agua como la grasa estaban a 3 °C al momento de la mezcla. Se dejé en refrigeracién por 24 h'y
se incorporé la mezcla, de este modo se remplazé el 70 y el 100 % de la grasa de la férmula. Se desarrollaron
cuatro tratamientos més el testigo (grasa sin extensor). En la Tabla 1 se muestra la formulacién base del chorizo
tipo antioquefio, que luego fue empleada para el disefio de los tratamientos con diferentes niveles de grasa de
cerdo y extensor graso.

Tabla 1.
Formulacién empleada para la elaboracién de un bache de 1,5 kg de chorizo tipo
antioquerio bajo en grasa

Ingredientes % g/bache

Carne de cerdo 90/10 x 5 mm 64,68 1000
Tocino de cerdo x disco 12 mm 12,61 195
Preparacién sabor chorizo antioquefio 1,10 17
Sal refinada 0,65 10
Glutamato monosédico 0,10 1,5
Nitral sal curante 0,29 4,5
Cebolla puerro 1,16 18
Response hidratado 1:3 2,52 39
SPC (intense - sabor) 0,52 8
Color natural anato 0,06 1
Agua-hielo 15,98 130
Humo liquido poly 8,5 0,32 5

Fuente: elaboracién propia.

Pérdidas por coccion

Para determinar las pérdidas por coccién, se usé la metodologia planteada (Nollet-Ledn; Toldra-Fidel, 2009), para
ello se pes6 cada muestra antes y después de ser llevada a coccion.

(peso antes — peso después) . (1)

%pérdida por coccién = peso antes

Donde:

Peso antes = peso del chorizo recién embutido sin coccién.
Peso después = peso del chorizo posterior a la coccién.
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Pérdidas por purga

Se obtuvieron 12 unidades experimentales por tratamiento, estas fueron empacadas de a tres muestras para
un total de cuatro paquetes, con lo cual se determiné su sinéresis durante 10 dfas de almacenamiento en
refrigeracién 2 + 2 °C. Con relacién a la medicién, inicialmente se secé cada chorizo con una toalla absorbente,
luego se pesé y se continué con el empaque. A los 10 dias se desempacaron, secaron y de nuevo se pesé cada
unidad experimental. Finalmente, se calcul6 la diferencia entre los dos pesos hallados por cada tratamiento y el
resultado se present6 en un porcentaje referido al peso inicial.

Medicion del pH

Se aplic6 el método de potenciémetro para determinar el pH de las muestras y se usé un medidor de pH metro
marca Schott modelo Handylab pH11.

Medicion instrumental de la textura

Se evaluaron propiedades de textura de los chorizos con la prueba de resistencia de corte, a través de un texturémetro
modelo TA-XT2i (Stable Micro Systems®). Los pardmetros que se usaron para medir la resistencia de corte de las muestras
fueron: 3,0 cm de alto y 2,5 cm de didmetro, se utilizé una sonda Warner-Bratzler con una celda de carga de 50 kg y
una velocidad de 2 mm/s, mediante la cual se midi6 la fuerza maxima (N) necesaria para cortar la muestra. Todas las
mediciones fueron realizadas sobre muestras de chorizo previamente cocinadas hasta alcanzar una temperatura interna de
78 °C aproximadamente.

Evaluacion sensorial

La evaluacién sensorial de los chorizos se hizo mediante un Analisis Descriptivo Cuantitativo (ADC), en el cual se evalud el
nivel de preferencia, apariencia externa, apariencia interna, color, olor/aroma caracteristico, sabor caracteristico y dureza.
Para la prueba sensorial, las muestras fueron cocinadas en una parrilla durante 10 min, aproximadamente, hasta alcanzar
una temperatura interna de 72 °C. Se cortaron en porciones de 4 cm de largo y puestas de forma aleatoria con ntimeros del
1 al 5. La evaluacién sensorial fue realizada por cinco panelistas entrenados pertenecientes a una organizacion, a quienes
se les suministr6 dos formatos; en el primero, se les solicité que organizaran de 1 a 5 la que menos les gusté y la que mas
les gusto, respectivamente; en el segundo, se les pregunté por la que consideraban més facil de morder y por la que no. Las
repeticiones en esta prueba se hicieron tal y como lo indic6 el disefio estadistico. Esta medicion se realiz6 el dia 1 y el dia 10
después de su elaboracién.

Andlisis estadistico

Los datos obtenidos en las diferentes determinaciones fueron analizados estadisticamente mediante anélisis de varianza
de una via (ANOVA), con un nivel de significancia de 0,05, mientras que las medias fueron comparadas usando la prueba
de muiltiples rangos de Tukey HSD, con un nivel de significancia de 0,05. Todos los anélisis fueron realizados mediante el
paquete estadistico Statgraphics® Centurion XV (version 15.2.06). De cada tratamiento se hicieron tres réplicas, con cuatro
repeticiones cada una.

Finalmente, se determind trabajar con diferentes niveles de inclusién de la grasa extendida, como se muestra en la
Tabla 2.
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Tabla 2.
Tratamientos evaluados

Tratamiento % de grasa extendida

Testigo 0
Tratamiento A (extensor 1) 70
Tratamiento B (extensor 1) 100
Tratamiento C (extensor 2) 70
Tratamiento D (extensor 2) 100

Fuente: elaboracién propia.

Resultados y discusion
Pérdidas por coccion y purga

Respecto a las pérdidas por coccion, no se encontraron diferencias significativas (p>0,05) entre dias. No obstante, en el
dia 1 se observé diferencia significativa (p<0,05) entre los tratamientos A y B formulados con el E1 (sin fibra citrica) y los
tratamientos C y D formulados con el E2 (con fibra citrica), dicho comportamiento fue exactamente igual en el dia 10. La
estabilidad en la coccién de las muestras A y B, fue mayor con respecto a las denominadas C y D. Esto puede deberse a que
las interacciones entre las moléculas del tensoactivo que se ubican en la interfase y el hidrocoloide que se encuentra disperso
en la fase acuosa, son mayores reteniendo las particulas de grasa, de esta forma, se impidi6 las pérdidas durante la coccién,
lo que no ocurri6 con la mezcla que contenia fibra citrica. Parece ser que la fibra presente en los dos tltimos tratamientos
mencionados acelerd las pérdidas por coccién, ademds, los enlaces de la emulsién no alcanzaron la fuerza idnica suficiente
como para retener el agua (Lupo-Bryshila, 2014).

Con referencia a las pérdidas por purga, no se evidenciaron diferencias significativas entre las muestras, lo que
demostré que la incorporacién del extensor estabiliza la fase grasa en todos los casos y, por lo tanto, aumenta la estabilidad
de las mezclas, como se observa en la Tabla 3.

Tabla 3.
Pérdidas por coccién y purga en los chorizos tipo antioquero elaborados con y sin extensor graso, dias 1y 10

Tratamientos

Pérdidas por 932+ 9,78 £0,02a 9,63 £0,05a 12,56 +£0,02b 13,18 £ 0,02b
coccion% 0,041a
(dia 1)
Pérdidas por 9,41+ 9,64 +0,03a 9,69+0,01a 12,23 £0,02b 12,72 £0,07b
coccion% 0,03a
(dia 10)
Pérdidas por 1,76 + 1,87 + 0,04a 1,91 + 0,03a 1,94 + 0,01 a 1,97 + 0,04a
purga% 0,01 a
(dia 10)

Todos los valores son medias + desviacion estandar de cuatro repeticiones. En cada fila las medias con diferente letra
indican diferencias significativas (p<0,05).
Fuente: elaboracién propia.

Los resultados obtenidos en esta investigacién fueron corroborados con el estudio realizado por
Saldafia-Erick et al., (2015), quienes sustituyeron la grasa animal por grasa vegetal y grasa vegetal mas hidrocoloides. Estos,
encontraron que la sustitucién de grasa por grasa vegetal sin hidrocoloides causé un aumento en la liberacion de fluido
cuando el producto fue sometido a tratamiento térmico. Este comportamiento generalmente ocurre cuando la grasa es
remplazada por agua. Asimismo, mencionan que al haber una disminucién en la concentracién de proteina implicada en
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la formacién de la emulsion, se reducen las propiedades de unién entre el agua y la grasa en productos con un contenido
de grasa inferior. Sin embargo, cuando se incluyeron alginato de sodio y goma guar en las formulaciones, la liberacién de
liquido disminuy®.

En otro estudio realizado por Pacheco-Pérez; Restrepo-Molina; Lépez-Vargas (2011), se evalu el efecto de un extensor
graso sobre las propiedades de calidad de un chorizo, en donde se evidencié que con relacién a las pérdidas por coccién
existen diferencias significativas (p<0,05) entre el testigo y el tratamiento con extensor, las pérdidas fueron mayores para
este tltimo. Mientras tanto, en las pérdidas por purga no se registraron diferencias significativas (p>0,05).

Medicion del pH

En la Tabla 4 se presentan los resultados obtenidos de la medicién del pH, para los dfas 1 y 10 respectivamente.

Tabla 4.
pH de los chorizos tipo antioqueno elaborados con y sin extensor graso, dias 1y 10

Parametro Testigo Tratamiento A Tratamiento B TratamientoC  Tratamiento D
pH (dia 1) 5,72 +0,02a 5,76+ 0,07a 5,80+ 0,03a 5,66+ 0,02 a 5,56+ 0,04 a
pH (dia 10) 5,73+0,01a 5,75+ 0,01a 5,77+ 0,02a 571£0,01 a 5,73+ 0,04 a

Todos los valores son medias + desviacion estandar de cuatro repeticiones. En cada fila las medias con diferente letra
indican diferencias significativas (P<0,05).
Fuente: elaboracién propia.

Con relacién a la medicién de este parametro, no se hallaron diferencias significativas (p>0,05) entre dias
y tampoco entre tratamientos. Tanto la mezcla de alginato como la adicionada con fibra citrica, se comportaron
de forma similar en la matriz cdrnica e incluso, no modificaron el pH de los tratamientos. Este resultado lo
corroboraron Rather-Sajad; Massodi-F.; Akhter-Rehana; Rather-Jahangir; Amin-Furheen (2017), quienes estudiaron el
efecto de la goma guar como un sustituto graso en emulsiones carnicas bajas en grasa. Para su investigacion,
disefaron cuatro tratamientos méds uno de control; tres de ellos contenian goma guar en diferentes porcentajes
y encontraron que solo el tratamiento con los niveles méas altos de este hidrocoloide fue significativamente
diferente (p<0,05) para la variable textura.

No obstante, Lupo-Bryshila (2014) afirma que, el pH entre 5 y 10 no altera las caracteristicas de viscosidad,
debido a un efecto repulsivo de los grupos carboxilos cargados negativamente, los que mantienen extendidas
las cadenas del polimero e incrementan su capacidad de unién con las moléculas del agua. Ademas, agrega
que en un pH entre 3 y 3,5 el alginato es insoluble y se precipita en forma de 4cido alginico, mientras que un
incremento del pH por encima de 10, causaria una despolimerizacién.

Andlisis instrumental de la textura

La medicién de la fuerza de corte para los dias 1 y 10 no arrojé diferencias significativas (p>0,05). Con relacién a los
tratamientos, se prepararon diferencias significativas (p<0,05) entre las muestras elaboradas con el E1 (Ay B) yel E2 (Cy
D). Para los tratamientos A y B, la fuerza de corte fue mayor que en los tratamientos C y D, al parecer, la mezcla de alginato
mas fibra con la que se elaboraron estos dos tltimos, forma redes carnicas mas débiles, como se observa en la Tabla 5.
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Tabla 5.
Pardmetros instrumentales de textura de los chorizos tipo antioquerio elaborados con y sin extensor graso, dias 1y 10

Fuerza de corte

(dia 1) 79,18+ 0,04a 73,41+0,05a 83,21+ 0,02a 64,10+0,02b 69,54+ 0,02b

Fuerza de corte
(dia 10)
Todos los valores son medias + desviacion estandar de cuatro repeticiones. En cada fila las medias con diferente letra
indican diferencias significativas (P<0,05).
Fuente: elaboracion propia.

79,23+ 0,01a 72,28+0,03a 81,32+ 0,04a 67,18+0,02b 70,02+ 0,01b

En general, la resistencia al corte se asoci6 con la dureza del material, debido a la fuerza del gel. La composicién y
forma estructural de E1 fue influenciada por los niveles de inclusién de alginato y calcio, lo que permitié la unién entre agua
y grasa y de esta forma la dispersion en zonas cristalinas.

A su vez, en el estudio realizado por Ramirez; Marulanda; Orrego (2016), en el que se desarrollé una mezcla de
fibras y almidones como reemplazante de grasa para productos de pasta fina tipo salchicha, se encontré que las variables
asociadas a la dureza del producto mejoran con relacién al tratamiento testigo y al parecer, se logran mejores resultados
al emplear solamente las fibras sin necesidad de mezclarse con otro producto como hidrocoloides. Cabe resaltar, que no
todo polisacdrido por si solo se comporta de forma ideal, como el caso que plantean Rather-Sajad; Massodi-F.; Akhter-
Rehana; Rather-Jahangir; Amin-Furheen (2017), en donde usaron la goma guar como sustituto graso en productos carnicos
y encontraron que los tratamientos con menor fuerza de corte son los que mayor porcentaje de este extensor contenfan.

Evaluacion sensorial

Se encontraron diferencias significativas (p<0,05) en todos los pardmetros que componen el perfil sensorial de esta
investigacién. El tratamiento A obtuvo los promedios mds altos en atributos, como color, olor, sabor y apariencia externa;
incluso, por encima del testigo. La apariencia interna del testigo fue la mejor calificada, mientras que el tratamiento B fue
evaluado como la muestra mds dura, resultado que concuerda con el hallado en el andlisis instrumental. Esto quiere decir
que esta misma formulacion requirié mayor fuerza de corte, debido a factores tales como los componentes y los porcentajes
de inclusion del extensor y la estabilidad de la matriz carnica como causa de la formacién de enlaces iénicos fuertes.

Por otro lado, las calificaciones mds bajas para atributos como olor, sabor, dureza, apariencia interna y externa, fueron
las del tratamiento D y muy cerca de este se ubicé el C, el cual obtuvo la calificacién mas baja en términos de color. El
tratamiento que los consumidores prefirieron fue el que se formuld con la inclusién parcial (70 %) de la mezcla de alginato
y calcio (ver Figura 1).

Atributos Sensoriales
s TESHEO | s B C oD

Color

Apariencia interna

Apariencia externa

Dureza

Figura 1. Resultados del andlisis descriptivo cuantitativo realizadas al chorizo tipo antioquefio para los tratamientos A,B,C,D
Fuente: elaboracién propia.
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El estudio realizado por Pacheco-Pérez; Restrepo-Molina; Lépez-Vargas (2011) resalt6 el comportamiento del sabor y
las caracteristicas herbéceas y determiné que ambos atributos obtuvieron calificaciones muy cercanas al control. Pese a los
pocos estudios realizados que demuestran que las caracteristicas sensoriales de los alimentos mejoran con la presencia de
alginatos, autores como Avendafio-Romero; Lépez-Malo; Palou-E (2013); Diaz-Juan; Pérez-Maria; Vera-Norma; Soto-Sergio;
Totosaus-Alfonso (2017) afirman que las caracteristicas sensoriales en los alimentos se ven favorecidas por la presencia de
este hidrocoloide.

Tal afirmacién se comprobé en la investigacion, donde se evidencié que el panel sensorial tiene preferencia por
los tratamientos formulados con el extensor que contiene la mezcla de alginato. Por su parte, Saldafa-Erick et al., (2015)
encontraron que los tratamientos formulados con reemplazo de grasa animal por hidrocoloides fueron muy similares y que
en general, la reduccion de grasa y la adicion de hidrocoloides no afectaron las caracteristicas sensoriales aqui estudiadas.

Conclusiones

La elaboracién del chorizo tipo antioquefio sustituyendo el 100 % del tocino graso de cerdo, por grasa extendida al 50 % a
partir de alginato de sodio, sulfato de calcio y pirofosfato, genera productos aceptables sensorialmente y con caracteristicas
de textura ajustadas al tradicional. La etiqueta de dicho carnico bien pudiera llevar la proclama “reducido en grasa”, tal
como lo permite la legislacién. Este desarrollo evidencia resultados viables e importantes para la industria carnica que busca
generar alternativas saludables para el consumidor.
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Resumen

La modelaciéon matematica del equilibrio de fases es la base de la descripcién de la destilacién, usada para refinar productos
de poder adquisitivo. La habilidad de entender, modelar y predecir el equilibrio de fases es necesaria para el disefio de
procesos de separacion industrial. El presente articulo tiene como finalidad presentar el modelo termodindmico y la
metodologia descrita paso a paso, para la construccién de las curvas de burbuja y rocio, del sistema cloroformo-metanol.
Los programas realizados en Matlab predijeron adecuadamente el azedtropo, utilizando la ecuacién ctbica de Peng
Robinson y el modelo de Van Laar. Finalmente, fueron comparadas las simulaciones con Aspen Hysys y se validaron con
datos experimentales reportados en la literatura, encontrandose porcentajes de error inferiores al 5 %.

Palabras clave: equilibrio vapor-liquido; aze6tropo; cloroformo; methanol; Peng Robinson; Van Laar.

Abstract

Mathematical modeling of the phase balance is the basis of the description of distillation, used to refine products of
purchasing potential. The ability to understand, model and predict the balance of phases is necessary for the design of
industrial separation processes. The purpose of this article is to present the thermodynamic model and the methodology
described step by step, for the construction of the bubble and dew curves, of the chloroform-methanol system. Matlab
programs adequately predicted the azeotrope, using Peng’s cubic equation Robinson and the Van Laar model. Finally, the
simulations were compared with Aspen Hysys and validated with experimental data reports reported in the literature, with
error rates below 5 %.

Keywords: vapor-liquid balance; azeotrope; chloroform; methanol; Peng Robinson; Van Laar.
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Introduccion

La destilacién es una de las operaciones mds importantes en la industria, pues se utiliza para obtener el refinamiento y
separacion de mezclas por diferencias de puntos de ebullicién (Hosgor; Kucuk; Oksal; Kaymak, 2014). La separacién de
compuestos y de fases requiere un conocimiento minucioso del comportamiento de las fases y propiedades termodindmicas
(Del Castillo, 2015; Rubio-Ramirez; Martheyn-Lizarazo; Rolén-Ortiz; Vera-Duarte, 2018), de esta forma, el andlisis numérico
y modelamiento matemético es esencial para el estudio de los pardmetros fisico-quimicos en tiempo real o en condiciones
extremas, pues se logra reducir los peligros de la experimentacién y evitar costos elevados (Gonzélez-Silva; Matos;
Martignoni; Mori, 2012; Prieto-Jiménez; Gonzalez-Silva, 2019). Por otro lado, el estudio de los datos experimentales de
Equilibrio Liquido Vapor (ELV) a condiciones isotérmicas, contribuye de manera decisiva para el desarrollo de métodos
precisos en la prediccién del comportamiento de las propiedades en el equilibrio (Constantinescu; Wichterle, 2002; Zaitseva;
Pokki; Le; Alopaeus; Sixta, 2016).

En esta investigacién se plantea el modelamiento y la codificacién a través de Matlab del ELV del sistema cloroformo-
metanol a 35 y 49 °C; esta mezcla binaria es ampliamente usada para la purificacién y cuantificacion de lipidos de
membrana, asf como para la extraccién en aceite de semillas (Santana-Brum; Arruda; Bismara, 2009; Elliott; Elliott, 2016).
En cuanto a la construccion de las curvas P-x-y, se usa el modelo de Van Laar debido a su sencillez y versatilidad, ademas de
su aplicabilidad en mezclas binarias donde se presentan desviaciones positivas o negativas de la ley de Raoult (Gmehling;
Onken; Arlt, 1997). Por otro lado, mediante la ecuacién ctibica de Peng Robinson se calcula el coeficiente de fugacidad del
gas en la mezcla gaseosa. Adicionalmente, se comparan las simulaciones con datos experimentales (Kireev; Sitnikov, 1941;
Nagata, 1962), y con Aspen Hysys.

Materiales y métodos

Con el fin de validar las simulaciones, se utilizaron las condiciones experimentales reportadas por (Kireev; Sitnikov,
1941; Nagata, 1962), donde las temperaturas fueron 35 y 49 °C en conjunto con las propiedades fisicas de cada compuesto
(cloroformo-metanol) mostradas en la Tabla 1.

Tabla 1.
Propiedades de los compuestos puros

Cloroformo Metanol

Tc [k 536,4 512,6
Pc [kPa] 5370 8090
Ve 0,239 0,118
Zc 0,293 0,224

Fuente: Poling; Prausnitz; Connell (2000).

Con referencia al algoritmo utilizado para la construccién de las curvas de burbuja, se inicié asumiendo todas las
®. a la unidad y asumiendo las composiciones de la fase liquida, de esta forma, se calculd la presion inicial del sistema,
informacién que se usé como dato de arranque de la simulacién. Ademds, la ecuacién del equilibrio vapor-liquido a bajas
presiones (Huerta-Quifiones, 2015; Smith, Ness; Abbott, 2005) fue dada por:

Py ®; = x;y,P{* M
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i. Para el célculo de la presién de saturacion de cada compuesto, fue utilizada la ecuacién de Antoine (ver Tabla 2).

Tabla 2.
Constantes de Antoine para los componentes
A B C
Cloroformo 14,5014 2938,55 -36,9972
Metanol 16,4948 3593,39 -35,2249

Fuente: Reklaitis; Schneider (1990).

B

In(P{*) =4 - ——
(Pi*) (T+0)
Donde P estd dada en kPay T en K.

ii. Los coeficientes de actividad se calcularon con el modelo de Van Laar.

Arix z
21%X2 @3)
In =A _

(}/1) 12 (Alle + A21x2>

Aqpx 2
1241

| =A - = - (4)
n(yz) 21 <A12X1 + A21X2>

Los parametros binarios para la mezcla cloroformo-metanol corresponden a:
A,,=0,9356 y A, =1,8860 (Nagata, 1962)

iii. Seguidamente, se realizé el célculo de la presion inicial del sistema y fracciones de vapor:

x;y,P{
P= Z lyle (5)
L
t
x;y,Pi®
yi = qu)_ ©)
l

Posteriormente, se calculd la fugacidad y coeficientes de fugacidad de cada componente en la mezcla.

_pl(p — psat
v;(P — P; )
RT

Ing; = %(z —1)—In(z—B) ..

A (b

+m(3_ 0;) ®)
z+B(1+42)

In——— V-
z+B(1—2)
o, =2 (%) ©)
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Donde los parametros de la ecuacién se definieron como:

a=ZZYinai]- (11)
aij = /aiaj(l - klj) (12)

Asi, se asumi6 el pardmetro de interaccién como cero.
iv. Para el calculo del factor de compresibilidad se utiliz6 la ecuacion de Peng- Robinson.
73— (1-B)Z%+ (A—3B%-2B)Z 13
—(AB-B?-B3)=0..

2
a = [1+ (037464 + 1,54226w — 0,26992w?) (1 — Tr*?)] (a4

0,45724R*Tc? (15)
a = a
Pc
) - 0,0778RTc (16)
B Pc
aP
_ (17)
4= R%T?
bP (18)
B=—
RT
A z+ 2,414B (19)

ln(Z)=(Z—1)—ln(z—B)—2mlnz_0’4148,,

v. Finalmente, con el cdlculo del coeficiente de fugacidad de cada componente en la mezcla mediante la ecuacion 8, se aplicd
la ecuacion 19 para calcular el ¢, luego, se recalcularon las ecuaciones 16,17 y 19 reemplazando la presién, por presion
de saturacion. De esta forma, se obtuvieron todos los términos necesarios para usar la ecuacién 8 y asi, se recalcularon los
¢, para cada compuesto. Asimismo, fue necesario recalcular la presién del sistema con los ¢, calculados anteriormente y se
realizaron las iteraciones matematicas hasta un valor, cuya diferencia entre la presion del sistema inicial y la recalculada fue
menor a una tolerancia previamente establecida.

AP = abS(Pinicial - PSistema) < tol (20)

De esta forma, se alcanz6 la tolerancia y se detuvieron las iteraciones, luego se construyé la gréfica de presién de
burbuja, (P-X). Para el caso de las curvas de Rocio fue implementado el algoritmo propuesto por (Sandler, 2017).
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Resultados

Los algoritmos del modelo de Van Laar y Peng Robinson fueron programados en Matlab para la mezcla binaria cloroformo-
metanol a 35 °C, en donde se observé que la presion en el punto azeotrépico fue de 47 kPa (ver Figura 1). En el ELV a 49 °C,
la presién en el azedtropo fue de 85 kPa (ver Figura 2).
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Figura 1. Diagrama P-X-Y para la mezcla cloroformo-metanol a 35 °C
(Iinea de burbuja en azul, linea de rocio en naranja).
Fuente: elaboracién propia.
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Figura 2. Diagrama P-X-Y para la mezcla cloroformo-metanol a 49 °C
(Iinea de burbuja en verde, linea de rocio en amarillo).
Fuente: elaboracion propia.

Respectoal calculo dela presion de burbuja, este arrojé errores relativos inferiores al 5 %. Al comparar el comportamiento

de los errores relativos para ambas temperaturas, se observé una tendencia similar para el caso de 49 °C, excepto para el
valor de fraccién de liquido de 0,95; en relacion al caso de 35 °C, los errores relativos fueron inferiores al 2,5 % (ver Figura 3).
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Figura 3. Porcentaje de error relativo para el calculo de la presién de burbuja
para las temperaturas de 35 °Cy 49 °C
Fuente: elaboracion propia.

Por otro lado, en el calculo de la presién de rocio con Aspen-Hysys a 49 y 35 °C en Matlab, se presentaron errores
relativos entre el 5 y 25 % en la region de 0,1 a 0,6 de fracciéon mol de gas; no obstante, el error decay? a valores inferiores
al 3 % para la region complementaria, estos resultados permitieron describir el punto azeotrépico con dicha precision. Por
su parte, las simulaciones para la presién de rocio con Matlab a 49 °C y Aspen-Hysys a 35 °C, tuvieron errores relativos
inferiores al 4 % (ver Figura 4).

La Figura 5 muestra la comparacién y validacién de las simulaciones con datos experimentales tomados de Kireev;
Sitnikov (1941) y Nagata (1962), en donde se observa que no se presenté una diferencia significativa entre los datos
simulados en Matlab, Aspen Hysys y experimentales; es importante aclarar que fueron utilizados los mismos modelos

tanto en Aspen como en Matlab.
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Figura 4. Porcentaje de error relativo para el calculo de la presién de burbuja
para las temperaturas de 35 °Cy 49 °C
Fuente: elaboracion propia.
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Figura 5. Diagrama P-X-Y para la mezcla cloroformo-metanol a 35 °C'y 49 °C con el uso de Matlab y
la base de datos experimentales DDBST, =0 Curva burbuja DDBST (35 °C), —o—Curva rocio DDBST (35 °C)
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Fuente: elaboracién propia.

Conclusiones

Se observa que las gréficas realizadas con el cédigo programado en Matlab para las isotermas (35 °C y 49 °C) para el
equilibrio liquido-vapor del sistema binario cloroformo-metanol, poseen un comportamiento similar ajustandose a las
generadas por el software Aspen, ademas de la validacién con los datos experimentales, en tendencia y precisién.

El uso del modelo de Van Laar y la ecuacién ctibica de Peng Robinson tienen un buen desempefio cuando se aplica en
mezclas binarias donde se presentan desviaciones positivas o negativas, esto se evidencia en los resultados obtenidos.
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Resumen

Las plantas pertenecientes al género Solanum son conocidas por su amplio espectro de actividad bioldgica. Por esto, el
objetivo de este trabajo fue evaluar la accién antibacteriana de extractos etandlicos y metandlicos de Solanum dolichosepalum
sobre las cepas bacterianas Staphylococcus aureus, Salmonella spp., Pseudomonas aeruginosa y Aeromonas hydrophila. Los
extractos fueron obtenidos por extraccién sdlido-liquido en equipos Soxhlet, con posterior concentracion por evaporacién
rotatoria. Para determinar la actividad antibacteriana se usé el método de difusién en disco, empleando agar Mueller
Hinton, Cloranfenicol (sensidiscos de 30 mg) como control positivo, y los solventes de extraccién como controles negativos.
Los extractos metandlicos y etanélicos de S. dolichosepalum mostraron un leve efecto inhibitorio contra S. aureus, Salmonella
spp., A. hydrophila y P. aeruginosa, pero no fue suficiente para considerarse significativo mostrando resistencia a los mismos.
Para los dos tipos de extractos usados, el etandlico fue el més activo sobre S. aureus, Salmonella spp., A. hydrophila, y el
metandlico frente a P. aeruginosa.

Palabras clave: actividad antibacteriana; Aeromonas hydrophila; Pseudomonas aeruginosa; Salmonella spp; Staphylococcus aureus;
Solanum dolichosepalum.

Abstract

The plants belonging to the genus Solanum are known for their broad spectrum of biological activity. Therefore, the
objective of this work was to evaluate the antibacterial activity of ethanolic and methanolic extracts of S. dolichosepalum
against bacterial strains S. aureus, Salmonella spp, P. aeruginosa, and A. hydrophila. The methanolic and ethanolic extracts
were obtained by solid-liquid extraction in soxhlet equipment, with subsequent concentration by rotary evaporation. To
determine the antibacterial activity, the disc diffusion method was used, using Mueller Hinton agar, Chloramphenicol (30
mg sensitives) as a positive control, and extraction solvents as negative controls. The methanolic and ethanolic extracts of S.
dolichosepalum showed a slight inhibitory effect against S. aureus, Salmonella spp, A. hydrophila, and P. aeruginosa, but it was
not enough to be considered significant showing resistance to them. The two types of extracts used, ethanolic was the most
active against S. aureus, Salmonella spp, A. hydrophila, and methanolic against P. aeruginosa.
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Keywords: antibacterial activity; Aeromonas hydrophila; Pseudomonas aeruginosa; Salmonella spp.; Staphylococcus aureus;
Solanum dolichosepalum.

Introduccion

El uso indiscriminado de antibidticos en animales para tratar enfermedades, ha resultado en un incremento de la resistencia
de los mismos entre las bacterias patégenas (Belém-Costa; Possebon-Cyrino, 2006). La resistencia es el mecanismo mediante
el cual, los microorganismos pueden disminuir la accion de los agentes antimicrobianos (Rivera-Calderén; Motta-Delgado;
Cerén-Urbano; Chimonja-Coy, 2012), generada del uso de antibidticos en animales y la posterior transferencia de genes
de resistencia en las bacterias entre animales, los productos animales y el medio ambiente (McEwen; Fedorka-Cray, 2002;
Phillips et al., 2004).

Entre los mecanismos descritos de resistencia antimicrobiana se encuentran: expulsién del antibiético mediante
bombas de eflujo, alteracion de la permeabilidad, modificacién del blanco terapéutico y/o inactivacién del antibiético
(Arenas; Moreno-Melo, 2018). Respecto a una alternativa eficaz para tratar enfermedades bacterianas, se ha recurrido al uso
de plantas que presentan un rango de actividad biolégica y son fuente rica de metabolitos secundarios (Koduru; Grierson;
Afolayan, 2006).

Con relacién a la A. hydrophila, esta es un bacilo Gram negativo que produce una variedad de enfermedades en
algunas especies animales, desde acuaticos hasta terrestres, e incluso a los humanos (Ji et al., 2015); también, es causante de
gastroenteritis e infecciones cutdneas y respiratorias (Zepeda-Veldzquez, 2015), infecciones oculares, peritonitis, bacteriemia,
meningitis, sindrome urémico hemolitico y fascitis necrotizante en humanos (Citterio; Biavasco, 2015); ademas, se considera
un patégeno oportunista que provoca gran mortalidad en peces causando septicemia (Harikrishnan; Balasundaram, 2005).

Por su parte, S. aureus, es un coco Gram positivo, que produce una gran variedad de infecciones supurativas en
heridas (abscesos) de animales, mastitis, endometritis, cistitis, osteomielitis. En cuanto a Salmonella spp., es un bacilo Gram
negativo, aerobio y anaerobio facultativo, mévil y no formador de esporas (Pérez-Rubiano; Cardozo-Torres, 2014; Quinn;
Markey; Leonard; FitzPatrick; Fanning, 2015), provoca gastroenteritis, abortos en bovinos y equinos; diarreas, septicemias
en diferentes especies animales (Rivera-Calderén et al., 2012).

Con referencia a P. aeruginosa, es un bacilo Gram negativo que produce otitis, e infecciones supurativas en animales
domésticos, generalmente con asociacién y quemaduras, dafo corneal y heridas (Garcia-Urquijo; Rodriguez-Rodriguez;
Rodriguez-Pérez; Lorenzo-Manzanas; Hernandez-Gonzalez, 2014; Quinn ef al., 2015).

Por otro lado, el género Solanum perteneciente a la familia Solanaceae, posee més de 2300 especies en todo el mundo
(Sheeba, 2010), las cuales son conocidas por presentar diversos tipos de actividad bioldgica, gracias a los compuestos que
tienen este potencial. Solanum dolichosepalum (frutillo) es una planta de bosque htimedo montano bajo y montano alto ubicado
en la Cordillera Central de Colombia (Cardenas; Isaza; Pérez, 2013; Marin-Ocampo; Lépez-Zuluaga; Pérez-Cardenas; Isaza-
Mejia, 2006). Ademas, es un arbusto nativo y escaso; presente en sitios abiertos y en suelos muy erosionados (Cardenas-
Burgos; Pacheco-Maldonado; Vanzela, 2016; Gonzalez-M; Lépez-Camacho, 2012).

En cuanto a su uso, las hojas y frutos son utilizados para ayudar a cicatrizar, eliminar piojos y tratar enfermedades
renales; asimismo, es usado como inmunoestimulante, antiinflamatorio, antibacteriano y antifingico (Cardenas et al., 2013;
Marin-Ocampo et al., 2006; Ramirez-Cardenas; Isaza-Mejia; Pérez-Cardenas; Martinez-Garzén, 2017; Martin-G.; Cardenas;
Pacheco; Cérdenas, Gémez, 2016). Sin embargo, S. dolichosepalum es una especie poco estudiada como agente antimicrobiano.

Arango et al., (2004), reportaron efectos antimicrobianos de S. dolichosepalum, en donde extractos etandlicos inhibieron,
a una concentracion de 250 ng/mL, el crecimiento de S. aureus, Shigella spp., Vibrio cholerae y los hongos Aspergillus flavus y
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Candida albicans. A su vez, Martin-G. et al., (2016) evaluaron la efectividad de extractos de acetona y cloroformo sobre dos
cepas de Fusarium oxysporum, encontrando que los dos tipos de extractos fueron activos contra las cepas estudiadas. Por
su parte, Ramirez-Cardenas et al., (2017) realizaron un estudio fitoquimico y una caracterizacion preliminar y actividad
antibacteriana de 4 fracciones del extracto etandlico de frutos, encontrando metabolitos como flavonoides, alcaloides,
esteroides y/o terpenoides libres, saponinas, taninos y glicésidos cardioténicos; y actividad frente a S. aureus y Escherichia
coli, y ausencia de actividad contra P. aeruginosa.

De este modo, el objetivo de este trabajo es evaluar la accién antibacteriana de extractos etandlicos y metandlicos de
S. dolichosepalum sobre cepas bacterianas S. aureus, Salmonella spp., P. aeruginosa y A. hydrophila, con el fin de profundizar el
conocimiento y actividad biolégica de esta especie, contra microorganismos de interés pecuario.

Materiales y métodos

Material vegetal

Las hojas de la planta fueron colectadas en el municipio de Tinjac4, Boyaca, Colombia. Estas se lavaron por inmersion en
una solucién de hipoclorito de sodio al 1 %, se secaron a temperatura ambiente (20 °C), realizando la homogenizacién de
tamafio con un molino analitico IKA A11.

Obtencion de extractos

Los extractos fueron preparados segtin lo reportado por Martin et al., (2016) con algunas modificaciones. La extraccién sélido
liquido se realiz6 en equipos Soxhlet, usando etanol (J.T. Baker, 99,5 %), y metanol (J.T. Baker, 99,8 %) como solventes; se
usaron equipos con capacidad de 500 mL de solvente, agregando un exceso de 100 mL para evitar efectos de disminucion de
agente extractivo; el tiempo total de extraccién fue de 5 horas, con 5 ciclos extractivos por hora. Los extractos se concentraron
mediante evaporacion rotatoria a baja presién, en un equipo IKA modelo RV 10. El rendimiento promedio de extraccién
estuvo entre 11y 17 %. Los extractos se almacenaron en frascos &mbar a -18 °C para su posterior anélisis.

Microorganismos empleados en el estudio

En el estudio se utilizaron cuatro cepas bacterianas, una Gram positiva (S. aureus, ATCC 25923) y tres Gram negativas:
Salmonella spp. (ATCC 700623), A. hydrophila (ATCC 35654) y P. aeruginosa (ATCC 27853). Estas cepas fueron adquiridas en
el cepario de la Pontificia Universidad Javeriana.

Conservacion de cepas bacterianas

Las cepas de Salmonella spp., P. aeruginosa, A. hydrophila y S. aureus se cultivaron en caldo Infusién Cerebro Corazén (ICC),
y se incubaron por 24 horas a 37 °C. El cultivo se mezcl6 con igual volumen de glicerol al 10 % (v/v), la mezcla homogénea
se dispens6 en tubos Eppendorf a razén de 1 mL/tubo conservandose a -20 °C hasta su uso.

Actividad antibacteriana de extractos

La actividad antibacteriana se evalué con el método de difusién en disco mediante la técnica de Kirby-Bauer (Bauer; Kirby;
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Sherris; Turck, 1966; Bernal; Guzman, 1984) empleando agar Mueller Hinton. El inéculo de las bacterias se llevé a una
turbidez de 0,5 segtin la escala de McFarland, que corresponde aproximadamente a 1,5 X 10° UFC /mL. Como control positivo
se usé cloranfenicol (Oxoid, 30 mg) y como negativos los solventes de extraccién. Los extractos secos (sin solvente) fueron
redisueltos en sus respectivos solventes de extraccion (etanol y metanol), hasta obtener una concentraciéninicial de 0,84 g /mL
(determinada por estudios preliminares). Los sensidiscos de papel filtro (Whatman N° 2) de 5 mm de didmetro fueron
impregnados por inmersién con los solventes y los extractos. Las muestras se incubaron a 37 °C por 24 horas. Posteriormente,

9 IH = %X 100 )

se midieron los halos de inhibicién previa correccién de los controles negativos, calculando el porcentaje de inhibicién
(ecuacién 1), comparado con el valor del cloranfenicol. Todos los ensayos se realizaron por triplicado.

Donde B (mm) es el halo producido por el extracto, E (mm) es el halo producido por el control positivo.

Concentracion Minima Inhibitoria (CMI) (Martin et al., 2016)

Para determinar la menor concentracion que inhibe el crecimiento bacteriano se efectuaron diluciones sucesivas de los
extractos en los respectivos solventes de extraccién, partiendo desde 0,84 g/mL, la inoculacion se realizé en cajas de Petri. Se
tomé como CMI a la concentracion de extracto mas baja que produjo inhibicién de los microorganismos después de incubar
por 24 horas a 37 °C.

Andlisis estadistico

Se us6 un disefio completamente aleatorizado, con los halos, porcentajes de inhibicién y CMI como variables respuestas.
Las variables independientes fueron la cepa, y el tipo de extracto. Se realizaron analisis de varianzas ANOVA y el test de
Duncan cuando fue necesario; ambas pruebas se evaluaron al 5 % (p>0,05). Los anélisis se realizaron en el software SPSS
(SPSS Inc., Chicago, IL, USA- SPSS versién 17).

Resultados y Discusion

Halos de inhibicion

Todos los extractos presentaron actividad inhibitoria contra las cuatro cepas analizadas (ver Tabla 1), los halos de inhibicién
estuvieron en un rango de 1-4 mm. Los datos difirieron estadisticamente segtn el anélisis ANOVA (p =0,006), lo que
evidenci6 que el extracto etandlico fue mas efectivo frente al metanélico. Las cepas mds sensibles fueron S. aureus y Salmonella
spp., frente al extracto etandlico, y P. aeruginosa y S. aureus contra el metanélico. En otro caso, Sridhar; Josthna; Naidu (2011)
encontraron resultados contrarios, cuando estudiaron el efecto de extractos metandlicos y etandlicos de S. nigrum sobre S.
aureus. Bstos autores reportaron halos de inhibicién més grandes para el extracto metanélico de hoja, con valores de 8,0 mm,
mientras que el etanélico generé zonas de 7,0 mm; ademas, en el caso de la semilla, se evidenciaron valores de 12 mm para
el extracto etanélico y 15 mm para el metandlico.

Es decir, si se comparan los valores encontrados para S. dolichosepalum son bajos, y puede deberse a la baja sensibilidad
de los microorganismos analizados frente a los extractos estudiados. Esta baja respuesta se puede atribuir a que los

124



Heredia-Ortiz; Orozco-Guerrero, Pérez-Rubiano; Martin G.Actividad antibacteriana de extractos alcohdlicos de hojas de
Solanum dolichosepalum (Bitter)

-ll-—liztl)cl)i :).zonas de inhibicién (mm) de los extractos analizados, contra las cepas de estudio
S. aureus Salmonella spp. A. hydrophila P. aeruginosa
__EE  3,7+06°" 33+06°" 1,7+x1,1° 1,7+06°
___EM  1,7£06° 1,3+£06° 1,3+£06° 20+£1,0°
. Et  21%06 1,7+£0,6 2,106 32%00
___Me  19+£06 2,3+£0,0 24+06 2,2+06

EE: extracto etandlico. EM: extracto metandlico. Et: etanol. Me: metanol

Nota: Los datos se muestran como media * desviacidn estandar. Las letras diferentes en la misma
columna, o misma fila difieren estadisticamente segun el test de Duncan, evaluado al 5 %
Fuente: elaboracién propia

metabolitos presentes en esta planta (alcaloides, flavonoides, saponinas y esteroides) reportados por Ramirez-Cardenas et
al., (2017) no tienen un alto potencial antibacteriano contra las bacterias analizadas en esta investigacion.

Conrelacion a otros reportes del uso de plantas del mismo género sobre los microorganismos analizados, enla literatura
se encuentran valores mas altos a los evidenciados en este estudio. Pereira et al., (2008), analizaron el efecto de extractos
metandlicos de hojas de Solanum palinacanthum (10 mg/mL) sobre A. hydrophila, P. aeruginosa y S. aureus, en donde se
encontraron zonas de inhibicién de 12,5, 0,0 y 9,5 mm respectivamente. Asimismo, Latha y Kannabiran (2006), encontraron
valores superiores al analizar el efecto de extractos metanélicos de tallo (11 mm) y flores (9 mm) de la especie Solanum
trilobatum Linn. En el mismo sentido, Sheeba (2010), hall6 halos de 13 mm, 4 mm y 15 mm para S. aureus, P. aeruginosa y
Salmonella typhi respectivamente, usando extractos etandlicos de hojas de Solanum surattense Burm en una concentracién de
50 mg/mL. Por su parte, Xavier; Auxilia; ISelvi (2013), analizaron extractos metanélicos de hojas frescas de S. erianthum con
halos de inhibicién de 9,6, 9,5 y 9,0 mm para S. aureus, S. typhi'y P. aeruginosa respectivamente.

De igual forma, Zubair et al., (2011) reportaron otra especie con actividad sobre S. aureus, la S. nigrum; sus extractos
metandlicos mostraron halos de 24,5 mm contra esta cepa.

Por otro lado, De Britto; Herin; Gracelin; Benjamin; Rathna (2011) usaron extractos metandlicos de hojas (0,1 mg/mL)
de diferentes solandceas para inhibir A. hydrophila; determinando valores de 12,00, 14,66, 14,33, 18,00 y 6,33 mm para S.
nigrum, S. toroum, S. trilobatum, S. surattense y S. melongena, respectivamente.

Sivapriya; Dinesha; Harsha; Gowda; Srinivas (2011) utilizaron valores de 15, 16, 14 y 15 mm para S. aureus, Salmonella
cibrum, Salmonella typhimurium y Pseudomonas spp. usando extractos etandlicos del epicarpio de S. torvum. Ademds, extractos

de metanol acuoso (70 % v/v) de hojas S. americanum mill fueron reportados como inactivos frente a S. aureus y P. aeruginosa
(Usman; Victor; Waziri, 2018).

Con relacién a los estudios mencionados sobre la actividad bioldgica de especies del mismo género sobre los
microorganismos analizados, cuyos datos evidenciaron que la especie S. dolichosepalum tiene una actividad antibacteriana
baja, se puede entender que los compuestos de estos extractos (alcaloides, flavonoides, saponinas y esteroides) tienen un
leve comportamiento inhibitorio contra las cepas evaluadas. Con los resultados encontrados para los halos de inhibicién, se
determind que las cepas analizadas son resistentes a los extractos, dado que, segtin Garcfa et al., (2000) una cepa es resistente
a un antibacteriano cuando los halos de inhibicién son menores a 12 mm (HI <12 mm).

Porcentajes de inhibicion

Los porcentajes de inhibicién generados por los extractos etanélicos y metandlicos de S. dolichosepalum fueron inferiores al
25 %, estadisticamente significativos (p=0.001) (ver Tabla 2). Por lo cual, se corrobord la resistencia de los microorganismos
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;ZECIZnZt.ajes de inhibicion de los extractos analizados, contra las cepas de estudio
S. aureus Salmonella spp. A. hydrophila P. aeruginosa
EE 23,04+£3.63b 2147+£3,41b 8,07 +559%a 532+184a
EM 10,47 £3,63a 8,47 3,67 a 6,45+2,79a 9,66 £5,68 a
Clo 15,9+0,6 158+0,5 20,7+1,0 31,3 £1,2

EE: extracto etanolico. EM: extracto metandlico. Clo: inhibicién (mm) del cloranfenicol

Nota: Los datos se muestran como media * desviacidn estandar. Las letras diferentes en la misma columna,
o misma fila difieren estadisticamente segun el test de Duncan, evaluado al 5 %
Fuente: elaboracion propia

frente a los extractos evaluados. Cruz-Carrillo et al., (2010) mencionaron que un extracto tiene accién antibacteriana alta
cuando su porcentaje de inhibicién relativo es mayor al 70 %, intermedia entre 50 y 70 %, baja cuando esta entre 25 y 50 %
y resistente si es menor al 25 %.

De acuerdo a lo anterior, se encontraron algunos estudios donde se usaron plantas del mismo género y se compararon
los porcentajes de inhibicién. De esta forma, en un estudio con S. nigrum (Linn), se reportaron de 66,67 y 58,33 % de inhibicién
para extractos metandlicos y etandlicos de hojas contra S. aureus (Sridhar et al., 2011). De igual forma, Sivapriya et al., (2011)
encontraron que extractos etanélicos obtenidos del epicarpio de S. torvum mostraron valores de 83,33, 100,00, 87,5 y 88,23 %
para S. aureus, S. cibrum, S. typhimurium y Pseudomonas spp.

Concentracion Minima Inhibitoria (CMI)

ConrelacionalaCMI, se encontraron valores en unrango de 200,6 a 835,8 mg/mL, estos resultados no fueron estadisticamente

. aureus almonella spp . hydrophila . aeruginosa
Bacteria

Figura 1. CMI de los extractos metandlicos (EM) y etandlicos (EE) contra las diferentes bacterias analizadas. Nota: Las columnas muestran media +
desviacion estdndar. Letras diferentes estadisticamente segun el test de Duncan, evaluado al 5 %
Fuente: elaboracién propia
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significativos (p=0.069). Por lo tanto, se corroboré que el extracto etanélico fue el mas efectivo y la cepa més sensible fue S.
aureus (ver Figura 1). Estos resultados ratificaron que la cepas analizadas fueron resistentes al efecto de los extractos usados,
dado que los extractos mostraron valores superiores a los 100 mg/mL (Avellaneda-Saucedo; Rojas-Hernandez; Cuéllar-
Cuellar; Fonseca-Judrez, 2005).

Por otra parte, Arango et al., (2004) reportaron el uso de extractos etandlicos de hojas de S. dolichosepalum y encontraron
que tnicamente S. aureus fue inhibido por el extracto, con una CMI de 0,25 mg/mL, dato menor al hallado en este estudio
(229,3 y 467,9 mg/mL para extracto etanélico y metanélico respectivamente); con respecto a P. aeruginosa y S. typhimurium
no mostraron actividad. Sin embargo, los datos hallados en este estudio mostraron resultados contrarios, pues los extractos
etan6licos y metandlicos arrojaron valores promedio de 386,0 y 468,0 mg/mL contra P. aeruginosa, y 286,6 y 468,0 mg/mL
para Salmonella spp.

Ramirez-Céardenas et al., (2017), analizaron el efecto antibacteriano de frutos secos de S. dolichosepalum frente a S. aureus
y P. aeruginosa; donde emplearon fracciones obtenidas a partir del extracto etandlico de la planta. De las cuatro fracciones
obtenidas de ese extracto, F1 (éter de petrdleo) y F2 (acetato de etilo-agua) presentaron actividad contra S. aureus, con
valores de CMI de 500,00 y 31,25 mg/mL y en el caso de P. aeruginosa no obtuvieron actividad.

Otras investigaciones informan datos de CMI de otras especies del género Solanum, contra las cepas analizadas, en
donde los extractos metanélicos de hoja de S. aculeastrum mostraron valores de 4,4 y 8 mg/mL para S. aureus, P. aeruginosa
y Salmonella pooni respectivamente (Koduru et al., 2006), por su parte, Aliero y Afolayan (2006) estudiaron extractos
metandlicos de S. tomentosum contra las mismas cepas, encontrando CMI de 5, inactivo y 5 mg/mL.

En términos generales, a pesar de que las bacterias analizadas resultaron resistentes al efecto de los extractos, se
pudo evidenciar que la cepa Gram positiva (S. aureus) mostré mas efecto inhibitorio que las Gram negativas (Salmonella
spp., A. hydrophila y P. aeruginosa), sobre todo, al extracto etandlico. Este comportamiento se logra explicar gracias a que
las bacterias Gram negativas tienen compuestos anfipaticos (fosfolipidos y porinas) que pueden operar como bombas de
expulsién de diferentes compuestos, disminuyendo el efecto antibacteriano por la supresién de éstas moléculas (Domingo;
Lépez-Brea, 2003). Otra razén, puede ser que estos compuestos no son capaces de romper eficientemente los fosfolipidos
de la membrana externa presente en Gram negativas y ausente en Gram positivas (De Britto et al., 2011), sumado a esto, las
bacterias Gram positivas son mds sensibles al ataque de los antimicrobianos, debido a que su pared celular es més accesible
(Domingo; Lépez-Brea, 2003), al estar compuesta mayoritariamente por peptidoglicano.

De igual forma, otras investigaciones también reportaron mayor sensibilidad de Gram positivas, con el estudio
del efecto de extractos de especies del género Solanum sobre diferentes cepas. Sivapriya et al., (2011) encontraron mayor
sensibilidad de S. aureus, Bacillus subtilis y Streptococcus, comparados con S. typhimurium, Vibrio cholerae y E. coli al usar
extractos de S. torvum. Extractos etandlicos de S. nigrum también mostraron mayor efecto sobre S. aureus y B. subtilis
confrontados con E. coli y Pasteurella multocida (Zubair et al., 2011). Ramirez-Cérdenas et al., (2017) reportaron que extractos
etanélicos de frutos secos de S. dolichosepalum tienen efecto contra S. aureus, mas no contra P. aeruginosa.

Conclusiones

Los extractos metandlicos y etandlicos de S. dolichosepalum mostraron un leve efecto inhibitorio contra S. aureus, Salmonella
spp., A. hydrophila y P. aeruginosa, pero no fue suficiente para considerarse significativo, catalogando a estas cepas como
resistentes frente a los compuestos que estdn presentes en los extractos analizados. A pesar de esto, S. aureus fue el
microorganismo que exhibié mayor efecto inhibitorio, en comparacién con las bacterias Gram negativas. De los dos tipos
de extractos usados, el etandlico fue el mds activo sobre S. aureus, Salmonella spp., A. hydrophila, y el metandlico contra P.
aeruginosa.

127



Informador Técnico 83(2) Julio - Diciembre 2019: 121-130

Referencias

Aliero, A.; Afolayan, A. (2006). Antimicrobial activity of Solanum tomentosum. African Journal of Biotechnology,
5(4), 369-372.

Arango, Marfa; Bueno, Juan; Isaza, Gustavo; Pérez, Jorge; Alvarez, Luis; Osorio, Edison; Rincén, Ana;
Duque, Alfonso (2004). Efectos antibacterianos y antimicéticos de Alternanthera williamsii, Solanum
dolichosepalum, Baccharis trinervis, Tabebuia chrysantha 'y Phenax rugosus. Biosalud, 3, 49-54.

Arenas, Nelson;, Moreno-Melo, Vilma (2018). Produccién pecuaria y emergencia de
antibidtico  resistencia en  Colombia:  Revision  sistemdtica.  Infectio, — 22(2),  110-119.
https://doi.org/10.22354/in.v22i2.717

Avellaneda-Saucedo, Senovio; Rojas-Herndndez, Nidia; Cuéllar-Cuellar, Armando; Fonseca-Judrez, Rosa
(2005). Actividad antibacteriana de Diphysa minutifolia Rose. Revista Cubana de Plantas Medicinales,
10(2).

Bauer, A. W, Kirby, W. M,; Sherris, J. C,; Turck, M. (1966). Antibiotic susceptibility testing by a
standardized single disk method. American journal of clinical pathology, 45(4_ts), 493-496.
https:/ /doi.org/10.1093/ajcp/45.4_ts.493

Belém-Costa, Andréa; Possebon-Cyrino, José (2006). Antibiotic resistence of Aeromonas hydrophila isolated
from Piaractus mesopotamicus (Holmberg, 1887) and Oreochromis niloticus (Linnaeus, 1758). Scientia
Agricola, 63(3), 281-284.
https:/ /doi.org/10.1590/50103-90162006000300011

Bernal, Maye; Guzman, Miguel (1984). El antibioGrama de discos. Normalizacién de la técnica de Kirby-
Bauer. Biomédica, 4(3-4), 112-121.
https://doi.org/10.7705/biomedica.v4i3-4.1891

Cérdenas, Alexander; Isaza, Gustavo; Pérez, Jorge (2013). Especies vegetales investigadas por sus propiedades
antimicrobianas, inmunomoduladoras e hipoglucemiantes en el departamento de Caldas (Colombia-
Sudamérica). Revista Biosalud, 12(1), 59-82.

Cérdenas-Burgos, Camilo; Pacheco-Maldonado, José; Vanzela, André (2016). Propagacién
in vitro de Solanum  dolichosepalum  (Solanaceae). Ciencia en  Desarrollo, 7(2), 9-22.
https://doi.org/10.19053/01217488.v7.n2.2016.4122

Citterio, Barbara; Biavasco, Francesca (2015). Aeromonas hydrophila virulence. Virulence, 6(5), 417-418.
https:/ /doi.org/10.1080/21505594.2015.1058479

Cruz-Carrillo, Anastasia; Rodriguez, Natialia; Rodriguez, Carlos (2010). Evaluacién in vitro del efecto
antibacteriano de los extractos de Bidens pilosa, Lantana camara, Schinus molle y Silybum marianum. Revista
UDCA Actualidad & Divulgacion Cientifica, 13(2), 117-124.

De Britto, A.J.; Herin, D.; Gracelin, S.; Benjamin, P.; Rathna, J. (2011). Antimicrobial activity of a few medicinal
plants against Gram negative bacteria. International Journal of Applied Biology and Pharmaceutical
technology, 2(3), 457-461.

Domingo, D.; Lopez-Brea, M. (2003). Plantas con accién antimicrobiana. Rev Esp Quimioterap, 16(4), 385-393.

Garcia, J., Cantén, R., Garcia, E., Gémez, M., Martinez, L., Rodriguez-Avial, C., & Vila, J. (2000). Métodos
basicos para el estudio de la sensibilidad a los antimicrobianos. Procedimientos en Microbiologia Clinica.
Recomendaciones de la Sociedad Espafiola de Enfermedades. Infecciosas y Microbiologia Clinica. Recuperado de:

128



Heredia-Ortiz; Orozco-Guerrero, Pérez-Rubiano; Martin G.Actividad antibacteriana de extractos alcohdlicos de hojas de
Solanum dolichosepalum (Bitter)

https:/ /www.seimc.org/contenidos/documentoscientificos / procedimientosmicrobiologia/seimc-
procedimientomicrobiologial2.pdf

Garcia-Urquijo, Alexander; Rodriguez-Rodriguez, José; Rodriguez-Pérez, Robin; Lorenzo-Manzanas, Romy;
Herndndez-Gonzalez, Geni (2014). Comportamiento y prondstico de la sepsis por Pseudomonas
aeruginosa en heridas por quemaduras. Acta Médica del Centro, 8(3), 57-62.

Gonzélez-M., Roy; Loépez-Camacho, René (2012). Catdlogo de las plantas vasculares de Raquira
(Boyacd), flora andina en un enclave seco de Colombia. Colombia forestal, 15(1), 55-103.
https:/ /doi.org/10.14483 /udistrital jour.colomb.for.2012.1.a02

Harikrishnan, R.; Balasundaram, C. (2005). Modern trends in Aeromonas hydrophila disease management
with fish. Reviews in Fisheries Science, 13(4), 281-320.
https:/ /doi.org/10.1080/10641260500320845

Ji, Yachan; Li, Jinquan; Qin, Zhendong; Li, Aihua; Gu, Zemao; Liu, Xiaoling; Lin, Li; Zhou, Yang (2015).
Contribution of nuclease to the pathogenesis of Aeromonas hydrophila. Virulence, 6(5), 515-522.
https://doi.org/10.1080/21505594.2015.1049806

Koduru, S.; Grierson, D.; Afolayan, A. (2006). Antimicrobial Activity of Solanum aculeastrum. Pharmaceutical
biology, 44(4), 283-286.
https:/ /doi.org/10.1080/13880200600714145

Latha, P. S.; Kannabiran, K. (2006). Antimicrobial activity and phytochemicals of Solanum trilobatum Linn.
African Journal of Biotechnology, 5(23).

Marin-Ocampo, Angela; Loépez-Zuluaga, César; Pérez-Cardenas, Jorge; Isaza-Mejia, Gustavo (2006). Actividad
antifingica de los extractos acuosos de Baccharis trinervis, Baccharis latifolia y Solanum dolichosepalum.
Biosalud, 5, 51-59.

Martin, D.; Cérdenas, O.; Pacheco, J.; Cardenas, C., Gémez, ]. (2016). Antifungal activity of chloroform and
acetone extracts of Solanum dolichosepalum against Fusarium oxysporum. Int. J. Pharm. Pharm. Sci, 8(8),
373-374.

McEwen, Scott; Fedorka-Cray, Paula (2002). Antimicrobial use and resistance in animals. Clinical Infectious
Diseases, 34(Supplement_3), S93-S106.
https://doi.org/10.1086/340246

Pereira, Aline; Oliveira, Denilson; Silva, Geraldo; Figueiredo, Henrique; Cavalheiro, Alberto; Carvalho,
Douglas; Souza, Luciana; Chalfoun, Sara (2008). Identification of the antimicrobial substances
produced by Solanum palinacanthum (Solanaceae). Anais da Academia Brasileira de Ciéncias, 80(3), 427-432.
https://doi.org/10.1590/50001-37652008000300004

Pérez-Rubiano, Claudia; Cardozo-Torres, Sandra (2014). Reportes de brotes y aislamientos de salmonella sp. en
Colombia. Cultura Cientifica, (12), 74-83.

Phillips, Ian; Casewell, Mark; Cox, Tony; De Groot, Brad; Friis, Christian; Jones, Ron; Nightingale, Charles;
Preston, Rodney; Waddell, John (2004). Does the use of antibiotics in food animals pose a risk to
human health? A critical review of published data. Journal of Antimicrobial Chemotherapy, 53(1), 28-52.
https:/ /doi.org/10.1093 /jac/dkg483

Quinn, P. J.; Markey, B. K.; Leonard, F. C.; FitzPatrick, E. S.; Fanning, S. (2015). Concise review of veterinary

129



Informador Técnico 83(2) Julio - Diciembre 2019: 121-130

microbiology. West Sussex, UK: John Wiley & Sons Ltd.

Ramirez-Cardenas, Alexander; Isaza-Mejia, Gustavo; Pérez-Cardenas, Jorge; Martinez-Garzén, Maby (2017).
Estudio fitoquimico preliminar y evaluacion de la actividad antibacteriana del Solanum Dolichosepalum
Bitter (Frutillo). Revista Cubana de Plantas Medicinales, 22(1), 1-11.

Rivera-Calderén, Luis; Motta-Delgado, Pablo; Cerén-Urbano, Magda; Chimonja-Coy, Faiber (2012). Resistencia
de la salmonela a los antimicrobianos convencionales para su tratamiento. CES Medicina Veterinaria y
Zootecnia, 7(1), 116-129.

Sheeba, E. (2010). Antibacterial activity of Solanum surattense Burm. F. Kathmandu University Journal of Science,
Engineering and Technology, 6(1), 1-4.
https:/ /doi.org/10.3126 /kuset.v6i1.3278

Sivapriya, M.; Dinesha, R.; Harsha, R.; Gowda, S.; Srinivas, L. (2011). Antibacterial activity of different
extracts of sundakai (Solanum torvum) fruit coat. International Journal of Biological Chemistry, 5(1), 1-5.
https://doi.org/10.3923/ijbc.2011.61.67

Sridhar, T. M.; Josthna, P.; Naidu, C. V. (2011). In vitro antibacterial activity and phytochemical analysis of
Solanum nigrum (Linn.)-An important antiulcer medicinal plant. Journal of Experimental Sciences, 2(8),
24-29.

Usman, H.; Victor, V.; Waziri, I. (2018). Qualitative Phytochemical Screening and In Vitro Antimicrobial
Activities of Solanum americanum mill. Arid Zone Journal of Engineering, Technology and Environment,
14(1), 104-110.

Thangaraj, Francis; Anthonysamy, Auxilia; Selvi, S. M. (2013). Antibacterial and phytochemical screening of
Solanumerianthum D. Journal of Natural Products and Plant Resources, 3, 131-133.

Zepeda-Velazquez, Andrea (2015). Aeromonas spp.: la infeccién en la trucha arcoiris (Oncorhynchus mykiss) y su
aislamiento en México. AquaTIC, (42), 1-16.

Zubair, M.; Rizwan, K.; Rasool, N.; Afshan, N.; Shahid, M.; Ahmed, V. U. (2011). Antimicrobial potential of
various extract and fractions of leaves of Solanum nigrum. International Journal of Phytomedicine, 3(1),
63-67.

130



Informador Técnico 83(2) Julio - Diciembre 2019: 131-154 €-ISSN 2256-5035 QO®OO  doi: http://doi.org/10.23850/22565035.2065

Logistics as an essential area for
the development of the solid waste
management in Colombia

La logistica como area esencial para el desarrollo de la gestidn
de los residuos sélidos en Colombia

Diana Colorado-Lopera’ " Universidad de Antioquia-UdeA; Universidad Auténoma Latinoamericana-Unaula; (Colombia);
Gloria Echeverry-Lopera? correo: diana7436@gmail.com

Henry A. Colorado-Lopera®
2 Universidad Autonoma Latinoamericana-Unaula; (Colombia);
correo: gloria.echeverrilo@unal.edu.co

3 Universidad de Antioquia-UdeA; (Colombia); correo: henry.colorado@udea.edu.co

Reception: 05-03-2019 Acceptation: 11-06-2019

Como citar: Colorado-Lopera, Diana; Echeverry-Lopera, Gloria; Colorado-Lopera, Henry (2019). Logistics as an essential area for the developing of
the solid waste management in Colombia. Informador Técnico, 83(2), 131-154.
https://doi.org/10.23850/22565035.2065

Abstract

This research summarizes findings of solid waste logistics not only in Colombia, but in other Latin American countries
with reference to some of the leading economies throughout the world. All official data and new results are developed
and discussed, providing an account for the evolution of solid waste and its logistics regarding time with a focus on
transportation and storage. The study also refers to the transportation of waste and its storage in landfills. Due to the
situation in Colombia is quite similar to many developing countries, the findings of this study might be of interest to other
nations. Results revealed several problems involving the economy, technology, regulations, and political concerns common
to several countries worldwide.

Keywords: waste management; waste transport; waste storage; construction; demolition.

Resumen

Esta investigacion resume los hallazgos sobre la logistica de residuos sélidos no solo en Colombia, sino en otros paises
latinoamericanos, con referencia a algunas de las principales economfas mundiales. Todos los datos oficiales y los nuevos
resultados se desarrollan y discuten, proporcionando una explicacién de la evolucién de los residuos sélidos y su logistica
en relacion con el tiempo, con un enfoque en el transporte y el almacenamiento. El estudio también se refiere al transporte
de residuos y su almacenamiento en vertederos. Debido a que la situacién en Colombia es bastante similar a la de muchos
paises en desarrollo, los hallazgos de este estudio pueden ser de interés para otras naciones. Los resultados revelaron varios
problemas relacionados con la economia, la tecnologia, las regulaciones y las preocupaciones politicas comunes a varios
paises del mundo.

Palabras clave: manejo de residuos; transporte de residuos; almacenamiento de residuos; construccién; demolicién.
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Introduction

For most countries in the world, regardless of their economic position, solid waste management has become a matter of
priority interest, especially with Construction and Demolition (C&D) waste. This is to the lack of available space in landfills,
which are the most widely used system for final disposal in the world (Sosa-Marin, 2014) and because of issues related to
environmental protection as the well as emission of greenhouse gases (GHG) produced by industries involved in energy,
transportation, agriculture, waste (sanitary landfills or open-air dumps) and industrial processes (Romero-Moreira, 2017).
These issues can affect flora and fauna, bodies of water and air quality, leading to soil degradation.

The clash between industry and ecology has led many countries to leave environmental protection behind. However,
in the search for more environmentally-friendly practices, the large number of people affected by pollution because of the
industrialization has helped to make the environment a priority in the UN as a principle of coexistence between humans
and nature (Rojas; Salazar; Septilveda; Septlveda; Santelices, 2006). For several decades, environmental legislation has
been establishing conditions that favor the development of waste management activities on a global level; however, to
date, compliance of these regulations remains a challenge throughout all Latin American and Caribbean countries. Even
though the fact that the region has made progress in developing environmental laws, especially those on solid waste
management, monitoring the violation of these regulations has not been effective, which means that several violations of
these regulations occur and few sanctions are imposed. The opposite has happened in Europe, where the regulations that
apply to the European Union are very strict and an environmental fine is so costly that is best to carry out a process by
adopting a circular economy model that includes aspects such as recycling, reducing or reusing solid waste, especially those
related to C&D waste (Comisién Europea, 2016).

Therefore, logistics becomes an important factor of being competitive in both national and international markets
(Ballesteros-Garcia, 2016) and it is also a necessary part of achieving the best results for C&D waste management. In solid
waste management, transportation and storage are fundamental to countries implementing waste management strategies
correctly. While Europe and Japan are working on minimizing the use of their sanitary landfills, Africa is trying to improve
its collection system, and the Americas have the majority of their waste in landfills, including the United States. Colombia
has implemented the Solid Waste Integrated Management Plan (PGIRS, Plan de Gestién Integral de Residuos Sélidos)
(Ministerio de Vivienda, Ciudad y Territorio, 2015). This plan influences the regulatory framework on the provision of
public waste collection services, which can be adopted on a municipal or regional level and can vary depending on the
characteristics of the area in which it will be implemented. With the help of studies conducted on a global level such as
the LPI (Logistics Performance Index) of the World Bank (The World Bank, 2018) and the Global Competitiveness Index
(GCI) of the World Economic Forum, (Word Economic Forum, 2018) tactics can be assessed to help each economy improve
aspects that reveal shortcomings in indicators such as road and transportation infrastructure. Region-specific analysis
(on Latin America and the Caribbean) can be found in reports such as the PERLOG (Logistics Profile for Latin America)
(Farromeque-Quiroz, 2015; Farromeque-Quiroz, 2017). At a national level, studies such as Colombia is Logistics (Colombia
es Logistica) (Departamento Nacional de Planeacién, 2015) and the National Competitiveness Index (Informe Nacional
de Competitividad) (Consejo Privado de Competitividad, 2017) are also available, which show the state of logistics in
Colombia’s 32 departments.

While vehicular traffic is a determining factor of logistics, air pollution levels are also concerning. Air pollution levels
not only come from the fuel that is used for transportation but they are also a result of different final waste disposal systems
— a major source of biogas production. Biogas is the result of the biological decomposition process of organic solid waste
(Camargo; Vélez, 2009) that produces Greenhouse Gases (GHG), especially methane gas (CH4), which is estimated to consist
of 13 % of all emissions worldwide. The activities that generate this gas continue to exist, even after landfills have been
closed for an estimated period of 50 years (Pinzén-Uribe, 2010). In Colombia, 75 % (842) of its municipalities are disposing
of their solid waste in sanitary landfills (Superintendencia de Servicios Piblicos Domiciliarios, 2018). This trend is similar to
that of Latin America and the Caribbean, where sanitary landfills consist of 54.4 % of its final disposal systems for SW (solid
waste) (Fundacién CEDDET, 2015).

In contrast, Europe is continually working on decreasing the percentage of waste that goes to landfills (Comisién
Europea, 2016). By transforming solid waste and biomass in secondary forms of energy such as heat, electricity, and fuel,
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Latin America and the Caribbean could produce a new source of the economy towards the development, in addition to have
control over the generation and final disposition of these wastes. This positive economy transformation has been conducted
already in countries such as Jordan (Al-Hamamre et al., 2017), China (Chen; Rong-Gang; Bangrong; Mi, 2017), Brazil (Freitas
etal., 2019), Argentina (Francisca; Montoro; Glatstein, 2017), and now in Colombia (Andrade; Restrepo; Tibaquira, 2018).

Studying the transportation (infrastructure) and storage of sanitary landfills can contribute to diagnosing the current
situation of C&D waste management in Colombia. Calculations of Colombia’s primary cities reveal the distance that waste
collection trucks travel to sanitary landfills, the CO, emissions produced by the consumption of diesel and how long their
trips take, making it possible to analyze the region and compare it with other countries. Reducing C&D waste in sanitary
landfills would considerably increase their lifespan and decrease the emission of pollutants, which is why it is important
to implement principles of a circular economy in the management of C&D waste. Combining this with investments in
infrastructure would reduce travel time to landfills, lower the overall cost to the economy and contribute to construction
projects that not only include homes but also bridges, highways, and streets in which it is feasible to reuse, reduce or recycle
C&D waste, as warranted by a circular economy.

Methodology

This article is based on a review and analysis of different sources. The first group of sources includes publications on waste
management logistics from different places around the world and reports from companies involved in waste collection
services in Colombia. The second group includes two important reports: one is the Logistics Performance Index (LPI),
published by the World Bank since 2007, and the Global Competitiveness Index (GCI) published by the World Economic
Forum since 2008 (Word Economic Forum, 2018), both studies are based on interviews conducted with people who are
responsible for logistics processes all around the world. The LPI and GCI are statistical reports categorized both by region
and nation and provide a rating for each indicator assessed. This rating helps to assess how Colombia is compared to other
countries, such as the ones with developed economies and the ones in Latin American and Caribbean region.

The Development Bank of Latin America (CAF), together with the CAF-LOGRA program on regional logistic development.
Created the Latin American Logistic Profile - PERLOG. This program provides a logistics profile that analyzes regional
logistics systems. The earliest analysis started in 2014 and includes detailed logistics profiles of eight countries.

Another consulted was the Economic Commission for Latin America and the Caribbean (ECLAC), which provides
region-specific information and whose statistics make it possible to compare indicators with other regions or to measure the
activity that Latin American and Caribbean (LAC) countries have had in different logistics areas. The government agency
responsible for official statistics in Colombia is the National Administrative Department of Statistics (DANE). Its database
was used as a source to analyze information from each of Colombia’s departments. Information from this database on solid
waste generation, solid waste disposal and population growth was examined to verify how these figures compare to those
of international studies on logistics.

The Superintendence of Residential Public Services (SSPD) also has an annual report that has been conducted since
2010. The report focuses on solid waste management, final disposal systems, and adequate and inadequate systems. Besides,
publications from Colombia Competitiva.gov (“Competitive Colombia.gov”) and Compite (“Compete”) were used. These
publications provide studies on logistics in Colombia, allowing for these results to be compared with those obtained globally.

In order to analyze issues on sanitary landfills, GHG, and transportation and management developed in this area, both
national and international research publications have also been reviewed. These were useful to compare Colombia with
other countries and helped to identify data sets that can contribute to developing other data to be applied to the situation
of C&D in Colombia.
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Glossary

SW: Solid Waste.

PMIRS: Planta de Manejo Integral de Residuos sélidos (Integrated Solid Waste Management Plant).
C&D: Construction and demolition.

GHG: greenhouse gases.

GCI: Global Competitiveness Report.

LPI: Logistics Performance Index.

LAC: Latin America and the Caribbean.

USL: Usuarios del Servicio Logistico (Users of Logistics Services).

PSL: Proveedores de Servicio Logistico (Logistics Service Providers).

ICLR: Indice de Competitividad Logistica Regional (Regional Logistics Competitiveness Index).

Sanitary landfill: a place designed and operated for final disposal of solid waste, for the confinement and isolation
of waste, with control of gases and leachates (Ministerio del medio Ambiente, Vivienda y Desarrollo Territorial,
2005a).

Contingency cell: according to Article 3 of Resolution 1890 of 2011 from Colombia (Superintendencia de Servicios
Publicos Domiciliarios, 2018), these cells were an alternative for the final disposition. Municipalities could request
to the competent environmental authority that these cells where transformed in a landfill construction and
operation project.

Integral plant: a system that integrates the management of solid waste and is composed of processes such as:
classification, collection, transport, transformation, destruction, use, sale, and final disposal (Franco, 2016). The
unusable materials will be disposed of in a technically operated micro filler (Vargas, 2015).

Transitory cell: a system the final disposition of SW in accordance with article 5 of Resolution 1390 of 2005 from
Colombia (Ministerio de Ambiente, Vivienda y Desarrollo Territorial, 2005b) built to be used up to only 36 months
(Superintendencia de Servicios Piblicos Domiciliarios, 2018).

Open-air dump: it is one of the oldest waste disposal practices, which is carried out without applying sanitary
controls; there are no separations or treatments for WS. It works without technical criteria in a recharge area
located next to a body of water, a natural drainage. Air, water, and soil deteriorate due to the formation of leached
gases and liquids, burns and fumes, dust and bad odors, generating environmental and public health issues
(Duarte-Diaz, 2008; Ministerio de Medio Ambiente de Colombia, Organizacién Panamericana de la Salud, 1996).

Results and analysis

Waste logistics throughout the world

Logistics management, which has been used with solid waste throughout the world, varies a lot from one region to another.
It depends on the country’s legislation, geographical conditions, its culture surrounding environmental protection, and last
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but not least, the incentives and sanctions applied to different economies.

The circular economy is based on a paradigm shift: waste is turned into a resource. Therefore, it is not only a recovery
and re-use economy but also and especially a re-creation economy. In doing so, it transforms production chains and
consumption patterns and decouples GDP growth from natural resources use (Frérot, 2014). Today’s serious environmental
problems have led to all international institutions to change their environmental laws and regulations to a new alternative:
a circular economy. Most Asian countries, especially powerful ones such as Japan and China, have completely transformed
their economic systems to circular economy models. Changing towards a circular economy model is due to a lack of raw
material and a rise in waste because of the large populations of these countries. To maintain sustainable growth Japan
applies three basic factors: 1) Oil-based emissions reduction and optimization of industrial structures for improving
energetic efficiency, 2) Education and public campaigns to increase the participation of society, and 3) Environmental laws
lay the foundations for an integral judicial system that regulates waste management and standardizes sanctions for being
implemented.

China is also very committed to a circular economy. Most of its circular economy projects have met their established
objectives, such as a reduction in energy use by 67 % and an increasing recycled water by 42 %. Their next objectives will
be to legitimize environmental decisions through indicators on the use of direct or indirect energy in industrial production
processes (Troncoso, 2018).

According to the World Economic Forum report, many of these elements are found in environmental and economic
policy, with established policy goals up to 2050 in some specific areas. In many cases, these goals contain important indicators
and challenges to analyze the implementation (European Environment Agency, 2013). Nowadays, most European countries
have reduced sanitary landfills utilization because of environmental issues and policies (Comisién Europea, 2016).

As the applied studies of the LPI (Logistics Performance Index) (The World Bank, 2018) and the GCI (Global
Competitiveness Index) show (Word Economic Forum, 2018), the levels of logistics in several countries from the European
Union, USA, and Japan have the highest performance, as their governments have prioritized connecting the nation through
the infrastructure that allows for efficient and multimodal mobility. While the quality of infrastructure of EU nations is not
equal, these nations understand that an efficient transportation system depends on a solid waste management system that
functions adequately and appropriately. This is reflected in a road network that offers options for effective mobility, not
only in commerce and with people, but through the application of a waste management system that allows for the collection
programs to occur at different schedules depending on the traffic of each region and different waste types, allowing for
places to be selected for the final disposal of C&D waste that is nearby and easy to access for materials to be processed.

Waste logistics in Latin America

Countries of the American continent are the least advanced in terms of implementing a circular economy. As an example,
one of its leading forces, such as the United States has no policy measures to implement a circular economy (Troncoso, 2018),
which is reflected in the findings of the aforementioned logistics studies. Despite the U.S. has an excellent infrastructure in
terms of quality, solid waste logistics management is poor for being the country that generates the most waste as, according
to the LPI and GClI its road network can implement a waste collection logistics system that does not interrupt the daily
activities of its citizens.

In Latin America, solid waste logistic management has progressed significantly in recent years. In Colombia, for
example, the solid waste collection rate is 97.8 % in urban areas and just 21.9 % in rural areas (Alvarez; Valenzuela, 2016).
In contrast, in México, this rate ranges between 70 % and 85 % (Betanzo-Quezada; Torres-Gurrola; Romero-Navarrete;
Obregon-Biosca, 2016). While waste collection in the region has improved, final disposal systems for solid waste have not
shown much improvement. Sanitary landfills are considered to be one of the most appropriate systems for waste disposal,
as they are regarded as places that can meet the right conditions to store waste; despite clear evidence that landfills have
negative short and long-term aspects about them.
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Some aspects of Latin America’s infrastructure have made progress in the development of the economies, of these
countries, such as Panam4, for example. The quality of Panamd infrastructure is a strong point in trading activities. The
Panama Canal is the structural axis for developing its national logistics services, which is why it ranks number two in
the region according to the World Bank’s LPI index; however, it needs to invest in infrastructure projects that connect the
country’s roads. Panama needs a policy on efficiency and systematic competitiveness in its industry, and needs to improve
information systems in its freight vehicles. It is important to remark that while Latin America and the Caribbean region has
made efforts to improve its logistics (Farromeque-Quiroz, 2016a); as regards the infrastructure area, it is still behind, as in
the case of Bolivia (Farromeque-Quiroz, 2016b). While in general, its intermodal connections are essential to trade; more
specifically, its logistics waste management system still does not have access to many regions and public works are not being
maintained. Therefore, to create a logistics plan for waste collection, different paths must be considered to reduce time,
emissions and costs. Waste collection companies are entities that must operate in all countries. In the LAC region, however,
a lot of work in the area of public works needs to be done and more importantly, citizens must also be educated so they can
dispose of waste in a way that is least harmful to the environment and to the humans that are part of it. The importance of
locating wastes in appropriate places, especially in regards to the disposal of special ones, such as C&D waste, should be
highlighted so that a cost should be charged for it to be properly managed. Citizens should also be educated so, they can
understand that those who contaminate are those who must pay, without expecting incentives to treat waste correctly.

The logistics of waste in Colombia

As figures from the LPI and GCI show on logistics in Colombia, averages for Colombia are low compared to countries with
high rankings. It has always received a score of 3.0 out of 5.0 total points in the LPI and a score of 4.5 out of a total of 7 points
in the GCI. It means that despite investments in infrastructure, Colombia — as well as the LAC region — has a lot of room
for improvement. This is evident in the rankings of the editions of these reports that have been published thus far, where
Colombia is behind countries such as Chile, Panama and México. As the PERLOG shows, however, the Latin American
region ranks low in logistics and is at the most basic level of the chain — demonstrating that averages for Colombia are very
similar to those of the economies as mentioned above (Farromeque-Quiroz, 2016c). Internally, studies that assess Colombia’s
logistics reveal inequality in investments, development, construction, and logistics. Departments such as Cundinamarca,
Antioquia, Valle del Cauca and Atlantico have transport corridors that make transportation more effective between its
regions Instituto Nacional de vias [INVIAS], 2018) and municipalities; these are also the departments that generate the most
waste (Superintendencia de Servicios Ptiblicos Domiciliarios, 2018), as they have high populations. In contrast, departments
from the Llanos, Amazon and Pacific regions have the lowest levels of investment and development in general. A map of
the country’s roads is enough to see that these regions are excluded from infrastructure projects (INVIAS, 2018).

Waste management logistics involves having road infrastructure that allows connecting both urban and rural areas;
while waste collection in urban centers is managed by specialized companies and covers almost 100% of urban areas, the
coverage rate for rural areas is only 21.9 % (Alvarez; Valenzuela, 2016).

Even though the lack of interconnected roads in the majority of Colombia’s regions has been already mentioned, it is
important to add that programs supported by law must also be implemented through the PGIRS (Ministerio de Vivienda,
Ciudad y Territorio, 2015). For example, separated spaces are needed where wastes separation processes can be carried out
to classify the materials according to their properties so that they can be processed and sold. Also, depending on the waste
type, different methods of reduction can be applied, such as incineration, and leads to reducing the amount of C&D sent
to landfills. People need more training and education to help them realize the importance of being a part of implementing
circular economy-based strategies to help mitigate the damage they do to the environment by disposing of waste anywhere.
People also need to learn to reuse, reduce and recycle.

Since the nineties decade, some European countries have been implementing strategies for there to be alternatives
to the final disposal of organic waste in sanitary landfills. In Flanders, Belgium, domestic waste is a secondary resource,
as 50 % to 60 % of the domestic waste produced is biodegradable and can therefore, be converted into a reusable product
for agriculture (Gellens; Boelens; Verstraete, 1995). Part of what makes this possible is that organic waste is managed by
separating it at the source (in homes, schools, among others). One of its strategies for garden waste to be reused is to educate
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its citizens about domestic composting through awareness campaigns and by promoting “cyclical gardening.” They do this
by teaching kids about composting in schools and by performing composting demonstrations at community composting
centers — an excellent alternative for obtaining compost and improving the conditions for crops.

Non-organic waste such as plastics, glass, and C&D, must be managed in a special way at the source so that they can
contribute to the process of the three R’s. In Colombia’s rural areas, a logistics management program needs to be created to
expand the coverage of its waste collection; in urban areas, however, models need to be applied that can help reduce the use
of sanitary landfills as a final disposal system.

Figure 1 shows pictures of public spaces that people have used as places for the final disposal of solid waste, especially
C&D waste (construction and demolition waste). The waste consists of items that do not degrade; it is an urban eyesore,
affecting not only the region’s landscape but also the soil conditions in where these have been disposed of. While the
companies that provide waste collection services in Colombia have specific programs to manage special waste properly,
users are not interested in paying extra for such services. This is the main reason why C&D waste can be found in public
places, or alternatively, users will prefer to pay a lower cost to people outside the cleaning company to get rid of their
Construction & Demolition waste and do not worry about where they end up.

Figure 1. Inadequate disposal of construction and demolition wastes (C&D) in Colombia
Source: own

Figure 2 shows the results of the LPI and GCI indexes for 2018. The figure shows the variables or indicators assessed
for each report and their respective score for the selected economies, which are countries that ranked first and second
(Germany and Sweden); the United States as the most highly ranked nation from the Americas; the number one country
from a Latin American country (Chile and Panama respectively); and Colombia. The lines in Figure 2a on the LPI reveal that
European countries hold the first two positions with averages above 4.0, a result of the investments these nations have made
in the area of logistics to make their economies efficient, such as with roads. Germany and Sweden ranked first and second
respectively. Germany’s average was 4.20 and had a performance of 100 %, while Sweden’s average was 4.05 and had a
performance of 96.43 %. The United States” economy ranked 14th in the index with an average of 3.89 and a performance
of 92.62 %, making it the best ranked nation from the Americas. This figure also includes Chile, the first country from Latin
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America and the Caribbean to be included in the ranking. Chile ranked 34th, with an average of 3.32 and a performance
of 79.04 %. Colombia ranked 58st, with a performance of only 70 % and an average score of 2.94. Of the 160 countries
surveyed in 2018, Colombia rose from 94 to 58, gaining 36 positions. Colombia’s ranking is lower than countries such as
Chile, Panama, México, and Brazil, which reveals the significant gap that lies between it and most of the economies that
are included in the report. While Colombia has invested in its roads in recent years, this is still not enough to truly make it
competitive and is shown by the score obtained in “Infrastructure” with 2.67 points out of 5 possible.
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Figure 2. Logistics Performance Index 2018 and Global Competitiveness Index 2017-2018. Data analysis from reports published by the World Bank
and World Economic Forum
Source: The World Bank (2018); Word Economic Forum(2018)

Figure 2b shows the results of the GCI report for 2017-2018; this index of twelve pillars places Switzerland in the first
position with a score of 5.86, the United States is in second place with 5.85 and Singapore ranks third with 5.71. In position 33
and with an average score of 4.71 is Chile, the first country in Latin America and the Caribbean that appears in the ranking.
Chile is above countries such as Costa Rica (47), Panama (50), México (51) and Colombia (66). With an average score of 4.29,
Colombia is located in position 66; it fell 5 positions compared to the previous publication of the GCI 2016-2017, where it
was ranked at the position 61. The GCI report takes into account factors such as “financial markets development”, where
Colombia scored 4.6, however, in “Infrastructure” it obtained 3.8 out of 7 points, which reflects that in this pillar, the country
has a long way to go and contributes to the increase of travel time, the cost of transportation which increases the levels of
kilometer for CO,. Issued by the automotive fleet, which is one of the oldest in the LAC region; Colombia has 164,000 cargo
vehicles with more than 20 years and this has a negative impact on the environment and productivity.

Figure 3 shows the score of 18 LAC countries for the 2014 - 2016 and period and 2018 reports. They were organized
according to the position occupied in the last edition of the LPI 2018 index. The nations that make up this region in a large
percentage are developing countries. The figures reflect how by comparing LAC with developed countries in Europe or
Japan and the United States, which are pioneers in logistics and commercial operations, there is a large gap. The LPI indexes
in Figure 3a ranks Chile as the first nation in the region with a score of 3.26 in 2014, 3.25 in 2016 and 3.32 in 2018. Following
Chile is Panama with 3.19 for 2014, 3.34 for 2016 and 3.28 for 2018. México ranks third with scores of 3.13 for 2014, 3.11 for
2016 and 3.05 for 2018. Brazil takes fourth place with 2.94, 3.09 and 2.99 for the same years. Colombia takes fifth in the region,
with scores of 2.64, 2.61, and 2.94, followed by Argentina in sixth place with 2.99, 2.96 and 2.89. In seventh place is Ecuador,
which scored 2.71 for 2014, 2.78 for 2016 and 2.88 for 2018This score has improved thanks to the construction of transport
routes in the region.

The eleven remaining countries are Costa Rica, Paraguay, Pert, Uruguay, the Dominican Republic, Honduras, El
Salvador, Guatemala, Bolivia, Venezuela, and Nicaragua. These nations reflect the low performance of the logistics system
in LAC, comparable only to most African states, where not only much investment in infrastructure is needed, but also
in the grouping of different aspects of logistics, such as customs, operators and in general, a road network that allows
the flow of transport in both urban and rural areas. To implement the seamless logistics of a waste management system,
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governments must give logistics the importance it deserves as a fundamental part of the country’s economic development
and infrastructure.

a) OVERALL LPI SCORE OF LATIN AMERICAN AND CARIBBEAN COUNTRIES FOR REPORTS
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Figure 3. An Overall score of Latin American Countries and their positions worldwide and for LAC for the LPI and GCl indexes for 2014, 2016 and
2018 Data analysis from reports published by the World Bank and World Economic Forum
Source: The World Bank (2018); Word Economic Forum(2018)

In contrast, in Figure 3b, the GCI ranks Chile in first place among Latin American countries, with scores of 4.58 for
2015-2016, 4.64 for 2016-2017 and 4.71 for 2017-2018. These scores reflect the progress that the Chilean government has been
making in the area of logistics, as in the infrastructure pillar itself it scored 4.80 out of 7 points. Second in the region for the
average of these same years is Costa Rica, with scores of 4.33, 4.41 and 4.5 respectively. In third place is Panama obtaining
4.38,4.52 and 4.4 respectively; while in the fourth place is México scoring 4.29, 4.41 and 4.44. In fifth place, Colombia scored
4.28 for 2015-2016, 4.3 in 2016-2017 and 4.29 for 2017-2018. The economies that fall behind Colombia in this index are Pert,
Uruguay, Brazil, Guatemala, Argentina, Nicaragua, Honduras, Ecuador, the Dominican Republic, El Salvador, Paraguay,
Venezuela, and Bolivia (which was not included in the study 2017-2018). This is largely due to the corruption of government
leaders that show a lack of interest in the social and economic aspects of their economies, and therefore lack the money to
make necessary investments in the logistics.

Chile, Perd, and México, as well as Colombia, are all part of the Pacific Alliance, which has become the nucleus of a
new business model. Colombia, however, has remained below the other nations that make up this group in Latin America
(The World Bank, 2018; Word Economic Forum, 2018). This Alliance looks for the economic development of the region,
which requires an optimal infrastructure in finance, telecommunications, energy, transport, among other sectors (Cortés-
Villafradez, 2018).
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Figure 4 shows the positions of Latin American and Caribbean countries from the three most recent publications of the
LPI and GCI. The bars reflect the significant gap that exists between nations from this region such as Chile, who is ranked
among the top 50, and Venezuela, whose rankings have been above 120 in the LPI - a trend that repeats in the GCI.

a) OVERALL LPI RANKING OF SOME COUNTRIES FROM LATIN AMERICA AND THE
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Figure 4. The Overall ranking of some countries from Latin America and the Caribbean from the LPl and GCl reports from 2014 - 2018. Data
analysis from reports published by the World Bank and World Economic Forum
Source: The World Bank (2018); Word Economic Forum(2018)

Figure 4a shows the positions that some countries from Latin America and the Caribbean hold on a global level for
the LPI reports from 2014, 2016 and 2018. Chile took positions 42, 46 and 34 respectively; Chile took positions 42, 46 and
40 respectively, being ahead of Panama in 2018. In second place for LAC, Panamd took position 45 in 2014, 40 in 2016, and
38 in 2018. In third place is México, taking positions 50, 54 and 51. Brazil is in fourth place, taking positions 65, 55 and 56.
Colombia, on the other hand, went from 97 in 2014 to 94 in 2016. In 2018, however, it gained 23 positions, notably improving
its logistic performance in the region. Argentina’s rankings were 60, 66 and 61. Ecuador has been improving its performance
and went from position 86 in 2014 to 74 in 2016 and to 70 in 2018. The remaining 11 nations were towards the very end of the
ranking; El Salvador, Guatemala, Venezuela, and Bolivia were the nations that ranked above 100 other countries, drastically
lowering the average for the region.

Figure 4b shows the positions that some Latin America and the Caribbean countries hold globally according to the
GCI for 2015-2016, 2016-2017 and 2017-2018. Chile ranked the highest after maintaining its maintained its position from
the previous report as country 33. Following Chile is Costa Rica, which took positions 52, 54 and 47, respectively. Panama
ranked 50, 42 and 50; while México, which was ranked 57 for 2015-2016, remained in position 51 for the last two reports.
In fifth place for the region is Colombia, which held position 61 for the previous two reports, however, it fell five places for
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2018, coming in at 66. For 2015-2016, Perti ranked 69, it rose two positions in the year following, but for 2017-2018 it fell five
positions, ranking position 72. The ranking shows large changes in a short time: Argentina, for example, went from ranking
106th in 2015-2016 to 92th in 2017-2018, while El Salvador felt from 95th in 2015-2016 to 109th in 2017-2018.

Figure 5 shows the rankings obtained from the PERLOG report (Logistics Profile for Latin America) for the nine
countries that participated in it. The report measures poverty in Latin America concerning logistics. It found México to be
the only country to be above the average with a score of 2.62 (Farromeque-Quiroz, 2016d). Panama score was 2.20, followed
by Colombia with a score of 2.12 and Uruguay with a score of 2.06. Perti took fifth place with a score of 2.02, while Argentina,
Ecuador, Paraguay and Bolivia’s scores were all lower than 2: 1.84, 1.70, 1.58 and 1.54, respectively. Despite a clear trend
of Latin America and the Caribbean to use unimodal transport, and having a concentration of highway transportation that
is 15 times higher than that of the United States, these low scores are attributed to a lack of ports, a lack of roadways that
maintain connectivity in a nation, and poor infrastructure (mostly in the transportation sector) (Farromeque-Quiroz, 2017).

2016 LOGISTICS PROFILE OF LATIN
5. AMERICA

3 2,62

Score range 1-5

Figure 5. 2016 Logistics Profile of Latin America. Data analysis from the CAF report
Source: Farromeque-Quiroz (2015); Farromeque-Quiroz (2017)

Figure 6 shows the four founding strategic lines of the INDILOG (fulfillment indicators) from PERLOG to obtain the
performance level for the participant countries. Logistics performances such as IPL and GCI are not measured, upon the
development and fulfillment data required in the PERLOG, therefore going towards a new regional advanced logistics,
taking advantages of the local geography in Latin America, and thus beneficing the waste transport as well. Results for
Colombia in 2016 according to these numbers were: first, the “Planificacion e institucionalizacion logistica” (planning
and institutionalization logistics) with 2.67; then, Desarrollo del Sistema Logistico (development of the logistics system)
with 2.50. After that, the third, “Desarrollo de Logistica Bésica y Sostenible” (basic and sustainable logistics development)
with 1.67; and finally, “Logistica de comercio internacional” (international trade logistics) with 2.13. With these numbers,
Colombia is in a B fulfillment position, which means that has some initial plans and actions on the way, but no consolidated
yet. Considering the results presented above, Colombia must work for strategies towards a logistic system with a high level
of planning and indicators fulfilled. It must include new infrastructure not only for the larger urban areas but also for other
smaller cities across the country.

Results of the Regional Competitiveness Index
(ICR, 2015)
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Figure 6. INDILOG for countries of the PERLOG 2016 showing the Colombian score
Source: Farromeque-Quiroz (2017)
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Figure 7 reveals other significant figures on Colombia taken from the National Logistics Survey (Encuesta Nacional
Logistica): the Regional Competitiveness Index (ICR, Indice de Competitividad por Regiones). The objective of the ICR is to
assess regional effectiveness in logistics activities and operations. This index is based on a scale from 1 to 10 and provides
a Logistics Competitiveness Index. A score of 1 means that the region does not contribute to logistics operations and 10
means that it does. Next, the user companies (USL), who were a total of 504, and those that provide logistics services (PSL),
who were 264 (Camara Colombiana de la Infraestructura, 2016), were asked to assess each region and place them within
this ranking. The national average was 5.45 and the results by region are shown in the figure. The scores for Infrastructure,
represented by the first bar in the graph, are shown as follows for each region: Eje cafetero and Antioquia, 6.33; Pacifico, 5.73;
Caribe, 6.15; Centro Oriente, 6.32; Llanos, 5.13; and Centro Amazonia, 5.53.

This makes for a national average of 5.87 out of 10 total points. Logistics services and industry, represented by the
second bar in the graph, scored as follows: Eje cafetero and Antioquia, 5.32; Pacifico, 6.05; Caribe, 6.45; Centro Oriente, 5.93;
Llanos, 3.84; and Centro Amazonia, 4.93. The national average for this aspect of logistics is 5.42. While they still have areas
they can improve upon, the Caribbean and Pacific regions have a higher score in this area due to their port-related activities
and the successful performance of these ports. The national average for mobility and quality, represented by the third
bar, is the lowest of the three national averages that were measured with a score of 5.05. The regional scores for mobility
and quality are: Eje cafetero and Antioquia, 5.32; Pacifico, 5.16; Caribe, 5.34; Centro Oriente, 4.94; Llanos, 4.72; and Centro
Amazonia, 4.81. The national average for this area is low due to a lack of investment in the road system to not only build
new transport corridors, but to improve the following situations: the interconnectivity of the country’s roads; the excessive
amount of vehicles that congest and delay travel time; and the need to stop depending on unimodal transportation and to
begin to use and prepare rail, sea and air routes in order to have a competitive and efficient transportation system, not only
commercially, but with people and waste.

Results of the Regional Competitiveness Index
(ICR, 2015)
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Figure 7. Results of the Regional Competitiveness Index (ICR. Indice de Competitividad por Regiones, 2015)
Data analysis of 2015 National Logistics Survey.
Source: Consejo Privado de Competitividad (2017)

Figure 8 is an overview of the inadequate systems of final solid waste disposal in Colombia between 2013 and 2016.
This analysis shows how the investments of Colombia’s primary cities have performed each year in this area between 2013
and 2017. This chart accounts for regions with the greatest number of inhabitants, waste, roads and construction. Bogotd, as
Colombia’s Capital District, is the region with the highest degree of investment in infrastructure, which not only consists of
roads but also projects that are needed to improve the development and welfare of a country. For 2013, Bogotd’s score was
5.76; 2014, 7.32; 2015, 7.03; 2016, 7.31 and for 2017, it was 7.10. In contrast, Antioquia scored the following: in 2013, it scored
4.60; 2014, 5.71; 2015, 7.03; 2016, 5.45 and for 2017, it scored 5.45. The results for the Atlantico for 2013 were 4.16; 2014, 4.81;
2015, 6.41; 2016, 5.20 and for 2017, it scored 5.30. The scores for El Valle for 2013 were 3.93; 2014, 5.59; 2015, 6.27; 2016, 5.58
and for 2017, it scored 5.36.
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Results of the Departmental Competitiveness Index
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Figure 8. Results of the Departmental Competitiveness Index (IDC. indice Departamental de Competitividad I.D.C., 2013-2017),
INFRASTRUCTURE Pillar. Data analysis of report from the Private Competitiveness Council

Therefore, it is clear that infrastructure in these regions has been growing, that Colombia is going through a
construction process as it needs to improve the current situation of public works that serves its citizens. Nevertheless,
National Investments remain insufficient, as some regions receive more support than others, such as the Llanos and the
Amazonia.

Figure 9 shows the values given to logistic barriers by the logistic service users (USL) and service providers (PSL) in
the report “Colombia es logistica”. From the USL evaluation, “Infrastructure” with 53.4 % in the main problem, the main
part corresponds to high transportation costs and insufficient roads, ports, and airports. “Company management” is the
second barrier, with 34.8 %. With a lack of human talent and offer of logistic service as the main contributors to this issue.
Finally, the third barrier is “Customs management”, with 11.8 %, most likely due to the complexity of customs procedures.
On the other hand, data obtained from PSL showed that “Company management” is the main barrier with 59.3 %, followed
by “Infrastructure” with 32.2 %. These results certainly show a lack of infrastructure, which decreases the competitiveness
of the economy.
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Figure 9. Responses of users (USL) and providers (PSL) on barrier indicators. Data analysis of the 2015 National Logistics Survey,
“Colombia Is Logistics,” (Departamento Nacional de Planeacion (2015)
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Figure 10 is a representation of the inadequate final disposal systems that have been used in Colombia from 2013 to
2017 (Superintendencia de Servicios Piblicos Domiciliarios, 2018). Open-air dumps show a downward trend after 2013. In
this year, 163 municipalities disposed of their waste using open-air dumps; in 2014, this figure fell to 133; in 2015, to 114, and
for 2016, this figure was just 54 municipalities; Finally, in 2017 only 41 municipalities used this system. Overall, it represents
a total reduction of 63.7 % of municipalities that began to dispose of their waste with another system. The “transitional cell”
system is considered inadequate, and has performed as follows: for 2013, it was used in 51 municipalities; in 2014, 58; in
2015, 47 in 2016, 43 and 2017, 18.

The use of bodies of water is one of the final disposal systems most damaging to communities because it not only
contaminates the water but also obstructs rivers causing and caused flooding and disasters. In 2013, just one municipality
disposed of their waste using this system; in 2014, this number rose to 13; in 2015 it reduced to 5; in 2016 and 2017, there
were no reports of communities using this system to dispose of their waste. Moreover, burying waste is nowadays the
least used waste disposal method. For 2013, 2014 and 2015, there were no reports of any municipality burying its waste, in
2016, 7 municipalities were reported, and for 2017only 2. Finally, burning has become a less common method. In 2013, 14
municipalities were reported to use Burning as their waste disposal method; while in 2014, 2015 and 2016, only 1, 2 and 1
the municipality was reported to have used this method, respectively. For 2017, none.
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Figure 10. Inadequate final disposal systems for solid waste in Colombia (2013-2017). Data analysis of publications from National Report on Final
Waste Disposal (Superservicios)
Source: Superintendencia de Servicios Publicos Domiciliarios (2018)

Figure 11 is an overview of three suitable systems of final solid waste disposal in Colombia from 2013 to 2017. The
Contingency Cell, was implemented in 27 municipalities in 2013, and it decreased to 22 in 2014; and as follows for 2015,
2016 and 2017, 14, 15 and 9 municipalities disposed of their waste using this method, respectively. Municipalities using
an integral plant system to deposit waste have also been reducing. In 2013, 57 municipalities deposited their waste using
this system, and in 2014, it was reduced to 46. In 2015, only 34 municipalities used this system, while in 2016, this number
dropped to 9.In 2017, the number of municipalities increased to 14. Landfills are the most widely used waste disposal system
in the country, as shown in the SSPD report. In 2013, 789 municipalities out of 1120 used this system; 829 municipalities in
2014; 886 in 2015; 891 in 2016 and finally 842 in 2017. Although this system has a special adaptation process as part of its final
waste disposal process, it also leaves negative impacts on the environment and population living near the site.
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Figure 11. Adequate final disposal systems for solid waste in Colombia (2013-2017). Data analysis of publications from
National Report on Final Solid Waste Disposal (SSPD)

Figure 12 shows important data on some of Colombia’s major sanitary landfills in Bogotd, Medellin, Cali, and
Barranquilla. With 59 hectares (Concejo de Bogotd, 2018) (1,463 acres), Dofia Juana in Bogota has been operating since 1998.
It receives an average of 188.384 tons of waste per month and it only has 4 years of useful life, as it must close by 2020. La
Pradera in Don Matfas, Antioquia, is where waste from Medellin and other Useful Life Remaining locations is deposited. It
is 354 hectares (INTERASEO, 2018) (874 acres), has been operating since 2003, has a useful life of 10 more years and receives
an average of 79.469 tons of waste each month. In Cali, Guabal has been operating since 2008. It is 363 hectares (897 acres),
receives 70.543 tons per month and its useful life is 14 years. Pocitos in Barranquilla is 135 hectares (333 acres), receives
47432 tons and has a useful life of 21 years. Sanitary landfills in Colombia are inter-municipal, which means that strategies
are needed to implement green logistics and a circular economy to this form of waste disposal, as the land for these systems
is running out of its projected useful life faster than expected.
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Figure 12. Sanitary Landfills 2017. Bogotd, Medellin, Cali, Barranquilla. Data analysis of National Report on Final Solid Waste Disposal (SSPD)
Source: Superintendencia de Servicios Publicos Domiciliarios (2018)
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Figure 13 is an overview of the distances and route times of 2015 routes from 9 locations to a sanitary landfill in Ciudad
Bolivar, which is settled south of Bogot, as well as the respective fuel that is used and CO2 that is produced for each route
(Garcfa; Padilla, 2014). Calculations show the following results: the town of Gutiérrez is 101.7 km away from the landfill
with a 155.94 minute route; Choachi is 54.7 km away with an average 83.87 minute route; Quetame is 53.7 km away with
an 82.34 minute route; Ubaque is 53.2 km away with an 81.57 minute route; Caqueza is 36.1 km away with a 55.35 minute
route; Bogotd is 26.7 km away with a 40.94 minute route; Chipaque is 20.4 km away with a 31.28 minute route; Bosa is
15.7 km away with a 24.07 minute route; and Usme is just 3.4 km away with a 5.21 minute route. The ratio of fuel and CO,
production is measured by the liters of fuel that is needed to take the route, given in kilograms of greenhouse gases. The
results show that the route from the town of Usme to the landfill takes 0.54 liters of fuel, producing 0.2 kg of CO, per trip;
and the route from Gutiérrez (which is the town furthest from the landfill) takes 16.27 liters of fuel, producing 5.97 kg of CO,
per trip. One of the most important aspects of developing a waste management logistics plan is the CO, that is produced as
aresult of fossil fuel use, as making a change in the fuel that is used to alternatives, such as natural gas or electric cars, can
greatly reduce pollution levels in the environment.
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Figure 13. Dofia Juana Bogota 1998 - 2022. Data analyzed according to Colombia’s Unified Information System (Sistema Unico de Informacién,
SUI). Distance calculated with Google maps. Calculations of fuel use, CO, produced, and route times are author calculations
Source: Garcia; Padilla (2014)
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According to the Intergovernmental Panel on Climate Change (IPCC) from Table 1, activities that cause GEI are grouped
into four categories or sectors: AFOLU (Agriculture, forestry and other land uses), ENERGY, IPPU (Industrial processes and
use of products) and WASTE, with the calculations made for the year 2014 of the INGEI (greenhouse gas inventory) for the
Second Biennial Update Report of Colombia to the UNFCCC made by the IDEAM of 2014. The first AFOLU sector with a 55
% share in GHG emissions is composed of 7 subsectors: Forest lands 17 %; Grassland 14 %; Enteral fermentation 9 %; N20
of managed soils 8 %; Farmland 4 %, Other 2 %, Manure management, and other 2 %. The second sector: energy with 35 %,
composed of Transportation 12 %; Energy industries 10 %; Manufacturing and construction industry 6 %; Fugitive coal, gas
and oil 3 %; Other sectors 3 %. The third component is IPPU with 6 % and its subsectors: Cement production 2 % and Other
IPPU; Use of substitutes SAO 1 % and other IPPU 1 %. In the fourth place with a 4 % stake is the waste sector, which has the
following elements: Managed sites for waste disposal 3 %; Domestic wastewater 1 %; industrial wastewater 2 % and other
waste 0 % (Ministerio de Ambiente y Desarrollo Sostenible; PNUD; IDEAM, 2018).

Table 1.
Sectoral stakeholder participation GEI 2014

SECTORAL PARTICIPATION GEI 2014 EMITTERS

Sector Percentage Subsector
Forest land 17 %
Grassland 14 %
Enteric fermentation 9 %
AFOLU 55 % N,O of soil managed 8 %
Farmland 4 %
Others 2 %
Manure management and others 2 %
Transport 12 %
Energy industry 10 %
Manufacturing and construction industry 6 %
e =5 Coal, gas, and oil 3 %

Other sectors 3 %

Cement production 2 % and other IPPU
IPPU 6 % Substitutes use SAO 1 %

Others IPPU 1 %

Waste disposal management sites 3 %

Domestic sewage water 1 %
WASTE 4%
Industrial sewage water 2 %

Other wastes 0 %

Source: Garcia & Padilla (2014)

Although the WASTE sector is the one that contributes less to the generation of GHG, it is important that the systems of
final disposal of solid waste have the adequate treatment for taking advantage of the gases produced due to the decomposition
of the organic waste. These wastesin different periods of time generate CH, inahigher proportion, while CO,and N, O are given
to alesser extent, (Camargo; Vélez, 2009). In the same way, other gases, whose proportion of contribution GHGs are minimal,
can be generated. However, with proper management, pollution in this sector can be reduced, as most of the solid waste in
Colombia is organic, which generates a high percentage of GHG (Andrade; Restrepo; Tibaquird, 2018). Waste management
has also to include the use of better vehicles for the collection of wastes, as they mostly use diesel as combustible instead of
gasoline. The design of programs for optimal waste management has been presented in the software Agenda 21 in four areas:
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* Promotion of treatment and final disposal.

* Expansion of collection coverage.

* Minimization of waste generation.

* Maximization of reuse and environmentally adequate recycling.
(Rondon; Szant6; Pacheco; Contreras; Galvez, 2016).

Conclusions

Logistics is a valuable tool necessary for monitoring each stage of system processes whether these are commercial, productive
or related to management. The purpose of logistics is to estimate costs, time and resources that are needed minimize as
much as possible their use while aiming for maximum performance. Logistics, however, depends on several factors for it to
function smoothly. Some of these factors include having the right logistics systems, trained personnel and road networks
that allow for safe travel and limit the number of accidents during commutes. Colombia has made progress in terms of
its logistics; in order for its infrastructure to be competitive, however, is needs to improve. With the investments that it is
making, it is expected to improve its results in the short term. Logistics in the management of C&D in Colombia has made
significant progress in recent decades, especially in areas involving its waste collection system, one of the most effective
systems of the Latin American and Caribbean region. While it is 98% effective in urban areas, a figure that is less than 30%
in rural areas, the figures for Colombia’s waste collection systems are superior if compared to certain countries in Africa. It is
also important to mention that Colombia’s logistics systems for solid waste management have mainly been developed in its
primary cities. While these have been effective, due to the demand for them, it remains clear that the entire nation requires
an effective system that can use solid waste adequately.

The growing trend for the governments of different nations to further their efforts and investments in this area is
reflected in the results of publications that specialize in logistics studies (LPI and GCI). These reports help demonstrate that
there is much to be done in this area at a logistical level, which impacts logistic management systems, for which there are
already several successful models in Europe.

1. Latin America

Currently, the separation of waste at its source in Latin America and the Caribbean is in the beginning stage, as well as
its logistics systems. Analysis from the PERLOG logistics report further demonstrates this, as it reveals the shortcomings
of some countries in the region in terms of their ports, airports, roads, transportation systems (land, rail, river, air) and
multimodal interconnectivity in general. Latin American and Caribbean countries have also clearly focused their investments
on their primary cities, neglecting the road connectivity of their own territories. This poses a challenge to the logistics of
waste management systems, which require roads that can access rural areas to shorten route times. In another vein, despite
having adopted legislation, regulations are also ignored either because of poor policy and implementation strategies by
urban waste collection service providers or because of a lack of environmental awareness on behalf of both providers and
users. Throughout the region, studies on waste management models are just becoming common, yet they already exist in
European and Asian countries.

While significant progress has been made in this area, users education remains a top priority on how to dispose of
waste correctly. This includes educating users on how a circular economy can be applied to reuse, reduce and recycle
most of the waste possible — making users familiar with how reducing the tons that go to landfills can lengthen their
useful life. Such efforts are beneficial to society and could offer an opportunity for subsidies or discounts and also
allow for waste from different activities to be given different uses. The importance of including recycled materials
should be shown not only at an industrial level but also in the area of construction, explaining the characteristics of
these materials as well as their cost benefit so they are attractive to builders. To expand the coverage of waste collection
service companies, investments in secondary and tertiary roads that give access to remote areas are also important.
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2. Colombia

Nationally, a successful waste logistics system has been implemented for Colombia’s, especially in main cities such as
Medellin, Bogota, Cali, and Barranquilla. Its coverage is extensive, and the frequency of its collection is an average of
three days a week for the collection of solid waste in municipalities and cities; an average that is less in its rural areas.
Construction and Demolition waste (C&D) management needs programs that can educate people about the importance of
the proper use of waste. For waste to be separated at the source, it is important to demonstrate the benefits this can have on
the environment and natural landscape, but also its economic, social and cultural aspects. Separating waste at the source is
key to disposing of C&D waste correctly, as this is the starting point for classifying waste. By ensuring that this waste does
not become mixed (contaminated), it can then be treated appropriately to reuse, reduce or ultimately, recycle it. This waste
classification also helps to increase the percentage of C&D waste that that can be used again.

3. Circular Economy

The role of a circular economy is really valuable to address society’s consumer behavior. When combined with logistics, it
plays a key role. This combination helps to do the least possible damage on the environment as well as makes it possible to
act act following the objectives of reducing the degradation of natural resources to the maximum, which leads to lower gas
emissions. The linear economy model, where it is assumed that there is an unlimited supply of natural resources and that the
environment has an unlimited capacity to absorb waste and pollution, is now dismissed. Instead, a circular economy model
is proposed, where the throughput of energy and raw materials is reduced, (Murray; Skene; Hayanez, 2015). In Colombia,
several efforts are made to mitigate the impact of solid waste on the environment such as the recovery of hazardous waste
(Loaiza; Cifuentes; Colorado, 2017; Loaiza; Colorado, 2018; Colorado; Singh, 2014; Colorado; Colorado, 2016), the recovery
of rubber waste (Agudelo; Cifuentes; Colorado, 2019; Revelo; Correa; Aguilar; Colorado, 2019) and studies on circular
economies (Rua-Restrepo; Echeverri; Colorado, 2019).
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Abstract

This document collects and organizes data on not only the generation and current situation of hazardous wastes from
Colombia, but also in a Latin American and global context. These materials were studied regarding the current economic
model, regulations and implications in society. In addition, the numbers are presented from different reports from waste
generating companies and, more importantly, from the data officers of the National Institute of Hydrology, Meteorology and
Environmental Studies (IDEAM). We also analyzed the activities that contribute most to these wastes and their relationship
with various aspects, such as gross domestic product and Oil production in different regions of the country. Therefore, the
main objective of this project is to analyze the state of hazardous waste in Colombia in quantitative form, in order to begin
to give real solutions towards the use, research and commercialization of derivative products that help reduce their negative
effect on the environment.

Keywords: circular economy; waste management; waste treatment; waste per capita; waste indicators.

Resumen

En este documento se recopilan y organizan datos no solo sobre la generacién y la situacion actual de los desechos peligrosos
de Colombia, sino también en un contexto latinoamericano y mundial. Estos materiales se estudiaron con respecto al
modelo de economia actual, las regulaciones y las implicaciones en la sociedad. Ademads, los ntimeros se presentan a partir
de diferentes informes provenientes de las empresas generadoras de residuos y, lo que es mas importante, de los datos
oficiales del Instituto Nacional de Hidrologia, Meteorologia y Estudios Ambientales (IDEAM). También se analizaron las
actividades que mds contribuyen a estos desechos y su relacion con diversos aspectos, como el producto interno bruto y
la produccién de petréleo en diferentes regiones del pafs. Por lo tanto, el objetivo principal en este Proyecto es analizar el
estado de los residuos peligrosos en Colombia en forma cuantitativa, con el fin de comenzar a dar soluciones reales hacia
el aprovechamiento, la investigacién y la comercializacién de productos derivados que ayuden a reducir su efecto negativo
en el medio ambiente.

Palabras clave: gestion de residuos; tratamiento de residuos; residuos per cépita; indicadores de residuos, desechos;
economia circular.
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Introduction

The constant increase of the population and its consequent relation with the increase of the consumption in all the industrial
sectors impacts on the growth of the generation of dangerous waste. As a result, industry, government, and consumers
are increasingly aware of the importance of proper handling of hazardous waste. Factors such as economic development,
traditional production techniques, massive extraction activities of natural resources are the main source of generation of
hazardous waste in countries such as the United States or China (Duan; Huang; Wang; Zhou; Li, 2008). Increased demand
for resources, such as land and energy, together with strict environmental regulations, have made the problem of hazardous
waste management more complex (Nema; Gupta, 1999). The different characteristics of the different hazardous waste
add considerable complexity to the management problem, since the different types of waste have different management
protocols, treatment possibilities and disposal alternatives (Batstone; Smith; Wilson; 1989; LaGrega; Buckingham; Evans,
1994). In recent years, the impact of pollution and waste on the environment and on public health is very important
worldwide (Orloff; Falk, 2003), so the objective of hazardous waste management has focused on guaranteeing collection, the
transportation, treatment, and disposal of waste safely, efficiently and economically. The proper implementation of facilities
for the treatment, disposal, and disposal of hazardous waste has both economic and social implications. Hazardous waste
recycling facilities are established to treat, store or dispose of hazardous waste. Inadequate control of this waste can result in
a serious threat to the environment. Therefore, the control of contamination by hazardous waste is key in the protection of
the environment. An effective strategy for the management of hazardous waste is recycling (Orloff; Falk, 2003) where waste
becomes a resource (Andrews, 2015).

In the past years the concept of Circular Economy (CE) has been implemented which can produce bigger environmental
benefits than the traditional linear model (Ness, 2008), which not only has produced environmental but also social and
economic issues, which are necessary actors to be involved in a real solution for improving each area of development (Lett,
2014). CE offers optimal use of natural resources, with a new business model, and promising employment opportunities
(Ellen MacArthur Foundation, 2013).

The circular economy model has been developed through the evolution of several concepts, which include those from
the environmental economics (Pearce; Turner, 1990) based on several pioneer works (Boulding, 1966). The circular system is
now a requirement for the sustainability on earth, a closed system ideally without a matter of interchange with the exterior
of the system with three basic economic functions: provision of resources, life support system, waste sink, and emissions.

Similar to other economic functions, these three basic ones should have an associated economic price. However,
most of the time there is no price or market for the environmental goods (such as air and water quality, or public goods),
even if they have a clear value or utility for individuals and societies. Economic instruments such as environmental taxes
were designed to encourage better use and conservation of resources, mitigation of environmental burden, as well as the
promotion of a transition to CE concepts (Andersen, 2007; Yong, 2007).

Because the current linear economy model is reaching its production limits (Requier-Desjardins, 1999), alternatives
are proposed to improve this model. Therefore, in order to combine environmental and economic aspects, a new economy
model called circular economy (Korhonen; Honkasalo; Seppald, 2018) is proposed, which involves not only recycling, reuse,
and repair of waste for consumer products in the economic model, but also the design of materials and processes that
minimize the generation of waste. The circular economy implies a model where the use of raw materials is minimized
during a production process, where waste can be reused as a resource in innovative ways, and where a product can be used
several times for the original purpose (Zhijun; Nailing, 2007). According to The Growth Within a Circular Economy Vision
for a Competitive Europe Report of the Ellen MacArthur Foundation (2015), the circular economy concept is based on three
fundamental principles: (i) preserving and improving natural capital, (i) optimize the yields of the resources in use; and (iii)
promote the effectiveness of the system (Ellen MacArthur Foundation, 2015).

In Colombia, there has been an important effort in terms of creating new regulations and research using hazardous
wastes in new (Colorado; Garcia; Buchely, 2016; Loaiza; Cifuentes; Colorado, 2017; Loaiza; Garcia; Colorado, 2018; Loaiza;
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Colorado, 2018) circular economy, and innovation (Gu et al., 2012; Zhu et al., 2014). However, it is clear that there is a wide
gap between real needs and the current results. Due to the complexity of the problem with the wastes, now is clear that more
applications need to be created which can go to fields such as nanotechnology (Colorado; Nino; Restrepo, 2018; Colorado;
Colorado, 2017; Quan; Colorado; Yeh; Yang, 2016), advanced (Restrepo; Colorado, 2018; Revelo; Colorado, 2018), and green
materials and solutions (Colorado; Singh, 2014; Colorado; Wang; Yang, 2015; Colorado; Hiel; Hahn; Yang, 2011; Hernandez;
Carriazo; Almanza, 2006; Vergara; Damgaard; Gomez, 2016).

In the field of hazardous waste, it is considered that there is still much to be done regarding the use and treatment of
these, but initially it is necessary to have a thorough knowledge of all the parameters that are present in the generation of
such waste, so this issue is addressed into account the economic factor since it directly affects the production of so-called
hazardous solid waste (Hazardous waste). In the search of the main factors that lead to the generation of hazardous waste, it
is necessary to identify the sources of generation at the national level, it is also appropriate to inquire if the economic activities
of a certain region are linked to the production of hazardous waste. For this reason, this paper analyzes the municipalities in
Colombia that generate the greatest amount of Hazardous waste and its relation to Gross Domestic Product (GDP).

In the framework of hazardous waste is a sector that is constantly growing, the technological, this is because people
every day demands increase, and the urge to get each time the most updated devices or with the best features and a personal
dependence increasingly increasing regarding these elements, makes the production of technological waste increase directly.
For this reason, this work is of great importance for the circular economy model since it shows relevant data regarding the
devices that are acquired and the final disposal that these have at the end of their useful life.

Methodology

The methodology used in the development of this research is structured in 3 steps: information collection, calculation of the
generation of hazardous waste and classification of hazardous waste.

Collection of information

The information on the generation of waste was obtained from the national reports on the generation of hazardous waste
between 2011 and 2017 published by the Instituto de Hidrologia, Meteorologia y Estudios Ambientales (IDEAM). These
data recompile the information from the platform of the “Register of Hazardous Waste Generators” (Figure 1), which,
before being published in the reports, were validated and transmitted by the 41 Environmental Authorities of the country in
the 2016 balance sheet period reported by 13033 establishments with court date of october 6, 2017 (IDEAM, 2012, 2015, 2016).

The Register of Hazardous Waste or Waste Generators, which was implemented since 2008, is also considered and
constitutes the information capture tool established in Decree 4741 of 2005 by which the prevention and management of
waste is partially regulated, or hazardous waste generated within the framework of integral management (Ministerio de
Ambiente, Vivienda y Desarrollo Territorial, 2005a).

Through Resolution 1362 of 2007, the Ministerio de Ambiente, Vivienda y Desarrollo Territorial (2007a) established the
requirements and procedures for the Registration of Hazardous Waste or Waste generators referred to in Articles 27 and 28
of Decree 4741 of 2005.
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Figure 1. Process of reporting hazardous waste before the IDEAM.
Source: own.

Calculation of the generation of hazardous waste (IDEAM, 2010):
The generation of hazardous waste in Colombia is given by the following components:

A2: Storage in the generator installations at the end of the balance period (kg).
Al: Storage in the generator facilities at the beginning of the balance period (kg).
B2: Storage by third parties at the end of the balance period less (kg).

B1: Storage by third parties at the beginning of the balance sheet period (kg).

C: Use and/or valuation by third parties during the balance period (kg).

D: Treatment by third parties during the balance period (kg).

E: Arrangement by the generator during the balance period (kg).

F: Disposal by third parties during the balance period (kg).

G: (ton) = (A2-Al1) + (B2-B1) + C+ D+ E + F / 1000

The generation formula does not take into account the treatment and the use made by the generator.

Classification

According to the Ministerio de Ambiente y Desarrollo Territorial (2007b), hazardous waste is that which presents corrosive,
reactive, explosive, toxic, flammable, infectious or radioactive characteristics that may cause risk or damage to human health
and the environment. Likewise, containers, packaging, and packaging that have been in contact with them are considered
hazardous waste or waste.

On the other hand, in Decree 4741 of 2005 in Annex I the hazardous waste is divided depending on the process of
economic activity and is classified into 45 categories from Y1 to Y45. In addition, in Annex II of this same decree, hazardous
waste is classified by waste streams by 4 subdivisions, A1 Metal waste or containing metals (A1XXX), A2 Waste containing
mainly inorganic constituents, which may contain metals or organic matter (A2XXX), A3 Wastes containing mainly organic
constituents, which may contain metals and inorganic matter (A3XXX), and A4 Wastes that may contain inorganic or organic
constituents (A4XXX). Annex III is classified according to the characteristics of the waste or hazardous waste.
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The Situation of hazardous waste

Colombia regarding leading economies

With the intention of grouping and consolidating the information, the data shown in Figure 2 was organized, presenting
a global scenario of hazardous waste generation. This is compared with the generation per capita, in order to obtain a
comparable indicator among other countries in the world.
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Figure 2. Generation of hazardous waste in tons and generation per capita for some countries of the world in 2014 and 2015.
Source: IDEAM (2015).

The generation of hazardous waste in the world is a problem in constant growth due to the materials used in everyday
objects such as batteries, electronic devices, elements used in hospitals, petroleum products, among others. In Colombia,
the outlook is similar to that observed in the world, because the generation of hazardous waste increases over time. In order
to compare the current situation in Colombia, a comparison is made regarding the generation of hazardous waste by each
inhabitant, which is an important indicator since the generation of waste is independent of the number of inhabitants and
can be compared between different countries of the world and even, at the national level, between the different departments
of Colombia.

Colombia compared to Latin American standards

In the Latin American context, the management of hazardous waste in Colombia, Argentina, Chile, Cuba, Ecuador,
Nicaragua, Mexico, and Uruguay, give it adequate final disposal due to the fact that they report special sanitary landfills
for hazardous waste (Sdez; Urdaneta, 2014). In Latin America, Colombia is one of the pioneer countries in the recovery of
hazardous waste (El Espectador, 2014).

Solid waste in Colombia: internal radiography

Observing the behavior of the generation of hazardous waste in Colombia in Figure 3, we see that the situation is not very
positive: between 2011 and 2014, the generation trend has been rising considerably until reaching a worrying 453642 tons,
reported by the establishments. However, there is a decrease in this trend between 2014 and 2016, which is associated with the
entry into force of regulations that mitigate the negative impact of waste.
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Figure 3. Hazardous waste generated in Colombia between 2006 and 2016.
Source: IDEAM (2012, 2015, 2016).

There is a big problem when quantifying the information on hazardous waste in Colombia since there are data that are
not recorded, as shown in Table 1. In addition, not all the registered establishments generate a report of the waste generated,
such as shown in Figure 4, for this reason, the volume of officially reported hazardous waste approximates the real number.
However, with these data we can observe the behavior and the tendency with respect to previous years and the effectiveness
of the implementation of some standards.

Table 1.
Establishments that report the generation of hazardous waste

Colombia 2016

Registered establishments 30009
Establishments with report 13033
Source: IDEAM (2010; 2016).
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Figure 4. Reports of hazardous waste.
Source: IDEAM (2010; 2016).
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Due to the fact that currently many of the technologies for the use of hazardous waste still have an incipient development
in the world and even more in Colombia as a developing economy;, it is necessary to address the problem as it has been shown
to be more successful in developed countries; reducing the generation of waste from the source. In addition, minimizing
the use of products that cause harm to the environment and human health such as asbestos and lead, which are widely
used in different productive sectors very important for the Colombian economy. A clear example of a material with terrible
consequences for the human health is asbestos, regulated in the law “Ley Ana Cecilia Nifio”, which established their use in
the country. In the country, there are municipalities that generate a high volume of hazardous waste (see Figure 5), including
major cities with very high population such as Bogotd, Medellin and Cali; and municipalities with a low population, but with
a very high generation of hazardous waste, mainly due to the economic activity located in these small towns, such as Aguazul,

Yopal, Malambé.
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Figure 5. Main cities generating hazardous waste in Colombia 2016.
Source: DANE (2016a); IDEAM (2016).

In the search for the main factors that lead to the generation of hazardous waste, it is necessary to identify the sources
of generation at the national level, for this reason, it is advisable to investigate whether the economic activities of a certain
region are linked to the production of hazardous waste. For this reason, an analysis is made of the municipalities in Colombia
that generate the greatest amount of hazardous waste and its relationship with the GDP summarized in Figure 6 and Table
2, which presents the main generating activities (by codes) of hazardous waste in Colombia for the year 2016. There it can be
shown that one of the main sources of hazardous waste is related to the extraction and treatment of crude oil and given that the
oil sector is very important in the economy of many regions, it is important to verify the relationship that the GDP may have
with the generation of waste and with the production of oil.

2592 3830 3822
219% 196%  1,95%

0610
31,56%

Figure 6. Economic activities in Colombia that generate more hazardous waste (ClIU Code) 2016.
Source: IDEAM (2016).

161



Informador Técnico 83(2) Julio - Diciembre 2019: 155-173

Table 2.
ClIU Code for economic activities that generate hazardous waste in Colombia

Economic activity ClIIU Code

Extraction of crude oil 0610
Activities of hospitals and clinics, with hospitalization 8610
Basic industries of iron and steel 2410
Support activities for the extraction of oil and natural gas 0910

Trade of parts, parts (auto parts) and accessories (luxuries)

i 4530
for motor vehicles
Extraction of coal (coal of stone) 0510
Fabrication of batteries and electric accumulators 2720
Fabrication of petroleum refining products 1921
Treatment and coating of metals, machining 2592
Material recovery 3830
Treatment and disposal of hazardous waste 3822

Source: IDEAM (2016).

Figure 7 shows the departments that generate the largest amount of hazardous waste in Colombia, led by Casanare and
Meta, where there is also a high production of oil, which is related to the figures that show that in Colombia one of the sectors
that produce the most hazardous waste is oil. Municipalities such as Bolivar and Atlantico have a high production of waste
due to the steel and battery industries.
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Figure 7. Main departments generating hazardous waste in Colombia 2016.
Source: Agencia Nacional de Hidrocarburos (2016); DANE (2016b); IDEAM (2016).

Regulations for the handling and treatment of hazardous waste

In the framework of the management, management, and generation of waste both globally and nationally, it is necessary to
comply with standards, some of which are designed to help quantify and give better treatment to both information and waste.
In the case of hazardous waste in Colombia, the Basel Convention is followed, one of the most important initiatives worldwide
because it regulates and organizes the information pertinent to the quantities generated from Hazardous waste and where a
classification of waste is generated. Same in order to deal adequately and specifically with each type of hazardous material.
The following is an outline of the legislation currently in force in Colombia regarding hazardous waste.
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Decree 2811 of 1974: Code of renewable natural resources and of protection to the environment (Presidencia de la
Reptblica, 1975).

Law 09 of 1979: By which sanitary measures are dictated (El Congreso de Colombia, 1979).
Basel Convention: On the control of border movements of hazardous waste.

Law 99 of 1993: By which the Ministry of Environment is created, the public sector in charge of the management
and conservation of the environment and renewable natural resources is ordered and the National Environmental
System, SINA, is created (EI Congreso de Colombia, 1993).

Law 253 of 1996: By which the Basel Convention is approved (El Congreso de Colombia, 1996).

Law 430 of 1998: by which prohibitive measures are issued in environmental matters regarding hazardous waste (El
Congreso de Colombia, 1998).

Decree 1609 of 2002: Regulates the handling and transportation by land of dangerous goods (Presidencia de la
Republica, 2002).

Environmental Policy for Comprehensive Management of HAZARDOUS WASTE (Ministerio de Ambiente,
Vivienda y Desarrollo Territorial, 2005b).

Decree 4741 of 2005: Partially regulates the prevention and management of the generated HAZARDOUS WASTE
within the framework of integral management (Ministerio de Ambiente, Vivienda y Desarrollo Territorial, 2005a).

Resolution 1362 of 2007: Establishes requirements and procedures for the registration of HAZARDOUS WASTE
generators (Ministerio de Ambiente, Vivienda y Desarrollo Territorial, 2007a).

Resolution 043 of 2007: General standards for the collection of data, processing, transmission, and dissemination of
information for the Register of Waste Generators or Hazardous Waste (IDEAM, 2007).

Resolution 0062 of 2007: The laboratory analysis protocols for the characterization of HAZARDOUS WASTE are
adopted (IDEAM, 2007b).

Law 1252 of 2008. By which prohibitive norms are dictated in environmental matter referring to the HAZARDOUS
WASTE (EI Congreso de Colombia, 2008).

Decree 1076 of 2015: By means of which the single regulatory decree of the environment and sustainable development
sector is issued (Presidencia de la Republica, 2015).

2017 environmental policy for the integral management of electrical and electronic devices. 2017 — 2032. (Ministerio
de Ambiente, Vivienda y Desarrollo Territorial, 2017).

In Colombia, the development of regulations is affected to a large extent by the lack of implementation and rigorous
monitoring in some sectors, in addition to informality regarding the treatment of waste. However, this legislation is
followed, which is evidenced by the tendency to reduce hazardous waste as of 2014, a fact associated with the fact that many
generating companies have become aware of the problem caused by the bad disposal of hazardous waste and the benefits
that the company has when performing an adequate treatment.

Observing the data of completed records it can be affirmed that only 43.43 % of the establishments correctly report the
generation of HAZARDOUS WASTE in Colombia, so that it is still very far from the goal of obtaining a record with 100 %
of the national production.
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In the future, it is expected not only to reduce the generation of hazardous waste, but also to improve its treatment,
disposal, or even to increase the life cycle of the products, which impacts the reduction of waste. Moreover, it is necessary
to rethink all the processes as the circular economy proposes, where it is conceived from the same product design, as will be
its final disposal. For example, this may lead to a product that previously generated Hazardous waste, is redesigned with
materials that are not toxic, or that its recycling is easy. In China there is already a regulation that requires taking measures
regarding the reduction or elimination of substances harmful to human health and the environment in the manufacture
of electronic items, which implies a very important economic intervention from the design of the components to its final
manufacture (Hotta; Elder; Mori; Tanaka, 2008; Yu, 2010). In Europe there is a series of guidelines that basically propose 4
objectives (Comisién Europea, 2000; Unién Europea, 2018), the first one is to ensure that all people have basic access to waste
management in order to avoid bad disposal; the second is to control hazardous waste by preventing them from coming into
contact with people or the environment; the third is to focus on reducing waste production, that is, attacking the problem
from the source; finally the implementation of materials that are not harmful to the environment in the manufacture and
reuse or recycling and use of materials that have already completed their cycle in order to give them a second use.

Important indicators related to hazardous waste in Colombia and in the world

With the intention of grouping and consolidating the information found about hazardous waste, Colombia’s information is
presented regarding a global scenario of hazardous waste generation and compared with the generation per capita, in order
to obtain a relatable indicator between countries of the world. Data are presented regarding the number of establishments
generating Hazardous waste registered, the number of reports generated and transmitted in the national IDEAM hazardous
waste report. Next, we will see the information corresponding to the type of management that is given to the hazardous
waste currently in Colombia and a brief description of the most used treatments; also, the activities that generate this type
of waste and the relationship they have different aspects such as GDP and oil production in different regions of the country.
Figure 2 shows an overview of the generation of hazardous waste in some countries of the world against the generation of
waste per capita, which shows that the production of waste has an important relationship with the number of inhabitants. It
is observed that China, which generates a large amount of hazardous waste, its indicator of waste per capita is similar to that
of countries such as Cuba or Greece that have a smaller population. In contrast, Switzerland has a low waste production,
but due to its relatively low population, it registers a high per capita waste indicator. If the indicators such as the production
of waste per capita and the GDP per capita are compared as in Figure 8, it is observed that the behavior of the two curves
is similar, which indicates in general as the economy of an economy improves. The country has negatively affected the
generation of hazardous waste.
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Figure 8. Hazardous waste generation in tonnes and GDP per capita for some countries in the world in 2014 and 2015.
Source: Banco Mundial (2018a); IDEAM (2015).
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Figure 9 shows that China has a high production of Hazardous waste, but due to its high population density, the
indicator of generation per capita is considerably reduced, contrary to Switzerland, since its high production of waste
and its relatively low population make it the indicator increases substantially. In the cases of Colombia, Iraq, Greece, and
Peru there is a similarity with respect to the generation per capita. With respect to the treatment given to waste, Figure 10
summarizes the quantities of waste that are used, treated, or disposed of in landfills.
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Figure 9. Production of hazardous waste per capita and GDP of oil for some countries of the world.
Source: Banco Mundial (2018b); IDEAM (2015); U.S. Energy Information Administration (2015).
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Figure 10. Management of hazardous waste in Colombia (2014 - 2016).
Source: IDEAM (2012, 2015, 2016).

Figure 11 shows the information corresponding to the production of hazardous waste in the main industrial corridors
of Colombia. It is observed that, although these cities present a large generation of waste, in the rest of the country there is
still a significant percentage of the total national waste generation, for this reason, it is decided to deepen this issue in order
to analyze other areas that they can possibly be critical regarding the production of hazardous waste.
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Figure 11. National participation of industrialized cities in the generation of hazardous waste in Colombia (2014).
Source: IDEAM (2015).

In the search for the main factors that lead to the generation of hazardous waste, it is necessary to identify the sources
of generation at the national level, for this reason, it is advisable to investigate whether the economic activities of a certain
region are linked to the production of hazardous waste. It is important to analyze the municipalities in Colombia that
generate the greatest amount of hazardous waste and its relationship with the economy.

Analysis and discussion

A relation between the generation of hazardous waste and the GDP / inhabitant of each one of the countries can be evidenced.
The lowest indicator in China refers to the fact that although its generation of waste and its GDP are high, due to its large
population, the indicator is reduced and comparable with other countries; On the contrary, countries like Switzerland have
high values but a considerably smaller population.

Here we present the values of generation of hazardous waste for the main industrial corridors of the country, where
major cities such as Medellin or Bogota have a high production of waste, however, there is a majority of hazardous waste
that comes from the rest of the country, for this reason it is investigated in the departments with the highest generation of
Hazardous waste and compared with the value of generation per capita. A comparison is also made with the production of
oil in each region of the country, because it was found that the high generation of Hazardous waste in some departments
is directly related to the production of crude, which is explained because the extraction and processing of petroleum is
considered one of the activities of greater generation of Hazardous waste.

The municipalities of Colombia where most hazardous wastes were generated in 2016 were Bogoté (36,280 Tonnes),
Villavicencio - Meta (30,063 Tonnes), Aguazul - Casanare (25,674 Tonnes), Yopal -Casanare (18,551 Tonnes) and Malambo
- Atlantico (13,740). Tonnes). In Bogotd, the largest generation of Hazardous waste is associated with activities of hospitals
and clinics with hospitalization. In Villavicencio and Yopal, to the activities of extraction of oil and gas as already indicated.
In Malambo, it is associated with economic activities related to the steel industry and the manufacture of batteries, electric
batteries, and accumulators.

The municipalities with the lowest Hazardous waste generation in the country were Villa Nueva and Urumita in La
Guajira, and Convencién and Abrego in Norte de Santander.
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All this indicates that because oil production is one of the greatest sources of generation of hazardous waste, Colombia
could quickly have a great improvement in the reduction of Hazardous waste, because it is an industrial sector that mostly
increases the problem, alternatives for reuse and treatment could be sought to help reduce the impact generated by this type
of waste. Through the circular economy, Colombia could lead innovative initiatives that put the country at the forefront of
technologies that reduce the negative impact of the oil industry on the environment, which would have a not only local but
global impact, and therefore the search for resources itself could be co-financed by international organizations.

Conclusions

Observing the results presented and the calculated indicators, it can be concluded that the generation of hazardous waste is
directly related to the activities related to the extraction and processing of crude oil and also to a high GDP, this is because
all the activities that they move around the oil and their extraction generates a high flow of money, but at the same time
a high contamination that with a reduced or null treatment can generate very serious environmental impacts and even,
sometimes, irreversible.

The production of hazardous waste in Colombia presented a maximum generation in 2014, but has been decreasing
over the years, due to the regulations that are implemented where production is expected to be reduced from the source,
that is, to minimize the generation.

The collection of information at the national level has certain shortcomings, since there are establishments that
produce less than 10 kilos per month which are not reported, there are also establishments that do not adequately report
the generation of waste and for this reason, are not reflected in the statistics. However, the existing data show a global
panorama of the national trend regarding generation, use, and treatment.

Indicators such as per capita GDP or per capita oil production reflect a similar trend as the generation of hazardous
waste.

The main cities of Colombia produce a large amount of hazardous waste due to the presence of different industries,
but there are cities and municipalities that have a smaller population and also produce large amounts of waste such as
Villavicencio, Aguazul, Yopal, and Malambo.

It is observed that the amount of waste that is brought to final disposal tends to be diminished over the years. This is
beneficial since the environmental impact produced by landfill disposal is reduced.

From this research work, it is clear that there is much to improve regarding the use of solid waste in Colombia and
that it is far from a Circular Economy model. Improving these indicators would increase the life of landfills, increase the
production efficiency of companies by giving a second use to materials that are currently discarded, increase the country’s
competitiveness, and public health of people.

The collected data present a national panorama regarding the potential of hazardous waste exploitation, giving the
beginning to the implementation of circular economy concepts in some regions of Colombia.
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Resumen

La gran demanda de Cemento Portland Ordinario (CPO) debido al incremento de nuevas obras civiles y la generacién
de Residuos de Construccién y Demolicién (RCD) causan un impacto ambiental negativo, por lo que una solucién a esta
problematica es el reciclaje de estos materiales para la producciéon de nuevos concretos. El reemplazo parcial de CPO
por polvo de residuo de concreto (Concrete Waste Powder, CWP), proveniente del proceso de reciclaje de concreto, ha
sido un enfoque sostenible. En esta investigacion ser realizé la caracterizacién quimica y puzoldnica del CWP mediante
Fluorescencia de Rayos X (FRX), la prueba Frattini e indice de actividad de resistencia. Ademas, se evalud la factibilidad de
producir Concretos Autocompactantes (CAC) elaborados con CWP. El comportamiento de los CAC preparado con varias
relaciones de reemplazo de CWP por CPO (en 0, 10, 20 y 30 %) proveniente de RCD, se evaluaron experimentalmente. Las
propiedades de trabajabilidad se determinaron mediante las pruebas de flujo de asentamiento, embudo en V y caja en L.
Las propiedades en estado endurecido de los CAC estudiadas incluyeron la resistencia a la compresion, la resistencia a la
traccion indirecta, la resistencia a la flexién, la porosidad y la succién capilar. Los resultados experimentales de este trabajo
mostraron que el CWP puede ser empleado con éxito como relleno en concretos autocompactantes, a pesar de disminuir la
trabajabilidad y la resistencia mecénica.

Palabras clave: concreto autocompactante; residuos de demolicién y construccion; polvo de residuo de concreto; cemento
Portland; trabajabilidad; propiedades mecénicas.

Abstract

The high demand of Ordinary Portland Cement (CPO) due to the increase in new civil works, in addition to the generation
of demolition and construction waste (RCD), cause a negative environmental impact, so a solution to this problem is the
recycling of these materials to produce new concrete. The partial replacement of Portland cement by concrete waste powder
(CWP) from the concrete recycling process has been highlighted as a sustainable approach. This paper present the chemical
and pozzolanic characterization of CWP through X-ray fluorescence (FRX) and Frattini and resistance activity index test
respectively. Also, it was evaluated the feasibility of producing self-prepared concretes (SCC) prepared with CWP. The
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performance of SCC prepared with various replacement ratios of CWP to CPO (i.e., 0 %, 10 %, 20 %, and 30 %) from RCD,
has been evaluated experimentally. The workability properties were performed regarding the slump flow test, V-funnel,
and L-box. The hardened properties of SCCs including compressive strength, splitting tensile strength and flexural strength,
porosity and Capillary suction were studied. The experimental results of this work are showed that the CWP can be used
successfully as a filler in self-compacting concrete, although decreasing workability and mechanical resistance.

Keywords: Self-compacting concrete; construction and demolition waste; concrete waste powder; Portland cement;
workability; mechanical properties.

Introduccion

El Concreto Autocompactante (CAC) es un concreto especial que fluye por su propio peso, toma la forma del encofrado
y llena todos los espacios vacios, manteniendo su homogeneidad, incluso, en presencia de refuerzos (Sefias; Priano;
Marfil, 2016; Matos; Prudéncio-Jr.; Oliveira; Pelisser; Gleize, 2018), esto hace que el CAC sea particularmente ttil donde
el vaciado es dificil, tal como ocurre en estructuras de concreto altamente reforzadas o con cimbras complicadas (Silva;
Robayo; Mattey; Delvasto, 2016). La aparicién del concreto autocompactante ha impactado positivamente al sector de la
construccion por la innovacion que conlleva. En un principio se disefi¢ para compensar una creciente escasez de personal
especializado en el vibrado del concreto, pero ha demostrado ser ventajoso al reducir el tiempo de construccién, la mano
de obra, los niveles de ruido y vibraciones, mejorar la calidad en los acabados (superficie) y la durabilidad, tener menores
costos y consumo energético, entre otras. (Silva et al., 2016; Aydin; Nasl; Kotan, 2018). Otra de las razones del empleo del
concreto autocompactante es el hecho de que es una tecnologfa orientada a generar un impacto ambiental positivo. Los
CAC incorporan subproductos industriales, agroindustriales, filler, residuos de demolicién y construccién (Mohammed,;
Dawson; Thom, 2013; Omrane; Kenai; Kadri; Ait-Mokhtar, 2017) que contribuyen al desarrollo sostenible de la tecnologfa
del concreto, haciéndolo mas ecolégico (Cremades, 2011).

Respecto al concreto, este es un material compuesto que por sus caracteristicas como versatilidad y bajo costo, es el
comtinmente mds empleado en la construccién a nivel mundial, por lo que a medida que crece la poblacién en la tierra, su
uso también aumenta (Aslani; Ma; Yim-Wan; Muselin, 2018). Por otra parte, su actual demanda y la terminacién de la vida
util de construcciones antiguas, produce grandes cantidades de Residuos de Construccién y Demolicién (RCD) (Eguchi et
al., 2007; Xiao; Ling; Kou; Wang; Poon, 2011).

Los RCD, consisten en concreto, ladrillos de desechos, mortero, cerdmica, metal, plastico, madera y otros. Los ladrillos,
concretos, cerdmica y mortero constituyen el 80 % de los residuos de construccién y demolicién (Ozalp; Yilmaz; Kara;
Kaya; Sahin, 2016). El desperdicio de estos desechos genera un impacto negativo al medio ambiente, debido a que son
depositados en vertederos sin control (Arenas et al., 2017) y, en algunos casos, en lugares no adecuados que podria generar
contaminacion del agua, la atmdsfera y el suelo (Xiao; Ma; Sui; Akbarnezhad; Duan, 2018). Cada afio se generan alrededor
de 1300 millones de toneladas de residuos en Europa, de los cuales el 40 % o 510 millones de toneladas, son RCD. Los
Estados Unidos produce alrededor de 325 millones de toneladas de RCD y Japén alrededor de 77 millones de toneladas
(World Business Council for Sustainable Development [WBCSD], 2009). En Colombia se producen mas de 22 millones de
toneladas de residuos de construccién (Ministerio de Ambiente y Desarrollo Sostenible, 2017); y solo en la capital, Bogots,
se producen cerca de 12 millones de toneladas de escombros por afio (Caicedo, 2016). En la ciudad de Cali se producen cerca
de 2480 m® de escombros diarios, de los cuales el 23,4 % lo aportan las remodelaciones domiciliarias, que son depositados en
escombreras autorizadas que no dan abasto para la gran cantidad de RCD, por lo cual, una gran parte de estos residuos son
dejados en parques, zonas verdes o lotes, causando contaminacion del aire, el agua, el suelo y el paisaje (Ortiz; Silva, 2013).

El reciclaje y reutilizacién de los RCD se ha convertido en un tema de interés mundial y hay una necesidad elevada de
tener alternativas de aplicaciones para los diferentes materiales que componen los RCD. La recuperacién de los RCD no solo
reduce los impactos generados por su disposicién final, sino que también contribuye a reducir el impacto producido en la
extraccion de recursos naturales (Xiao ef al., 2018). Diversos estudios se han llevado a cabo con resultados aceptables sobre
el uso de RCD en concretos, como agregado reciclado para aplicaciones en bases y sub-bases de carreteras (Leite; Motta;
Vasconcelos; Bernucci, 2011; Rahman; Imteaz; Arulrajah; Piratheepan; Disfani, 2015; Xuan; Molenaar; Houben, 2015), como
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agregado grueso para la produccion de un concreto nuevo (Shi-cong; Bao-jian; Chi-sun, 2012; Xuan; Zhan; Chi-sun, 2016;
Silva; Gordillo; Delvasto, 2017) y como agregado grueso para la fabricacién de concreto autocompactante (Kou; Poon, 2009).

Ademds, el reciclaje de este residuo (concreto) genera un subproducto fino que se produce en la trituracién o molienda,
el cual puede ser empleado en las mezclas de concreto autocompactante como reemplazo parcial o adicién del cemento
Portland, generando un enfoque integral al reciclaje del concreto, ya que los dos materiales producidos en el reciclaje de este
material compuesto pueden ser empleados (agregados y finos) de manera simultédnea o individual, y de esta manera aliviar
los desafios de sostenibilidad que enfrenta la industria de la construccién. El empleo de este polvo de concreto en los CAC
ha presentado una mejora sustancial en la fluidez, en la resistencia a la segregacion y en algunos casos en la resistencia a la
compresién (Pajares; Sanchez de Rojas; Frias; Barbara, 2008). Muchos investigadores han estudiado diferentes fillers de RCD
y residuos sélidos que pueden reemplazar el relleno mineral en la mezcla de concreto, (Chen; Lin; Wu, 2011; Elyamany;
Elmoaty; Mohamed, 2014; Gémez-Meijide, 2015) descubriendo que dichos filler pueden no tener una influencia negativa en
las mezclas de concreto, asi como mejoras en algunas propiedades.

En este contexto, esta investigacion pretende presentar una contribucion al estudio del empleo del polvo generado en
el proceso de molienda o reciclaje de concreto como reemplazo parcial del cemento Portland en concretos autocompactantes,
mediante la evaluacién de las propiedades en estado fresco, propiedades mecénicas (resistencia a la compresion, traccién
indirecta y flexién) e indicadores de permeabilidad (absorcién y succion capilar).

Metodologia

Para el desarrollo de esta investigacion, se utiliz6 el procedimiento metodolégico mostrado en el esquema de la Figura 1.
En primera instancia se realizé un muestreo de los residuos de demolicién y construccién en una estacién de transferencia
ubicada en la ciudad de Cali, Colombia. Los residuos de construccién y demolicién muestreados fueron solo de concreto.

1. Muestreo de los 2. Trituraciény 3. Obtencién del
RCD »  molienda de los > CWP
RCD
|
v
4. Caracterizacion 6. Obtencidon de
o| 5. Disefio del CAC .
de los materiales L P un CACde
referencia
|
¥
7. Obtencion de 8. Evaluacion de las
CAC empleando » propiedades de los
fracciones de CWP CAC con CWP

Figura 1. Metodologia desarrollada durante la investigacion.
Fuente: elaboracién propia.

En el reciclaje de los RCD para obtener agregado grueso reciclado (ver Figura 2), mediante una trituradora de
mandibula, se genera un polvo. Posteriormente, este polvo se sometié a un proceso de conminucién en un molino de
bolas con el fin de llevarlo a las condiciones adecuadas para este estudio (impalpable), puesto que habia quedado con
particulas grandes (algunos milimetros). La distribucién de tamafios de particulas del polvo de concreto o polvo de residuo
de concreto (CWP) fue obtenida mediante granulometria laser (mastersizer 2000 marca Malvern, utilizando como medio
dispersante agua) después de dos horas de molienda (ver Figura 3). El tamafio medio de particula obtenido fue de 24,5 ym
como se observa en la Tabla 1.
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Figura 2. Concreto reciclado.
Fuente: elaboracién propia.
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Figura 3. Curva granulometria del polvo de concreto (CWP).
Fuente: elaboracion propia.

Tabla 1.
Valores de distribucion granulométrica del polvo de concreto (CWP) de RCD

Diametro medio Diametro d(0,1) Diametro d(0,5) Diametro d(0,9)
(1m) (um) (1m) (m)

CWP 24,53 0,41 12,27 59,42
Fuente: elaboracion propia.

Muestra

Materiales
Cemento Portland Ordinario (CPO)

En este estudio experimental se empled cemento Portland ordinario o de uso general de acuerdo a la NTC 121 (INCOTEC,
1982). EI CPO fue obtenido de cemento Argos y contiene una adicién mineral de piedra caliza. La composicién quimica se
muestra en la Tabla 2 mediante FRX.

Polvo de concreto (CWP)

Elpolvo de concreto reciclado usado en este estudio, se tom¢é de material de desecho de la trituracién de concreto proveniente
de los RCD. La composicién quimica se obtuvo mediante Fluorescencia de Rayos X (FRX), en donde se identificé que se
compone principalmente de SiO,, CaO, AL O, y Fe,O, (ver Tabla 2), ademads, presenté un porcentaje mayor de Pérdida por
Ignicién (PI) que el CPO. Por ser un material reciclado, al molerse se combinaron todos los componentes, entre estos el
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mortero de cemento Portland y el agregado grueso, lo que hizo que se disminuyera el porcentaje de CaQ, el cual es mayor
en el cemento Portland, ademds se aument6 el contenido de SiO, por la presencia de arena. Respecto a la morfologia del
polvo de concreto, se observé mediante Microscopia Electrénica de Barrido (MEB), como se muestra en la Figura 4, el CWP
present6 particulas con morfologfa irregular de diferentes tamarios.

Z?)tr)rlwaptz)'sicio'n quimica del cemento de uso general (OPC) y el polvo de concreto (CWP)
Componente Sio, AlLO, Fe,O, CaO MgO Na,O K,0 SO, Pl
CcPO % en peso 19,39 4,13 4,7 55,68 1.7 0,31 0,28 3,9 9,21
cwp % en peso 39,95 8,55 5,85 26,53 1,66 0,65 0,84 1,11 14,01

Fuente: elaboracién propia.

¥

20kVge X2000°_ 10pm* 4

Figura 4. Micrografia del polvo de concreto (x1000 y x2000).
Fuente: elaboracién propia.

Agregados naturales

En este estudio, se utilizaron agregados naturales de la region. Agregado grueso (grava) con un tamafio méximo de 12,5 mm
(2”) y arena de rio como agregado fino. La caracterizacién de este agregado se realiz6, de acuerdo con las Normas Técnicas
Colombianas (NTC) (ver Tabla 3). Las pruebas de granulometria (NTC 77), masa unitaria (NTC 92), densidad-absorcién del
agregado grueso (NTC 176), densidad-absorcién del agregado fino (NTC 237) y resistencia al desgaste mediante la maquina
de los dngeles (ASTM C131).

IZ?;acliristicas fisicas y mecdnicas de los agregados naturales (arena y grava)

Caracteristicas Norma Arena Grava
Densidad aparente (Bulk) (kg/m?) NTC 176 (ICONTEC, 1995) 2610 2740
Absorcion (%) NTC 176 (ICONTEC, 1995) 1,75 1,01
Masa unitaria suelta (kg/m?3) NTC 92 (ICONTEC, 2019) 1511,80 1458,18
Masa unitaria compacta (kg/m?3) NTC 92(ICONTEC, 2019) 1644,33 1610,90
Médulo de finura NTC 77 (ICONTEC, 2018a) 2,88 -
Tamano maximo (mm) NTC 77 (ICONTEC, 2018a) 12,7 12,7
Coeficiente de los angeles ASTM C131 (ASTM International, 2014) - 12,8 %

Fuente: elaboracién propia.
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Aditivo Superplastificante (SP)

El superplastificante utilizado en las mezclas de concreto autocompactante fue Sikaplast 328®, compuesto por resinas
sintéticas y polimeros de tltima generacién a base de policarboxilatos, cumpliendo con los requerimientos de la norma
ASTM C494 (ASTM International, 2017a) y se clasifica como tipo F.

Métodos de evaluacion de la actividad puzoldnica de RCD
La evaluacion de la actividad puzolénica del polvo de concreto (CWP) fue determinado por medio de dos métodos:
Indice de Actividad de Resistencia (IAR) (ASTM C618)

La ASTM C618 (ASTM International, 2017b) presenta el criterio de indice de actividad de resistencia anteriormente conocido
como indice de actividad puzolanica, con el cual se establecié como la relacién de la resistencia a la compresion del mortero
con 20 % de reemplazo en masa de CPO por la puzolana a evaluar y la resistencia a la compresion del mortero de control
(con 100 % CPO). Ademas, unos requerimientos quimicos y fisicos para las puzolanas como reemplazo de cemento Portland.

Meétodo quimico (Frattini)

La prueba de Frattini se emple6 para determinar la actividad puzoldnica del CWP, de acuerdo al procedimiento descrito en
lanorma NTC 1512 a los 7 y 28 dias (ICONTEC, 2018b). En esta prueba se comparé el CaO y OH contenidos en una solucién
acuosa que cubre la muestra hidratada a 40 °C durante un tiempo determinado, con la curva de solubilidad (isoterma de
solubilidad) para CH en una solucién alcalina a la misma temperatura.

Dosificacion y produccion de los concretos

En la primera etapa del trabajo experimental se evalud el efecto del CWP, donde se realizaron un total de 4 mezclas; una
mezcla de referencia con un contenido total de cementante de 490 kg/m?* (15,8 % del volumen total del CAC), un contenido
de agua de 205 kg/m® agregado natural (grava y arena) y superplastificante con una dosificacion entre 4 y 4,4 kg /m®. Para
estudiar el potencial del CWP en el CAC, se reemplaz6 el cemento en diferentes niveles por CWP (10, 20 y 30 % en volumen)
(ver Tabla 4).

Tabla 4.

Dosificacion de mezclas de CAC con CWP de RCD
Mezcla OPC CcwWP Agua SP Grava Arena

(kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3) (kg/m?3)

Patrén 490 0 205 44 710,1 980,6
F-10 % 441 42,4 205 4,0 710,1 980,6
F-20 % 392 84,8 205 4,0 710,1 980,6
F-30 % 343 127,2 205 44 710,1 980,6

Fuente: elaboracion propia.

Pruebas en estado fresco de los CAC

Las propiedades basicas de los CAC se evaluaron a través de las pruebas especificadas y criterios definidos por Experts
for Specialised Construction and Concrete Systems (EFNARC, 2005). Con estas pruebas experimentales se evaluaron la
capacidad de fluidez y la capacidad de paso y la viscosidad (velocidad de flujo). Las siguientes pruebas fueron realizadas:

Flujo de asentamiento: didmetro final alcanzado por el concreto, y el T500 (tiempo que tarda el concreto en alcanzar un
didmetro de 500 mm).
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Prueba de embudo en V: tiempo necesario para drenar el volumen completo del concreto del embudo en forma de V.

Caja en L: relacién de alturas del concreto de la seccién horizontal de la caja en la parte final y la parte antes de las
barras (3 barras).

Tabla 5.
Especificaciones EFNARC para los ensayos en estado fresco de los CAC

Propiedad Ensayo Parametros Clase Valores admisibles
SF1 550-650 mm
Fluidez Flujo de asentamiento Diametro final (mm) SF2 660-750 mm
SF3 760-850 mm
Viscosidad (tasa de Embudo enV Tiempo de flujo en el embudo VF1 <8s
flujo) ) VF2 9-25s
Capacidad de paso CajaenlL Coeficiente de bloqueo (H2/H1) PA1 >0,80 con 2 barras
PA2 >0,80 con 3 barras

Fuente: EFNARC (2005).

Pruebas en estado endurecido de los CAC

Para determinar las propiedades del CAC en estado endurecido, se utilizaron probetas cilindricas de 76,2 mm de didmetro
x 152,4 mm de alto, en donde se llevaron a cabo las pruebas de resistencia a la compresién, segtin la norma ASTM C39/
C39M (ASTM International, 2018), para ello, se aplic6 una carga axial de compresion a los cilindros hasta que ocurrié una
falla. Posteriormente, se realiz6 el ensayo de resistencia a la traccién indirecta bajo la norma ASTM C496/C496M (ASTM
International, 2017c), mientras que el médulo de rotura se determind, de acuerdo a la norma ASTM C293 (cargada en el
punto medio) en vigas de 75 mm de alto x 75 mm de ancho y 310 mm de largo (ASTM International, 2016). Estas propiedades
se evaluaron a 7, 28 y 56 dias de curado, con el fin de hacer un seguimiento al efecto de la adiciéon del CWP y determinar su
porcentaje ideal. En cada prueba se evaluaron tres muestras y se reporté el promedio de cada ensayo.

Ensayos fisicos

La densidad, el porcentaje absorcién y el volumen de poros permeables se evaluaron, de acuerdo a la ASTM C642 (ASTM
International, 2013a) y la succién capilar mediante el procedimiento descrito en la ASTM C1585 (ASTM International,
2013b). Se utiliz6 un promedio de 3 muestras para el calculo de estas propiedades. El procedimiento descrito en la norma
ASTM C642 consiste en secar los especimenes a una temperatura de 110 + 5 °C por no menos de 24 horas hasta obtener una
masa constante (A). Después los concretos se sumergen en agua por no menos de 48 horas y se registra la masa saturada
(B). Posteriormente, los especimenes se sumergen en agua en un recipiente adecuado y se hierven durante 5 horas, luego
se dejan enfriar por un periodo no menor a 14 horas, se retira la humedad superficial con una toalla y se registra la masa
hervido (C). Por tltimo, se suspende el espécimen con un alambra y se determina la masa aparente en el agua (D). La
absorcion, la densidad y la porosidad se determinaron con las ecuaciones 1,2 y 3, respectivamente.

Absorcién después de inmersion (%) = [(B-A)/A] x 100 (1)
Densidad aparente =[A/(A-D)]x1g/cm*=g, (2)
Volumen de poros permeables (%) = [[g,~ [A/(C-D)] x 1g/cm’] / g,] x 100 (3)
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El ensayo de succion capilar permite determinar la tasa de absorcién de agua por accién capilar. El tiempo de curado
de las muestras para la ejecucién de los ensayos fue de 28 dfas de curado.

Resultados y discusiones
Actividad puzoldnica del CWP
Indice de Actividad de Resistencia (IAR)

La Tabla 6 presenta el indice de actividad de resistencia (IAR) del CWP después de 28 dias de curado. Segtn la norma
ASTM (618, el IAR debe superar el 75 %. El indice de actividad de resistencia después de 28 dias fue de 94 %. Respecto
a su composicién quimica, un buen material puzoladnico requiere al menos un 70 % de silice, altimina y éxidos de hierro.
La sumatoria de estos componentes del CWP es de 54,35 %, por lo que el CWP no podria clasificarse como una puzolana
natural (clase N), de acuerdo a su composicién quimica a pesar de superar el valor limite del IAR.

Tabla 6.
Propiedades quimicas y fisicas de las puzolanas, seguin ASTM C618

Puzolanas

Requerimientos

Clase N, ASTM C618

Requerimientos quimicos

SiO, + ALO, + Fe,0,, % Min, 70,0 54,35
Trioxido de azufre (SO,), % Max, 4,0 39
Contenido de humedad, % Max, 3,0 3,15
Pérdida por ignicién, % Max, 10,0 14,01
Requerimientos fisicos
indice Ide actividad de resistencia a los 28 dias, porcentaje de  Min, 75 94
contro

Fuente: elaboracién propia.

Meétodo quimico (Frattini)

La actividad puzolanica del CWP también se evalué por la prueba de Frattini. La Figura 5 muestra la ubicacién del CWP,
que se localizé por encima de la isoterma de solubilidad, lo que indic6 que el Ca* y OH: liberado en la hidratacién del
cemento Portland no se consumié efectivamente, como es lo normal en una reacciéon puzolanica (Liu et al., 2018), por lo
que se evidencié que el CWP ensayado no tiene capacidad de generar reacciones puzoldnica a ninguna de las 2 edades
evaluadas (7 y 28 dfas).

ALCALINIDAD TOTAL. MILIMOLES DE OH™ POR LITRO
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Figura 5. Curva de saturacion del método Frattini a 7 y 28 dias para el CWP.
Fuente: elaboracién propia.
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A pesar de no ser un material puzoldnico, podria emplearse como reemplazo del material fino, para generar un
complemento granulométrico del material fino en los concretos y concebir una mayor compacidad en el material. En el caso
especifico de los concretos autocompactantes, podria producir efectos positivos en la fluidez y resistencia a la segregacion
de la mezcla.

Propiedades en estado fresco de CAC con CWP

Con relacién a los resultados de las propiedades en estado fresco de los concretos con CWP (ver Tabla 7), la prueba de flujo
de asentamiento mostré que el empleo de CWP generd una pérdida del flujo del 10,7 % para el concreto autocompactante con
30 % (F-30 %). A pesar de la disminucién en el flujo de asentamiento de los CAC con CWP, todos los concretos cumplieron
con los parametros establecidos en la EFNARC (2005), para la capacidad de relleno, ya que se encontraban dentro del rango
de 550 mm y 850 mm establecido por esta directriz (ver Figura 6). Los resultados de la prueba del embudo en V mostraron
que el tiempo que tardaron todas las mezclas para pasar a través del equipo estaba en un rango de 7,12 s a 17,20 s, indicando
una moderada viscosidad, que evité la segregacién de sus componentes. Este rango estd, de acuerdo con los criterios de
aceptacién para los CAC prescritos por EFNARC. En la prueba de la caja en L, que se llevé a cabo para determinar la
capacidad de paso, ninguna de las mezclas cumpli6 con los requerimientos de esta prueba, ya que el valor minimo de la
relacién de bloqueo es de 0,8. Esto puede ser debido a que el empleo de CWP reduce parcialmente la deformabilidad, y es
mas evidente en la mezcla F-30 %, ya que el concreto en estado fresco no llegd a la parte final de la seccién horizontal de la
caja en L, por lo que la altura H2 no presenta valor. Una posible solucién a la baja deformabilidad, serfa una mayor dosis
de SP (Kaish; Breesem; Abood, 2018),

E?J%iaz}tamiento en estado fresco de los concretos autocompactantes con adicion de CWP
Ensayo Patron F-10 % F-20 % F-30 %
ZI\:J:’:)de asentamiento 695 675 650 620
CajaenL (H2/H1) 0,69 0,63 0,51 -
Embudo enV (s) 7,12 11,62 16,05 17,20

Fuente: elaboracién propia.

Figura 6. Ensayo de flujo de asentamiento mediante cono de Abrams, (de izquierda a derecha, mezcla patrén, F-10 %, F-20 %, F-30 %).
Fuente: elaboracion propia.
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Propiedades en estado endurecido

Los resultados de la resistencia a la compresion y a la traccién indirecta de la mezcla patrén y la mezcla con CWP se
presentan en las Figuras 7 y 8. La resistencia a la compresiéon de CAC disminuy6 con el empleo del CWP, el cual esta
relacionado directamente con el porcentaje empleado. Del reemplazo del 10, 20 y 30 % de CPO por CWP resulté en una
disminucion de resistencia de 1,40 %, 16,49 % y 19,78 %, respectivamente, a los 28 dfas de curado. Esta disminucién se
atribuye a que este residuo es no reactivo (Kim, 2017).

¥ .0 .7

Resistencia a la compresion (MPa)
[L]
o

7 dias 28 dias 56 dias
Dias de curado

Figura 7. Resistencia a la compresién vs Dias de curado, de CACs con CWP.
Fuente: elaboracién propia.

Patrén
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[l F-30%

Resistencia a la traccion indirecta (MPa)

7 dias 28 dias 56 dias
Dias de curado

Figura 8. Resistencia a la traccién indirecta vs Dias de curado, de CACs con CWP.
Fuente: elaboracién propia.
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Es decir, que con un reemplazo del 10 % de cemento por CWP en volumen, no se presenté una disminucién
significativa de la resistencia a la compresion respecto a la mezcla patrén, incluso, a los 7 dias de curado la resistencia fue
mayor un 2,36 % (ver Figura 7).

Respecto a la resistencia a la traccién indirecta de los diferentes CAC con diferentes contenidos de CWP, se evidenci6
una tendencia similar en la resistencia a la compresién, donde la presencia de CWP no present6 efectos significativos o
potencialmente positivos en la resistencia a la traccién indirecta (ver Figura 8). Sin embargo, la mezcla con 10 % de CWP (F-
10 %) presenté una disminucién del 2,2 % de esta propiedad en comparacién con la mezcla patrén, mientras que las mezclas
F-20 % y F-30 % disminuyeron su resistencia en 5,8 % y 9,7 % a 56 dias. Este comportamiento es similar al obtenido por Yong
y Yun (2012), quienes recomiendan reemplazar hasta un 15 % del cemento por polvo de concreto.

Los resultados de resistencia a la flexién de los CAC con CWP a 28 y 56 dias se presentan en la Figura 9. Al igual que
con la resistencia a la compresion, la resistencia a la flexién disminuye debido a la presencia de CWP, sin embargo, en el caso
de la mezcla F-20 % a 56 dias, la resistencia no disminuy¢ significativamente respecto al CAC patrén.
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Figura 9. Resistencia a la flexion de CAC con CWP.
Fuente: elaboracién propia.

En general, las propiedades mecanicas decaen, lo que puede ser atribuido a que una mayor cantidad de CWP en
los CAC produce una mayor cantidad de grietas y poros, la cual es mayor con el aumento de la cantidad de este residuo.
Ademas, el empleo del CWP reduce la cantidad de los productos de hidratacién en el concreto (Ma; Li; Wu; Cao, 2019).

Propiedades fisicas
Densidad, porosidad y absorcion

Los resultados de porosidad, absorcién de agua y densidad aparente (gravedad especifica) de los CAC se determinaron,
de acuerdo con la norma ASTM C642. Se observé que las mezclas presentaron una mayor absorcién y porosidad en los
concretos que contenfan CWP a los 28 dfas de curado. Esto es atribuido al efecto dilucién, ya que al reemplazar el cemento
Portland por un material inerte, se disminuyen los productos de hidratacién que se pueden formar en el tiempo, lo que
incrementa la absorcién en la mezcla. Por otra parte, Celik; Meral; Mancio; Mehta; Monteiro (2014) relacionan el incremento
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de poros con el efecto dilucién debido al impacto que produce un material inerte en el proceso de hidratacion del cemento
Portland. A su vez, al sustituir el cemento por el CWP, se incrementa la relacién agua/cemento y se hace mayor a medida
que el contenido de CWP es mayor en los concretos.

En la Tabla 8 se puede observar que la mezcla F-20 % es la que presenté el menor porcentaje de absorcién y poros
permeables en comparacién con los otros CAC adicionados con CWP. Estos resultados estén, de acuerdo con los obtenidos
en las propiedades mecénicas, las cuales decrecen con la presencia de CWP en la mezcla debido a la mayor porosidad.

Tabla 8.
Densidad, absorcién y porosidad del CAC con CWP a 28 dias de curado

Densidad aparente Volumen de poros

Absorcion después de

S inmersion (%) kg/m? permeables (%)
Patron 3,83 2582 9,29
F-10% 4,40 2569 10,13
F-20% 4,34 2565 9,99
F-30% 4,43 2559 10,32

Fuente: elaboracion propia.
Succion Capilar

En la Figura 10 se presentan las curvas correspondientes a los resultados obtenidos del ensayo de succién capilar, de acuerdo
a la norma ASTM C1585. En las ordenadas se presenta la cantidad de agua absorbida por unidad de drea de la muestra,
y en las abscisas la raiz cuadrada del tiempo transcurrido. En la grafica se puede observar que a medida que aumenta el
porcentaje de sustitucién de CPO por CWP, la absorcién capilar aumenta. Asimismo, se observa que la curva patrén difiere
de las curvas de los CAC con CWP y se atribuye a una mayor tortuosidad en los poros capilares generada por los productos
de hidratacién como los C-S-H. También se destaca, que a pesar de que la mezcla con 20 % de CWP presenta un mayor
efecto dilucion respecto de la mezcla con 10% de CWP, se presenta una menor absorcién capilar. Este comportamiento
puede atribuirse a que el 20 % de CWP en la mezcla generaria una pasta que presentarfa un peso adecuado para no abrir
espacios que puedan generar capilaridad en el concreto, lo que sf ocurre en un concreto convencional, que a mayor relacién
a/cva a presentar mayor absorcién capilar (Taus, 2003).
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Figura 10. Curvas de succion capilar de los CAC con CWP a 28 dias de curado.
Fuente: elaboracién propia.
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Conclusiones

Los resultados de este estudio experimental destacan el empleo del CWP como sustitucién parcial del CPO en la produccién
de concreto autocompactante. Sobre la base de los resultados obtenidos, se concluye:

La caracterizacién del CWP, de acuerdo a su comportamiento quimico y fisico, revelé que este material no puede ser
considerado como materia, a pesar de que el IAR fue superior al especificado por la norma (> 75 %) y que, no presentaba
la composicion quimica requerida. Ademds, en la prueba de Frattini, los puntos representativos del contenido de éxido de
calcio en funcién de la alcalinidad total se ubicaron por encima de la isoterma de solubilidad, indicando que no presentaba
un caracter puzoldnico a las 2 edades evaluadas (7 y 28 dias).

La trabajabilidad de los CAC disminuye con el incremento del porcentaje de CWP. La propiedad en la cual tuvo mayor
influencia fue en la capacidad de paso evaluada mediante la caja en L, ya que no estuvieron ni cerca del limite inferior
sugerido por las directrices europeas de la EFNARC. Sin embargo, las pruebas de flujo de asentamiento y embudo en V
fueron satisfactorias para todos los porcentajes de reemplazo.

Las resistencias mecanicas de las mezclas disminuyen con el aumento de reemplazo de CWP. Esto es atribuido a la
baja o nula reactividad de este residuo, lo que conlleva a que se presente el efecto dilucién en las mezclas, debido a que la
cantidad de agua se mantuvo constante en todas los CAC, la cual fue de 205 kg/m? lo que genera una mayor relacién a/c
amedida que el reemplazo de cemento Portland por CWP era mayor.

La absorcién, porosidad y succién capilar son caracteristicas que estdn relacionadas con la durabilidad de una
estructura o elemento de concreto, las cuales aumentaron con la presencia de CWP en los CAC, por lo que se recomienda
emplear un 20 % de CWP, ya que con esta cantidad se presenta menor absorcion y succién capilar de los CAC con CWP.
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Abstract

Braking systems are undoubtedly the most important component for road safety, since it determines the total or partial stop
of a vehicle and, therefore, guarantees the physical integrity of passengers. Normally, the front brake discs and the remaining
percentage absorb 70% of the kinetic energy produced within a vehicle by the rear brake discs, which tend to have the form
of a drum brake. These systems benefit from friction to stop a moving vehicle, under the umbrella of hydraulic pressure that
pushes the brake pads against the iron-cast disk. In this document, concepts of famous authors around the world on analysis
and evaluation of brake discs are provided, which are carried out using a descriptive methodology and an estimation of
the characteristics of the brake disc. The review is carried out in computer assisted design through several existing CAD
software in the industry, as the main methodology applied to the development of certain research projects, where different
geometric characteristics of the brake discs are considered, as well as problems related to wear and corrosion. This research
project has shown that it is vital to incorporate existing computer assisted design software to predict performance, improve
components and optimize the functionality of the brake system. In this way, road traffic safety and systems efficiency are
achieved, which are a matter of great importance for the industry. It is vital to analyze brake systems through Finite Element
Analysis (FEA), with the intention of achieving a broader vision of its performance, since the information collected reveals
that the geometric characteristics of the brake and cooling ducts influence the heat dissipation. It depends on the form, the
type of material and the application, the heat generated between the pad and the brake. Therefore, the heat is dissipated
rapidly according to the analysis performed mathematically by the researchers, which are compared with the made in
computer assisted design software.

Keywords: disc brake; Finite Elements Analysis (FEA), friction; temperature; cars.

Resumen

Los sistemas de frenos son, sin duda, el componente mas importante para la seguridad vial, dado que determina la detencién
total o parcial de un vehiculo y, por lo tanto, garantiza la integridad fisica de los pasajeros. Normalmente, el 70 % de la
energfa cinética producida dentro de un vehiculo es absorbida por los discos de freno delanteros, y el porcentaje restante
por los discos de freno hacia atrds, que tiende a tener forma de freno de tambor. Estos sistemas se benefician de la friccion
para detener un vehiculo en movimiento, bajo el paraguas de la presién hidraulica que empuja las pastillas de freno contra
el disco fundido con hierro. En el presente documento, se proporcionan conceptos de autores famosos en todo el mundo
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sobre andlisis y evaluacién de discos de freno, que se realizan mediante una metodologia descriptiva y una estimacién de las
caracteristicas del disco de freno. La revisién se lleva a cabo en disefio asistido por computadora a través de varios softwares
CAD existentes en la industria, como la principal metodologfa aplicada al desarrollo de ciertos proyectos de investigacién,
donde se tienen en cuenta distintas caracteristicas geométricas de los discos de freno, asi como problemas relacionados
con el desgaste y la corrosion. Este proyecto de investigacién ha demostrado que es vital incorporar el software de disefio
asistido por computadora existente para predecir el rendimiento, mejorar los componentes y optimizar la funcionalidad
del sistema de frenos. De esta forma, se logran la seguridad del trafico vial y la eficiencia de los sistemas, que son una
cuestién de gran importancia para la industria. Es vital analizar los sistemas de frenos a través del Andlisis de Elementos
Finitos (AEF), con la intencién de alcanzar una visién mas amplia de su desempefio, ya que la informacién recopilada revela
que las caracteristicas geométricas de los conductos de freno y enfriamiento influyen en la disipacién del calor. Depende
de la forma, el tipo de material y la aplicacion, el calor generado entre la almohadilla y el freno. Por lo tanto, el calor se
disipa rdpidamente de acuerdo con el anélisis realizado matematicamente por los investigadores, que se comparan con los
realizados en el software de disefio asistido por computadora.

Palabras clave: freno de disco; Analisis de Elementos Finitos (AEF); friccién; temperatura; automéviles.

Introduction
Worldwide brake context

During the braking process, the heat generated by friction between the brake pads and the disc is not quickly dissipated.
This mainly depends on geometrical features and manufacturing material. Consequently, numerous negative effects on the
entire brake may arise. Nowadays, pad surface and pad interface wear have been considered throughout all the studies of
thermic analysis on brake discs, by implementing Finite Elements Method (Garcia-Ledn; Acosta-Pérez; Flérez-Solano, 2015).

Heat is generated by kinetical energy. When braking, heat might considerably be elevated as friction elevates
temperature. Nonetheless, heat is quickly dissipated with surrounding air through convection phenomenon (heat of transfer
produced among bodies at a different temperature). This depends on disc geometrical features and manufacturing material
(see Figure 1). Environmental factors are also decisive for heat transfer to have place. Additionally, when the temperature
reaches elevated values radiation phenomenon appears, which also contributes to dissipate energy in the shape of stored
heat within the disc (Garcia-Leén et al., 2015; Hirasawa; Kawanami; Shirai, 2014; Belhocine; Bouchetara, 2013a). Under these
conditions, brake system functionality and safety are jeopardized. It is important to mention that brake disc maintenance
is far cheaper than drum-brakes maintenance (Belhocine; Abdullah, 2014; Garcfa-Leén; Flérez-Solano, 2016; Garcia-Ledn;
Perez-Rojas, 2017).

Ventilated Solid

Figure 1. Solid and ventilated disc.
Source: Garcia-Ledn, 2014; Garcia-Ledn; Flérez-Solano; Acevedo-Pefaloza, 2018.
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In the same way, elevated temperatures can cause brake fluids evaporation, brake wear, pads breakdown, fading,
and vibrations. For this reason, many times system performance is slowed down, which is significant to foretell the distinct
types of convection performance that take place during heat dissipation on the environment. This is done with the intent of
assessing their efficiency based on their design and their original geometrical features.

Nowadays, ventilated disc brakes are used due to their optimal heat dissipation features, as recent research have
proved that this type of brake disc has elevated heat transference rates. This is caused by an elevation of turbulence that
stands for an elevated transfer of temperature. Ventilated discs also have a higher resistance to thermic deformation, due toa
level distribution of manufacturing material, which reduces thermic stress built-up within the rotor and mainly determines
disc geometrical features and an optimal configuration of ventilated ducts (Dhaubhadel,1996; Wurm; Fitl; Gumpesberger;
Viisanen; Hochenauer, 2016).

In the main, Computational Fluids Dynamics (CFD) applications in the automobile industry have gone a long way
to influence automotive components design, due to continuous breakthroughs in hardware and software, as well as in
numerical techniques to solve fluids flow equations. Automotive industry interest in CFD applications stems from its
capacity to improve car design and to reduce both manufacturing costs and products useful life (Dhaubhadel,1996; Wurm
et al., 2016; Pevec; Potrc; Bombek; Vranesevic, 2012). In view of the foregoing, the study of dynamic effects on brake discs is
a major area of research for industry manufacturers and academia.

Considering the above-mentioned, CFD simulations are currently crucial since they constitute a key toolkit to
assess the global amount of heat transferred to the environment and its accurate distribution within the systems. Berni’s
research project proves that two well-developed heat transfer models are effective to foretell heat flow (Berni; Giuseppe;
Fontanesi, 2017; Thuresson, 2014). Furthermore, it is important to analyze the physical-chemical features of systems, on the
purpose of optimizing mechanical components through Finite Elements analysis, as well as to have a wider vision about
their performance under distinct conditions of operation.

Simulations

Determining disc geometrical features depends on load and functioning capacity, which is a key factor at the starting design
stage. Under most circumstances, disc design must avoid overheating produced by friction between brakes and pads,
considering physical; mechanical and chemical properties. Such overheating is produced because some sorts of materials
do not perform correctly, and therefore, have negative effects on braking process efficacy.

At the starting mechanical stage on ventilated disc brakes, it is vital to analyze thermic flows performance where it is
possible to observe flow features and operation upon discs’ surface, by always guaranteeing braking process effectiveness
and heat dissipation through the surface and ventilation ducts. Thermic heat dissipation and ventilated disc brakes
performance mainly depend on aerodynamic features of air-flow, through ventilation ducts and disc brake geometrical
configurations, which are proved via design software implementation provided by Computational fluid dynamics (CFD)
library, such as: SolidWorks Simulation or ANSYS (Chi; He; Naterer, 2009; Klimenda; Soukup; Kampo, 2016).

Simulations are carried out with the intent of analyzing temperature performance between disc surface, ventilation
and ducts auto-ventilated disc brakes. This way mathematically obtained results were compared with the ones that were
obtained via Finite Elements Analysis (FEA) by relying on the assistance of Software SolidWorks Simulation (Garcia-Ledn,
2017; Jamari; Tauvigirrahman, 2017). This process is carried out with the intent of effectively validating extreme work
conditions and of assuring high safety levels.

Heat transfer modeling is achieved under solid or modeled geometry design techniques CAD design software, which
allows conducting of the analysis corresponding to computational dynamics. Heat transfer analysis indicates temperature
gradients on ventilation ducts linings, as well as on thermic tensions spotted at the stationary lining, which can provoke
deformations throughout disc cavity flows. Such effects are key to disc brake designs on the purpose of having into
consideration thermic distortions and their effects on performance. Nowadays, the simulation shows that Computational
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Fluid Dynamics (CFD) can provide means to understand flows and heat transfer mode, which allows assisting the designing
process applied to braking systems components and geometrical features (Wu; Xiong; Hu; Yuan, 2015; Stewart; Singh;
Andersen; Wen; Booth, 2016).

Heat transfer problems detected on constant flow of an unfathomable fluid, as is the case of air: temperature effect
and Nusselt number; under the parameters of suction and injection at the output of radial and oncoming flows, have come
to prove that surrounding fluid recirculation might whether happen or not inside of ventilation ducts, which turns to be
necessary for heat dissipation through the environment. Friction and wear digital simulations in disc brake performance
have been studied via several approaches, including Multicomponent Cellular Automaton (MCA) approach and Finite
Elements Analysis (FEA). In such case, a model meant to digitally calculate body performance can be implemented to
understand particles flow at a nanoscopic length scale, with the intent of digitally simulating macroscopic performance of
disc brakes. This is carried out by means of a digital method that can handle the contact with microscopic length and time
required in scales.

Miiller and Ostermayer use a Multicomponent Cellular Automaton (MCA) approach to describe friction in three
dimensions and performance wear of disc brakes (Blau; Meyer III, 2003; Shinde; Borkar, 2015; Belhocine; Omar, 2016).
Digital simulation applied to geometrical features and to transitory articulate thermic stress is sequentially carried out by
means of a structural thermal coupled method, based on ANSYS software, which allows assessing of deformation strength
fields that are established on a disc by pads pressure and at hardening disc conditions. In so doing, distribution pressure
levels of pads contact are obtained.

By means of Finite Elements Analysis (FEA), it is possible to determine temperature gradient, estimate Von Mises
result, which predicts proper design and material, and flow distribution arising during braking. Besides, (FEA) has proved
that tensions are mainly situated in the radial direction of friction surface on the edge of cooling holes (Blau; Meyer 111, 2003;
Kim; Lee; Park; Seok, 2008). Analytic methods have been a great aid in the automobile industry since they contribute to
robust design brake systems and to reduce time-consuming experiments (Kim; Ahn; Lee; Jung, 2007; Blau; Jolly; Qu; Peter;
Blue, 2007). In the case of materials used to manufacture brakes, such materials must support big thermic changes and resist
both environmental and mechanical conditions that might affect tribological properties and safety systems. The main effect
that appears on brake discs is corrosion due to the components that are manufactured and to operating conditions. For these
reasons, design software-aided simulation strategy, which models transitory temperature within brake discs, was useful
to identify disc geometrical design factors on the purpose of setting ventilation systems up on vehicles (Bagnoli; Dolce;
Bernabei, 2009).

At the design of a braking system of vehicles, besides mechanical features, it is necessary to take into consideration
thermic fails of the system. This is also explained since achieving adequate braking power makes braking systems far
more efficient. In this sense, the most important scope is to dissipate heat as quickly as possible through the environment
(Milenkovi¢ et al., 2010). On the purpose of processing brakes geometrical features, nets are tightened to the non-structured
solid, through the building of nodes irregularly distributed, as it is shown in the following Figure 2:

Figure 2. Type of net used on discs.
Source: authors.
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In the areas where fluids flow, SolidWorks Flow Simulation software was used, as it resolves Navier Stokes equations,
which are formulations stemming from mass conservation law; the amount of motion and energy and the validation of
material properties with specialized documents (Sobachkin; Dumnov; Sobachkin, 2014).

Regarding digital analysis study, a considerable number of car brake discs were used, on which cracks were found via
specialized software. Macro-fractography revealed that grey cast iron brake discs had several cracks throughout disc rotors’
surface radius of approximately 1 to 7.5 cm long. Besides, through an analysis conducted by using an optical microscopic
and a Scanning Electron Microscope (SEM), it was possible to find that cracks used to spread following a semielliptical
shape, throughout the width of friction surfaces according to thermic fatigue. As well, several areas showing definite signs
under the effect of judder were noted. Finite Elements Analysis (FEA) was carried out to estimate the temperature gradient
within discs and tension distribution during braking. In addition, comparatively elevated temperature levels reached during
braking actions were confirmed, which are explained by residual drive tension cyclically caused by thermic repetition. Such
process provokes cracks on the discs contact surface (Sakamoto, 2004).

Belhocine; Bouchetara, (2013b), could study thermic-mechanical effects arisen on several discs of different shapes,
by implementing Finite Elements Analysis, which has come in handy when assessing discs” performance in terms of
temperature levels distribution, pressure, and tensions. The findings prove that analyzed ventilated discs can efficiently
be in hard work, which assures high safety quality levels. The thermic-structural analysis is used to a couple established
deformation, von Mises coefficient within a disc, and contact pressure distribution within pads (Belhocine; Bouchetara,
2012a; Belhocine; Bouchetara, 2013b).

In other research studies, equations ruling heat within the disc and pads are resolved as transitory heat equations
are, based on heat as it depends on time and space. After solving the heat equation, parameters such as: brake duration,
vehicle speed, geometrical features, and brake components dimensions, disc brake rotor materials, and contact pad pressure
distribution are considered as the key to making calculations on braking systems. Environmental factors are also defining so
that heat transfer arises. Besides, when the temperature reaches elevated levels, radiation phenomenon appears, which also
contributes to dissipate energy in the shape of stored heat within the disc (Talati; Jalalifar, 2009; Hernandez-Mora; Trujillo-
Rodriguez; Vallejo-Lozada, 2014; Romero-Milldn; Cruz-Dominguez; Sierra-Vargas, 2016).

In recent studies, an explicative model on the contact situation between organic brake pads and grey cast iron discs is
introduced. In this model, metallic fibers or other hard materials within the pads create bands, which are located at the main
load area (Wahlstrom, 2011) (see Figure 3):

Disc Secondary band

Compacting wear fragments  Secondary band Primary band

Figure 3. Contact situation between pads and discs.
Source: authors.
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In this way, it was concluded that primary and secondary layers or bands” hardness is approximately the same and
that the metallic matrix material hardness is 20 times lower. Thus, the most difficult bands to be protected within the matrix
material are worn. Considering several measurements, it was found that contact bands can usually exhibit substantially
higher hardness values than compound pads middle hardness ones do (for example, comparing 3.000 MPa with 200 MPa).
This happens because bands are typically made up of metal fibers surrounded by a softer metallic matrix and compacted
components (Soderberg; Andersson, 2009).

Between the disc and pads, the coefficient of friction must relatively be elevated, and moreover stable. A constant level
must be kept regardless of temperature, moisture, time, wear level, corrosion, as well as powder and water jets on the road,
inter alia. Besides these safety requirements, long useful life and proper comfort are considered, which means vibration;
noise and squeaking absence. The technical importance of the friction system and its significant deviations, stemming
from tribological situations, constitute contact situations that motivate a study on tribological nature contact within car
brakes. Elevated temperature levels on the friction surface with sliding contact on brake setting within the rotor are liable
to mechanical-chemical reactions and tribo-chemical reactions that are produced while braking. Due to the complex
composition of brake pads, it is difficult to describe all those reactions when produced. A typical phenomenon that occurs at
lower temperature levels regards phenolic resin degradation. In this way, phenolic resin degradation starting temperature
depends on its nature, modification, and the presence of metals interacting as catalysts of their own degradation.

Baron-Saiz; Ingrassia; Nigrelli and Ricotta (2015), analyzed the thermic-mechanical performance of brake rotors,
under extreme work conditions, with the intent of assessing their efficiency and stability. This analysis allowed to identify
weaknesses within the structure and was carried out via Finite Elements, by studying thermic-mechanical effects produced
within brake discs of different geometrical features. Such a process was as well undertaken to assess discs’ performance
regarding temperature distribution, pressure, and tensions (Baron-Saiz et al., 2015).

In 2012, Belhocine analyzed the thermic-mechanical performance of contact on the brakes between the latest and
pads while getting to braking stage. This simulation strategy is based on ANSYS software, in which transitory temperature
field within the brake disc is indeed used to identify the geometrical design of the disc, on the purpose of designing brakes
ventilation systems for cars. The thermic-structural analysis is used to a couple established deformation, Von Mises value
within the disc and pads contact pressure distribution (Belhocine; Bouchetara, 2012b).

At the design stage of a car braking system, besides mechanical features, it is necessary to consider the thermic fails
within the system since a proper and efficient power must be achieved, so that heat is dissipated as quickly as possible into
the environment. Under this regard, experimental research of heat transfer process that takes place within cars is resorted,
by using lab procedures and standard route tests according to quality regulations imposed by manufacturers. For doing
so modern equipment is used, such as: thermic-graphical cameras, thermocouples, transducers, signal amplifiers, speed
optical measurement systems and a laptop (Milenkovic et al., 2010).

In other research studies, equations ruling heat within discs and pads are resolved as transitory heat equations by
considering heat attached to time and the surrounding setting. When solving heat equations, parameters such as: braking
length; vehicle speed; brakes components geometrical features and dimensions; brake disc rotor materials and contact pads
pressure distribution; car speed; brake components geometrical features and dimensions; disc brake rotor materials and
contact pad pressure, have been considered. The problem is analytically resolved by implementing several approaches,
by which it is concluded that heat is generated since friction between the disc and pads must be properly dissipated into
the environment, to avoid the coefficient of friction lessening between the disc and pads, and in such manner, get to avoid
temperature levels elevation of every braking system component, and therefore, the evaporation of brake discs caused by
an excessive heating.

The main scope of most cases is to provide a broader view on heat flow with the intent of improving heat dissipation into
the surrounding setting, via a CFD analysis on several software on the purpose of obtaining numerical predictions and heat
transfer to be compared with experimental data available on the corresponding state of art (Manohar-Reddy; Mallikarjuna;
Ganesan, 2006; Manohar-Reddy; Mallikarjuna; Ganesan, 2008). The previous processing is carried out with the assistance of
fluids dynamics, by using different design software like ANSYS, SolidWorks, inter alia (Rajagopal; Ramachandran; James;
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Gatlewar, 2014). In addition, CFD applications in the automobile industry have gone a long way to influence self-propulsion
components, due to continuous breakthroughs on hardware and software, as well as on numeric techniques to solve fluid
flow equations. Interest in the automobile industry on CFD applications (Computational Fluids Dynamics) stems from their
capacity to improve car design and to reduce product expenses and useful lifetime. In view of the foregoing, brake discs
cooling is a key research branch for industry manufacturers, as it is for academia.

Likewise, with the assistance of available computer-aided calculus toolkit, such as commercial software meant for
mechanical and thermic analysis, computer simulation is the most suitable method to analyze disc brakes, whether during
its working or under several conditions of work. However, on any updated design computer-aided calculus toolkit can be
used, which must be validated or proved by means of some lab tests and mathematical calculations. These experimental,
study and computer analysis methods must be incorporated into any disc brake design methodology if it is expected to be
validated.

It is precise to analyze, assess and study the features from all the engineering branches contributing to improving
ventilated disc brake conditions and extend their usage (Rashid, 2014). Then, everything contributes to improving several
geometrical features with the assistance of several aspects linked to hydraulic machine theory (Abhang; Bhaskar, 2014).

Dynamic system

Brakes systems influence cars” dynamic performance during braking stages, when disc rotor may reach 900 °C. Such a
temperature elevation may cause a system loss or breakdown. To reduce these overheating problems within disc rotors, it
is necessary to design new geometrical features for cooling ducts allowing to boost air flow, as those are placed between
the braking surface of disc brake rotors. Considering research conducted by Aguayo-Ortiz, it is necessary to study several
geometrical features of ducts, and therefore, assure a proper brake system functioning (Aguayo-Ortiz, 2016).

To improve brake mechanical and microstructural properties, carbon fibers, with which a lower coefficient of friction
and more stable curves under distinct braking conditions can be reached, come in handy. This was mainly caused by major
darkness and module on the application of this type of materials, such as brake manufacturing components (Acosta-Alvarez;
Pareja-Dangond, 2019; Wu; Yi; Ge; Ran; Peng, 2017). In other research work, polymeric fiber-reinforced compounds show
excellent mechanical and tribological properties. For these reasons, they are used in many engineering applications like
drive and brakes systems. Considering the above, researchers analyzed wear mechanism in phenolic linen fiber-reinforced
compounds within a disc brake under conditions, by implementing electronic microscopy methods. In addition, wear map
was correlated to previously taken pictures (Ilanko; Vijayaraghavan, 2017; Palmer; Mishra; Fieldhouse, 2009).

Brake pads and unfunctional discs were used in asphalt mixtures to analyze their properties and features since it has
become a type of solid waste, which turns to be a grave environmental problem. Through several tests based on existing
regulation, researchers could improve asphalt conditions performance. Furthermore, metallic brake pads made for train
wagons have polymeric designs with metallic elements exposed to corrosion, which allows systems treatment to avoid this
type of performance. In addition, metallic parts of the pads were used as samples through the study of corrosion speed
kinetics (Pavlov; Kudelnikova; Vicharev, 2015). As well, in a research project conducted by Stewart, a similar performance,
but in distinct types of brakes were analyzed, such as ventilated; auto-ventilated and ABS brakes, inter alia.

In Mexico, some researchers studied and described wear mechanisms that were implicit within brake pads and shoes.
Through this study, the disc brake concerned was subjected to real conditions at service on elevated temperature areas,
which allowed to prove that sliding wear was produced and to validate the information gathered through Scanning Electron
Microscopy, X-Rays spectroscopy and Atomic Force Microscopy (Laguna-Camacho, 2015).

Nowadays, several researchers considered computer simulations to estimate vibration phenomena on braking systems
with the intent of noting angular speed performance (Wei; Ruan; Zhu; Kang, 2016). For the above, bounces of vehicle
and distance variation of braking have an impact on braking performance and safety. Researchers of the University of
Technology Sydney simulated, in a bank of brake discs’ performance tests, to obtain economic and dynamic benefit from
system efficiency. This allowed to prove system’ efficiency in different operating conditions (Ruan; Walker; Watterson;
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Zhang, 2016). Likewise, braking profiles were obtained through computer modeling and analysis of systems components,
on the purpose of predicting their performance under several types of usage to which those can be subjected. Besides, Wei
studied the effect on longitudinal dynamics on trains that worked with air brakes. The findings showed that it is possible to
predict system features through mathematical methods (Wei et al., 2017).

In 2012, scientists used Finite Elements with the assistance of CATIA Software to predict breakthroughs within the
brake disc, and in such manner, to identify the most critical areas (Kim; Yim; Jeon; Jung; Han, 2012). On the other hand,
researchers of Universita Degli Studi di Roma considered the influence of speed regarding friction within brake systems

and included a static coefficient, other than kinetical, by applying traditional computer methods (Andreaus; Casini, 2001;
Shaw, 1986).

Furthermore, Meng; Zhang & Yu (2016) considered the pedal as amajor component of the braking system to study
dynamical calculation conditions. Through this study, mathematical findings under static and dynamic conditions of
systems were used to predict their performance. In such manner, Pedal Force (PF), Pedal Tour (PT) and response time are
studied with the intent of satisfying customers safety expectations.

Through static and dynamic analysis on distinct types of motor vehicles under several works conditions were of
great assistance to apply these toolkits on engineering research (Garcia-Ledn; Flérez-Solano, 2017)Revista Ingenieria e
Investigacion - Editorial Board. All rights reserved. The braking system of a car must meet several requirements, among
which safety is the most important. It is also composed of a set of mechanical parts such as springs, different types of
materials (Metallic and Non-Metallic. In addition, surveys and other researchers discussed the influence of loads on braking
and pedal force systems, as those directly influence natural components dynamics. Regarding technological resources of
braking systems, researchers proposed high-frequency braking by using a magnetic starter, with the intent of solving
hydraulic braking problems. The findings were analyzed with the assistance of LabVIEW software and Finite Elements
Analysis (FEA).

For the above, it is precise to understand braking systems transitory and non-linear effects, way undulations and
vehicle dynamics under the perspective of tires lateral performance, which mainly affects these systems microstructures. To
accurately simulate those non-linear effects during vehicle dynamic maneuvers, it is necessary to use fluid dynamics meant
for vehicle simulations, which contribute to validate analytical results with those provided by the state of art (Siramdasu;
Taheri, 2016).

Methodology

To develop this research project, a review on the state of art is carried out by means of technological analysis methods,
under distinct zones linked to ventilated disc brakes in vehicles, by comparing and gathering information, on the purpose
of identifying major variables that influence braking process of vehicles, such as: type of material, geometrical features,
conducted analysis, and wear. This is done to define more relevant parameters through which future research can be
proposed with the intent of improving such automobile industry components.

Besides, hydraulic machines and heat transfer theories are considered to estimate distinct conditions of fluids flowing
throughout discs” ducts of several vehicles that are subjected to distinct load-carrying and transport capacity (Mataix, 1986).

Development and discussion

Dissipated power within brake systems that comes from vehicle kinetical and potential energy is transformed into
thermic energy. In this direction, the heat generated must be evacuated as quickly as possible, and in this way, getting
to avoid elevated temperature levels that might threaten system safety. Vehicle slipping itself allows dissipation of the
heat generated via convection and radiation. When there are excessive stops, temperature elevates up to a certain limit
(saturation temperature), according to tthe hermic dissipation capacity of a specific brake disc, which is not considered in
the case of this analysis.
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To make these calculations, the physical and thermic properties of laminar graphite nodular grey cast iron must be
considered, since it is the most widely used material to manufacture brakes. This type of material is made up of silicon and
manganese. Moreover, speed calculations are made by using radial ventilators, Fluid Mechanics and Hydraulic Machines
theories.

Because of elevated thermic conductivity levels, proper resistance to wear, manufacturing facilities and a relatively
low cost, the brake disc is generally manufactured based on grey cast iron from the very first stages of car development.
Nonetheless, despite these favorable properties, grey cast iron corrosion performance keeps being an issue since it often
contributes to an unpleasant situation known as brake judder, which stands for stains onset.

Therefore, few studies have considered size, shape, phenomena of conditions or elemental composition, which cause
brake discs to quickly corrode. On these grounds, research projects have been developed on how friction leads to corrosion
and wear breakdowns within brakes, as well as to elevated temperature levels that take place in this setting. Thus, there
are several projects that analyze: how to improve braking efficiency while evidently staying friendly with the environment
based on lighter materials.

To implement an updated material on brake discs manufacturing, the coefficient of friction must relatively be elevated.
However, the most important aspect to be considered is stability, regardless of temperature; moisture; usage time; wear
rank; corrosion and the presence of powder and water jets on roads. In addition, requisites for long usage life and high
comfort stand from vibration, noise, and squeaking.

During regular and relatively soft stops, pads pressure force exerted against the disc is approximate of 5 kN, which
turns to be pressure nominal value on pads surface higher than 1.2 MPa. Under extreme situations, the pressure might be
close to 10 MPa. During severe stops, power dissipation throughout brake pads is easily exceeded to 30 kW. Such elevated
energy density levels result in elevated surface temperature levels, and therefore, special materials meant for friction
processes are required. All these remarks make part of a project on squeaking generation within brakes, where squeaks are
generally sparked under lower speed and pressure levels. This means that brakes have only been exposed to braking under
relatively lower conditions (0-25 km/h). These tests are carried out at a laboratory surrounded by environmental moisture,
which is most of the time constant (20-25 °C). When transporting larger loads within vehicles, wear resistant components
found in the coefficient of friction that is generated by volume fraction are influenced. Ergo, despite the materials composing
brake disc and pads structure, the upper layer of lining volume is affected by wear. Such a situation is caused by a metal-
metal contact that arises between both components (Jacobson, 2007; Matéjka, 2011).

Newton'’s law of cooling is a concept of heat transfer stating that an object under a temperature shall cool, if it is
exposed to a room temperature , according to the exponential equation established on the references (Kim et al., 2008). The
air flow pattern is affected by natural convection caused by distinct temperature levels. Thus, the forced convection flow is
reflected on the disc surface, and the rotation flow is prompted to the inside of the disc. The estimated findings show the
highest and lowest values of average heat flow in the direction of the disc (He; Ma; Huang, 2005).

In turn, the characterization of all the elements, present in the chemical composition of this type of disc brakes, aims at
uncovering the effect exerted on manganese, silicon, and chromium alloy elements, as well as the other components of the
metallic matrix that influence the material microstructure.

Parts and Definitions

Brake disc. The brake disc is an element linked to the rim axl or a part of it. Brake discs turn along with the rim, and therefore,
constitute braking motion system. Brake pads interact on the brake disc aiming to stop the vehicle. The continuous friction
established between the brake pads and discs, due to their heat energy speed, is produced by an elevation of temperature
levels within the system. The geometrical constitution of discs, in the shape of dishes with a wide; exposed and ventilated
surface, enhances continuous cooling and the whole generated heat evacuation, thanks to friction. Providing this process
was not accomplished, the system would collide (Puhn, 1985). Which is made up of the following parts (Gorjan ef al., 2016)
(see Figure 4):

199



Informador Técnico 83(2) Julio - Diciembre 2019: 191-208

Thermic Filter Fixation Bell

Friction Surface Cooling Channels Identification
Figure 4. Ventilated structure of a brake disc.

Source: Garcia-Leon (2014).
Thereafter, every component of the braking system is described in Table 1:

Table1.
Brake components

Components Description

It consists of the system allowing reducing the necessary pressure force on

Vacuum servo
pedals.

It consists of a cylinder whose scope is to the pressurize liquids throughout

Al ey the hydraulic circuit.

It consists of a correction or limiting system that reduces pressure exerted
Braking limiter on the rear wheel assembly on the purpose of preventing those wheels to
be blocked.

It consists of an element in charge of supporting pads and pushing them

. against the disc when the system is pressurized. The caliper is a key element

Brake caliper of braking systems and is subjected to considerable strength when braking,
such as: vibrations, excessive temperature, and other aggressive items.

Brake discs constitute the surface against which pads interact to make a car
Brake disc slow down. Friction between pads and brake discs cause kinetical energy to
be turned into heat energy, which makes a car slow down.

Brake pads constitute an element of braking systems, which along with
Brake pads brake discs, produce enough friction to make a car slow down.

Brake ducts and hoses oversee driving brake fluids by supporting inner
Brake ducts and hoses liquids pressure. Besides, they help resist environmental aggression. Brake
ducts are usually iron pipes draped in polymers to resist corrosion.

Brake fluids constitute a hydraulic fluid that drives force exerted on the
pedal towards brake cylinders within wheels.

Al atlieh It consists of a synthetic fluid prepared out of solvent thinning and additive

inhibitor to protect brake hydraulic systems, whether they are disc-like or
drum-like, against oxidation and rust.

Source: Garcia-Leén et al., 2018

Chemical formula. The basic formula of disc material is a nodular grey iron laminar graphite, containing 92 % and 93 % of
iron. This ferroalloy generally contains 2.5 % of carbon, more than 1.0 % of manganese, less than 0.5 % of silicon, and others
bringing specific properties of braking systems up, as it is shown in the following Figure 5 and 6 (Langhof et al., 2016):
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u[ron

u Carbon

= Silicon
Manganese

u Others

Figure 5. The chemical formula of brake discs.
Source: Garcia-Ledn (2014).

m Lubricants
= Organic Binders
= Minerals
Metals
u Fibers

m Abrasives

Figure 6. The chemical formula of brake pads.
Source: Garcia-Ledn (2014).

The material used to manufacture brake pads must show an elevated coefficient of friction, so that it gets to slow the
speed down within wheels while it interacts with the disc surface. Besides, this coefficient of friction value must keep as
stable as possible at any rank of temperature and pressure during its operation, as it may be noted in Figure 6.

Brake formula can be mixed with distinct types of compounds, such as carbon fibers (CF-A and CF-B), according
to the research conducted at Central South University, which improved resistance to interlaminar shear stress as a better
resistance to wear.

Major problems linked to brake discs. The study of distinct problems in brake discs prove that most of them can be
prevented, if hook-up gets more attention and simulations by Finite Elements are conducted, on the purpose of improving
systems and their components. Such tasks are not only carried out through quantifiable or measuring controls, but also by
means of a strict visual test on the components.

As follows, Table 2 is presented, where geometrical features mainly used while conducting Finite Elements analysis,
according to researchers involved in this project, are shown:
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Table 2.
Geometrical features used to conduct analysis and assessment of brake discs

Geometrical features Source Geometrical features Source

(Stewart et al., (Jamari; Tauvigirrahman, 2017)
2016)
(Belhocine; (Belhocine; Bouchetara, 2013)

Abdullah, 2014)

(Belhocine; (Gorjan etal., 2016)
Omar, 2016)
(Garcia-Ledn, (Kim et al., 2008)
2017)

(Rashid, 2014;
Bagnoli, et al.,
2009)

(Abhang; Bhaskar, 2014; Kim et
al., 2012; Echavez-Diaz; Quinte-
ro-Orozco, 2017; Garcia-Leon;
Rivera-Lopez; Quintero-Oroz-
co; Gutiérrez-Paredes, 2019;
Garcia-Ledn; Echavez-Diaz;
Flérez-Solano, 2018)

Source: authors.

Considering (Table 2), several types of geometrical features under disc brakes study, the design software used (ANSYS)
(because of its potential in terms of computational fluids dynamics) are presented. It is precise to mention that current brake
conditions of brakes can provide heat fluids graphics, speed values, metal-metal contact, type of material, heat loss and
fluid turbulence. Such progress evidently contributes to have a broader view on these systems performance, which are key
to automobile industry study.
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Conclusions

The system, under study and measurement, was the most important of all since nowadays a vast number of vehicles rely on
ventilated disc brakes within their four wheels, with the intent of improving the braking process. Failing that, vehicles, that
still use drum brakes on their backward axle, have a deficient brake performance since heat generation areas are closed and
do not allow heat to be evacuated. Such problems are evidenced when material shows low heat loss, corrosion, and crevice.

It is precise to compare and validate mathematical findings with experimental ones by using specialized design
software such as ANSYS, SolidWorks and CATIA, which provide and support mathematical calculations.

By reviewing previous research works on the topic, it was possible to evidence, that according to brakes and ducts
geometrical features, rapid heat dissipation is guaranteed. This means there is trustfulness on braking system efficiency,
which was validated via design software since it is a powerful tool to validate, assess and experiment with disc brakes.

It is important to keep studying this type of mechanical component since there are plenty of software systems, lab
analysis and bibliographical references available, which contribute to easily assess braking systems on the purpose of
optimizing and contributing to this important development area of engineering.
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Resumen

El articulo presenta una revisién bibliogréfica sobre alternativas de bajo impacto ambiental para el reciclaje de poliestireno
expandido a nivel mundial, basado en el uso de recursos naturales y los impactos ambientales asociados a estos. El impacto
ambiental de cada técnica se determind por medio de la construccién de una matriz en Excel® donde se registré la frecuencia
de empleo de: (I) técnica primaria, secundaria o terciaria, (II) los recursos naturales usados y (III) los compartimientos
ambientales afectados. Se consultaron fuentes primarias que abordan el tema del tratamiento del poliestireno expandido a
nivel mundjial. Se encontré que las mejores técnicas para el reciclaje del poliestireno son la primaria y terciaria especificamente
trituracion manual y uso de solventes verdes como d-limoneno y p-cimeno, para dejar en tiltimas posiciones a los tratamientos
secundario y terciario, métodos de aglutinamiento y generacién de energfa, respectivamente.

Palabras clave: d-limoneno; poliestireno expandido; residuos sélidos; reutilizacién; plasticos; tratamiento de residuos.

Abstract

The article presents a bibliographic review on alternatives of low environmental impact for the recycling of expanded
polystyrene worldwide, based on the use of natural resources and the environmental impacts associated with them. The
environmental impact of each technique was determined through the construction of an Excel matrix where the frequency
of use of: (I) primary, secondary or tertiary techniques, (II) natural resources used and (III) environmental compartments
affected. Primary sources that address the issue of expanded polystyrene treatment worldwide were consulted. It was
found that the best techniques for the recycling of polystyrene are primary and tertiary specifically manual crushing and
use of green solvents such as d-limonene and p-cymene, to leave the secondary and tertiary treatments in last positions,
agglutination and generation methods of energy respectively.

Keywords: d-limonene; expanded polystyrene; solid waste; reuse plastics; waste treatment, treatment technique.

Introduccion

El poliestireno expandido (EPS) es un material polimérico y espumado usado en diversas aplicaciones y sectores, entre
ellos en el sector de la construccién, donde su funcién es aislar la temperatura y el sonido. Su mayor uso lo constituye la
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produccién de envases para comida y embalaje de diversos artefactos (Asociacién Nacional de Poliestireno Expandido
[ANAPE], s.f.). El polimero es de baja densidad, liviano, proviene del petréleo y es de gran volumen, por tanto, es un residuo
de alto valor, de fécil reciclaje y abundante (Arriola; Velasquez, 2013). Paradéjicamente no se separa en la fuente para su
reciclado, el porcentaje de recuperacién del poliestireno expandido es apenas del 12 %, en relacién con los demas residuos
reciclables, como el papel y el vidrio, los cuales provienen de diferentes sectores industriales y domésticos (Arandes; Bilbao;
Lépez, 2004).

Los residuos poliméricos, incluyendo EPS, aportan 2.000 millones de toneladas de diéxido de carbono, equivalente
al aflo en emisiones de gases efecto invernadero a la atmdsfera (Rodriguez; Avellaneda; Zerda, 2014). De igual forma, el
EPS es un residuo nocivo para el medio ambiente dado que no se degrada por su naturaleza inerte, asimismo, llega a
compartimientos acuaticos en donde animales lo ingieren llenando su sistema digestivo de un plastico no digerible, lo que
les produce muerte por inanicién (Industry Alliance Packaging [IAP], 2009).

La preocupacién ambiental por el poliestireno gira en torno a cuatro elementos fundamentales: (I) la degradacién
lenta y la ausencia de un sustituto; (II) la produccion de residuos; (I1I) su fuente de generacion es el petréleo, materia prima
no renovable; y (IV) algunos de los insumos quimicos utilizados para producirlos son nocivos para el ambiente (Téllez,
2012). Por otra parte, el EPS expandido contiene un tipo de sustancias t6xicas llamadas dioxinas, que provocan en los seres
humanos problemas de reproduccién, desarrollo y alteraciones en el sistema inmunitario, también pueden causar cancer
(Thorton, 2002), ademés de la afectacién a la salud humana, el EPS genera diferentes impactos ambientales.

Dadas estas problematicas, a nivel mundial se han considerado diversas alternativas para su manejo, dentro de ellas el
reciclaje. Actualmente, se han empleado los siguientes tratamientos para el reciclaje del EPS: primario, secundario, terciario
y cuaternario (Parra, 2010). El tratamiento primario consiste en someter a operaciones mecénicas el plastico para obtener
un producto de similares caracteristicas, un claro ejemplo es la trituracién (Gaiker Research Alliance, 2007. El tratamiento
secundario, consiste en someter el EPS a temperaturas altas de fusion y con ello obtener un plastico similar que ocupe menos
espacio (Cadena; Quiroz, 2000). El reciclado terciario, o reciclado quimico, persigue la transformacioén de este con el uso de
solventes. Finalmente, el reciclado cuaternario consiste en la incineracion para recuperar energfa (Garcfa; Gracia; Duque; de
Lucas; Rodriguez, 2009).

Por lo tanto, el objetivo de este articulo es realizar un analisis comparativo del impacto ambiental de las técnicas
empleadas a nivel mundial para el reciclaje del poliestireno expandido, resaltando las de menor impacto ambiental.

Experiencias mundiales de los tratamientos para el reciclaje del poliestireno expandido

Elreciclaje del poliestireno expandido (EPS) consiste en la reduccién del tamafio del grano y disminucién del gas que contiene,
lo que permite disminuir su volumen. La viabilidad del reciclaje de EPS aumenta cada vez més dada la disminucién de este
residuo y el bajo impacto ambiental generado en el proceso de recuperacion (Gaiker Research Alliance, 2007).

En cuanto a Europa y Estados Unidos el reciclaje de estos residuos se ha enfocado en dos alternativas principales: el
uso de energfia, en el cual se incineran los residuos y el reciclado mecénico en donde se trituran y compactan (Betancourt,
2015). Sin embargo, argumentos ambientales en cuanto a las emisiones toxicas estan construyendo una resistencia ptiblica
contra el proceso de incineracion. Por su parte, el reciclado mecanico, a menudo resulta més costoso que el plastico virgen.
Por lo tanto, es necesario que otros esquemas de procesamiento sean explorados para reducir el costo de los dos procesos
de reciclaje (Rojas, 2014).

En Turquia, un tratamiento innovador del EPS es la disolucién con disolventes adecuados, con el fin de conseguir una
reduccién de volumen de mas de cien veces (sin degradacién de las cadenas de polimero), pues, si la disolucion se desarrolla
en la fuente de produccién de residuo el transporte es mas eficiente que en el reciclaje de sistema convencional (Samper;
Ferrandiz; Lépez, 2008). De esta forma, el EPS solubilizado en diferentes disolventes cumple un papel importante en el
reciclaje de poliestireno y se constituye como una alternativa diferente a la incineracién y el reciclado mecanico, ya que es el
mas barato y menos contaminante (Jaramillo; Zapata, 2008).
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En Colombia, la empresa Natura junto con la Universidad de Antioquia son las pioneras en la gestién de los residuos
de poliestireno. El tratamiento se realiza principalmente por métodos piroliticos, lo que ha traido consigo desventajas como
el empleo de exceso de energfa, emisiones atmosféricas, produccion de calor y produccién de subproductos, aun sin un
destino final en el mercado (Garcia et al., 2009).

La Fundacién Verde Natura bajo el lema “reciclamos EPS para un mundo mejor”, es la tinica fundacién colombiana sin
animo de lucro, que aporta al ambiente una alternativa de reciclaje del poliestireno expandido (EPS) y poliestireno extruido
(XPS por sus siglas en inglés) que contribuye a minimizar el dafio al medio ambiente disminuyendo estos desperdicios.
Para ello, han desarrollado lineas de reciclaje directamente con los actores involucrados en los procesos del plastico desde
su produccién hasta su disposicién final; allf reciben y acopian los residuos para tratarlos y finalmente hacer una resina de
caracteristicas similares a los plésticos originales, aumentando el ciclo de vida de estos materiales (Natura, 2019).

Metodologia

A nivel mundial, se seleccionaron los pafses que investigan sobre la problematica y gestién del poliestireno expandido
se consultaron 50 documentos. Se sistematizo la informacién de las alternativas de reciclaje empleadas por los autores de
26 articulos y 4 tesis y los paises en los que se realizé dicha investigacion (ver Tabla 1). De igual modo, en los mismos
documentos, se escogieron las categorfas de andlisis de los documentos por tipo de tratamiento (primario, secundario,
terciario y cuaternario), el uso de recursos (agua, energfa y humano) y el impacto ambiental resultado del uso de recursos
(vertimientos, emisiones y contaminacion de suelos). Finalmente, para el estudio de las categorias de andlisis: tipo de
técnica empleada, uso de recursos e impacto ambiental generado, se tomé como base la sistematizacién de la informacién
consultada, tales como las referencias bibliogréaficas mencionadas a continuacién y la revisién de los 20 autores restantes
dieron cuerpo al documento.

Tabla 1.
Fuente de la Informacion sistematizada en la revision

Autor v afio Tipo de Tipo de
y documento tratamiento empleado
(Garcia et al., 2009) articulo Alemania Primario y terciario
(Saltos; Chango; Aldas; Quiroz, 2015) articulo Primario y terciario
(Lopezetal., 2014) articulo Brasil Primario
(Carrillo; Caamal; Couoh; Gamboa; Cruz, 2014) articulo Primario
(Aminudin; Fadhil; Mohamad; Noor; lwao, 2011) articulo Terciario
(Samper; Ferrandiz; Lopez, 2008) articulo Terciario
(Ehrig, 1992) articulo Primario y terciario
(Noguchi; Miyashita; Inagaki; Watanabe, 1998) articulo . Primario, secundario y
Colombia terciario
(Hattori et al,, 2008) articulo Primario y terciario
(Quintero, 2013a) articulo Primario y terciario
(Dickens, 1980) articulo Ecuador Terciario
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Autor y aino Tipo de Tipo de
documento tratamiento empleado
(Vaikathusseril-Sekharan; Thattekatt-Abraham; articulo Terciario
Thomas-Thachil, 2012) Espafia
(Shin, 2006) articulo Terciario
(Grote, 1999) articulo Terciario
(Agoua; Allognon-Houessou; Adjovi; Togbediji, 2013) articulo Primario y
Estados Unidos secundario
(Gutiérrez; Rodriguez; Gracia; de Lucas; Garcia, 2013) articulo Terciario
(Rajaeifar; Abdi; Tabatabaei, 2017) articulo Terciario
(Chaukura; Gwenzi; Bunhu; Ruziwa; Pumure, 2016) articulo Primario y terciario
(Bicer; Kar, 2017) articulo Primarioy
secundario
(Brandao; De Castro, 2015) articulo India Primario
(Ghambari; Reyes-Gallardo; Lucena; Saraji; Carde- articulo Primario y terciario
nas, 2016)
(Shah; Jan; Adnan; Zada, 2015) articulo Terciario
(Agoua; Allognon-Houessou; Adjovi; Togbedji, 2013) articulo Primario
(Hattori, 2015) articulo Japén Primario y terciario
(Schmidst; Cioffi; Voorwald; Silveira, 2011) articulo Terciario
(Cjuno; Arroyo; Ale; Pacheco, 2005) articulo Korea Terciario
(Quintero, 2013b) Tesis México Primario y terciario
(Torres, 2004) Tesis Peru Primario y terciario
(Arcila; Miranda, 2015) Tesis Terciario
(Benitez; Vélez, 2013) Tesis Suiza Terciario

Fuente: elaboracién propia.

Resultados
Paises investigadores reciclaje EPS

De acuerdo con lo consultado, los paises que escriben con mayor frecuencia sobre la temética son Colombia, Estados Unidos
e India, como se puede observar en la Figura 1, lo anterior, dado por sus modelos de produccién, problemética con los

residuos de poliestireno expandido y su creciente preocupacién por la calidad ambiental de sus paises (Jaramillo; Zapata,
2008).

México(3%); Suiza (3%)

Korea (3%) Brasil (10%) Colombia (20%)

India (13%) = Espaia (10%)

Perti (7%)
Japén (10%) Ecuador (3%)

Estados Unidos
(13%)

Alemania(3%)

Figura 1. Porcentaje de participacion de paises en investigacion sobre reciclaje de EPS.
Fuente: elaboracion propia.
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Alternativas de tratamiento del EPS

Se identificaron las alternativas de tratamiento y se clasificaron en primario, secundario, terciario y cuaternario, todas ellas
llevan al reciclaje del material y, por tanto, la prolongacién de su vida ttil (Garcia et al., 2009). En la Tabla 2 se observa que
las técnicas mds usadas son la terciaria con el d-limoneno y la primaria con la trituracién mecénica y manual, esto se debe a
la sostenibilidad y facilidad de implementacién de las técnicas (Brandup; Bittner; Michaeli; Menges, 1996).

Tabla 2.
Técnicas de tratamiento en la revision

Tipo de tratamiento Técnica Técnicas en
la revision (%)
Manual 14,29
Primario
Mecanico 16,07
Secundario Aglutinamiento 7,14
Tolueno 12,50
Benceno 7,14
Cloroformo 7,14
Terciario
Tetrahidrofurano 5,36
D-limoneno 23,21
P-Cimeno 1,79
Cuaternario Produccién de energia 5,36

Fuente: elaboracion propia.

En cuanto al tratamiento primario, los envases y embalajes resultado del posconsumo pueden reutilizarse por medio
de la trituracién, pues facilita la eliminacién del espumado y su posterior utilizacién en nuevos productos, ya que este
material no pierde las caracteristicas quimicas iniciales (Hattori; Shikata; Maekawa, 2010). Dentro de otros usos, los restos
de EPS una vez triturados y deshechos se emplean para ser combinados con material edéfico y de esta forma, mejorar su
drenaje y aireacién. También pueden destinarse a la aireacién de los residuos orgénicos compostables constituyendo una
opcién valida para la obtencion del bioabono. De igual manera, los residuos de EPS tras su molido a diferentes tamafios
de grano, se mezclan con materiales de construccion, lo que le da al material propiedades de ligereza y porosidad mayor
(Arcila; Miranda, 2015).

El tratamiento secundario refiere el proceso que consiste en calentar el material, aglutinarlo y formar un bloque de
este mismo. Al unir el material a favor del calor se minimiza el volumen de este mismo, pero consume bastante energfa el
proceso (Cempre Uruguay, 1998).

Elreciclaje terciario o quimico se basa en el uso de solventes para solubilizar el material, de acuerdo con su caracteristica
de polaridad usando un solvente con la misma caracteristica (Scheuermann, 1989). Segtin Garcia et al., (2009), el poliestireno
es un compuesto apolar, con lo cual, para el proceso de reciclaje terciario, se debe usar un solvente apolar para llegar a formar
soluciones, dando buenas caracteristicas y llegando a soluciones saturadas, garantizando la disolucién total del material.

Por su parte, el reciclado cuaternario consiste en la incineracion del material con el fin de generar energfa, proceso
que es muy criticado socialmente por los problemas ambientales que puede generar. Este método es interesante desde
el punto de vista de recuperacién de energfa de los materiales plésticos, los cuales tienen como caracteristica un elevado
poder calorifico (polietileno, 43 MJ /kg; polipropileno, 44 M]/kg; poliestireno, 40 M]/kg; cloruro de polivinilo PVC, 20 MJ/
kg, entre otros) (NOVA Chemicals Corporation., 2005). Este proceso de combustién debe estar sujeto a fuertes controles
de emisiones para neutralizar los residuos sélidos y los efluentes gaseosos que podrian contribuir negativamente al medio
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ambiente y a la salud humana (como cloruro de hidrégeno de la combustién del PVC) (Arandes et al., 2004).
Impacto ambiental de las alternativas de tratamiento

Entre un5 %y un?7 % de la extraccién mundial de petréleo se destina a la produccion de plasticos. Se estima que para producir
1kg de pléstico es necesario el uso de 2 kg de petréleo. El sector industrial del plastico es versatil y tiene un alto desarrollo
tecnolégico, caracteristicas por las cuales el sector crece en la economia en porcentajes que se estiman en un 4 % anualmente,
creando productos que son utilizados en envases, vivienda, vestido y todo tipo de bienes de consumo (Betancourt; Solano,
2016). En el 2011, la produccién mundial del EPS aument6 en 10 millones de toneladas hasta alcanzar casi 280 millones de
toneladas (Arandes et al., 2004).

Los residuos de este plastico tienen implicaciones ambientales significativas y hacen parte de una problemética de
gran impacto y escala, la preocupacion ambiental es creciente y gira en torno a su dificultad para degradarse, a su volumen
y el problema que ha representado su reciclaje (Téllez, 2012).

Para la recuperacion del residuo se han implementado varias técnicas que traen consigo el uso de recursos como agua,
energfa y el humano, tal como se evidencia en la Figura 2. Para su estimaci6n se sistematiz6 la informacién integrada en una
matriz de Excel, donde se recogi6é una muestra de las categorfas de andlisis mencionadas por cada técnica empleada, de tal
modo que cada documento que hiciera uso de algunas de las técnicas de tratamiento, uso de recursos e impacto ambiental
asociado, tenfa un aporte de una unidad en los mismos.

M Energia m Agua Humano

35,29 33,33 33,33 33,33 33,33 l

Manual Mecanico Aglutinamiento Tolueno Benceno Cloroformo  Tetrahidrofurano  D-limoneno P-Cimeno Produccién de
energia

Figura 2. Porcentaje uso de recursos por categoria de analisis técnica empleada.
Fuente: elaboracién propia.

En la mayoria de las técnicas se usan los recursos de manera homogénea a excepcion del tratamiento con d-limoneno
que usa mayormente el recurso humano y en baja proporcién agua y energfa, caso similar ocurre con el p-cimeno. Por otro
lado, paraddjicamente, la técnica de produccion de energia es la que mds energia emplea para su generacion (Urrea, 2012).

Resultado del uso de recursos se tiene el impacto a los compartimientos ambientales, expresado en su uso. Cuando
se hace uso de energia, habrd emisiones atmosféricas; de agua, habrd vertimientos y con respecto a los suelos, habra
perjuicio sobre los mismos. En la medida en que se use mayoritariamente un recurso, su compartimiento ambiental se vera
afectado (Gutiérrez et al., 2013). Como se observa en la Figura 3, las técnicas tienen un uso de compartimientos ambientales
homogéneo, de acuerdo con el recurso.

Caso contrario sucede con el solvente d-limoneno y p-cimeno, los cuales, fruto de su implementacién para el reciclado
del poliestireno, tienen la generacién de vertimientos dado al uso de agua, caso similar a la técnica de produccién de energfa.
La mejor alternativa es la técnica que haya sido empleada con mayor frecuencia, la que menos recursos emplee y, por tanto,
menos afectacién a los compartimientos ambientales tenga involucrados.
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B Emisiones atmosféricas ™ Vertimientos Dafio a suelos
13
18,18
25 22,22
I 33,33 27,27
Manual Mecanico Aglutinamiento Tolueno Benceno Cloroformo Tetrahidrofurano D-limoneno P-Cimeno Produccion de

energia

Figura 3. Porcentaje uso de compartimentos ambientales por categoria de andlisis técnica empleada.
Fuente: elaboracion propia.

Conclusion

A partir de la anterior revisién, se puede concluir que existen dos alternativas de bajo impacto ambiental relevantes
para el reciclaje del poliestireno: la primaria y terciaria. A partir de la trituracién se obtiene un material que conserva
las caracteristicas quimicas iniciales, pero sin agente expansor, es decir, sin espumado, por lo que ocupara un menor
volumen que el material sin tratamiento, sin embargo, esta técnica emplea bastante energfa; la trituracién manual permite
reducir el consumo de energfa y por otro lado brinda la oportunidad de ofrecer empleo como alternativa a la trituracién
tradicional. Cuando se emplean solventes- reciclaje terciario, en particular el d-limoneno y el p-cimeno (solventes verdes),
el EPS aumenta su densidad con lo cual reduce su volumen y se obtiene una resina apta para aplicaciones, como
adhesivos, pinturas y recubrimientos aislantes y con agradable olor y bajo espumado, lo cual es ideal como estrategia de su
recuperacién en procesos de reciclaje, mitigando su impacto ambiental y aumentando su capacidad de uso con proyeccién
de aprovechamiento en rellenos sanitarios. Los solventes no generan emisiones, vapores o afectacién al medio ambiente,
ademds, es posible recuperarlo por medio de recirculacién de este mismo.
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