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Introduccion

Desde finales de los afios 90 muchos articulos cientificos han puesto de manifiesto la presencia
de drogas de uso farmacéutico y veterinario, a nivel de trazas, en aguas superficiales y en aguas
residuales de las grandes ciudades, denomindndose a este tipo de compuestos como contaminantes

emergentes.

Hoy en dia, existe cierta preocupacion por la persistencia, movilidad y toxicidad de estos
residuos en los ecosistemas acuaticos porque los tratamientos efectuados en las plantas de
depuracién de aguas residuales, principal ruta de introduccidon de estos microcontaminantes, no
eliminan completamente estos compuestos en los efluentes sometidos a depuracion.
Paralelamente, las plantas de potabilizacidén de agua destinada para consumo humano tampoco son

capaces de eliminar totalmente muchos de estos compuestos.

En la bibliografia existen datos sobre la incidencia en agua superficial de muchas drogas de uso
farmacéutico, especialmente de aquellas de mayor prescripcién o consumo, pero la informacién
sobre su persistencia y/o degradacion en condiciones medioambientales es escasa; a este respecto
la mayoria de datos disponibles se han obtenido principalmente en estudios destinados a conocer
la estabilidad de medicamentos comerciales, y manteniendo las drogas bajo condiciones de stress.
Del mismo modo, también existen trabajos que intentan predecir el comportamiento de las drogas
en masas de agua naturales a partir de su comportamiento en condiciones forzadas durante cortos

periodos de tiempo.

En este contexto, este trabajo evalla la persistencia y transformacién en agua de rio, a escala
de laboratorio, de 7 drogas prescritas para el tratamiento de diferentes enfermedades, y para las
cuales la informacidn existente sobre su incidencia y degradacidon en aguas superficiales es nula o
escasa. Estos compuestos son clorpromazina, alprazolam, indometacina, celecoxib, tenoxicam,
piroxicam y meloxicam. También se proponen métodos de andlisis de estos principios activos y de
los productos de degradacidn mayoritarios caracterizados en este trabajo en agua de rio,
evaludndose determinadas caracteristicas analiticas basicas después de una extraccidon en fase

solida.

Para ello, muestras de agua de rio dopadas individualmente con cada compuesto a nivel de
trazas han sido sometidas a diversos estudios de degradacidn para discernir la importancia de los
procesos quimicos, fotoquimicos y bioldgicos en la degradacion del microcontaminante. Ademas de
ensayos en condiciones forzadas se han planteado también ensayos en condiciones no forzadas para
simular el comportamiento de la droga en una masa de agua. Los residuos han sido extraidos de
alicuotas de las muestras de agua mediante una extraccidon en fase sélida con cartuchos poliméricos
y los extractos han sido analizados mediante cromatografia de liquidos de ultra-alta resolucién con
deteccién de espectrometria de masas, empleando como analizador una combinaciéon Q-ToF. Las
estructuras de los productos de degradacion detectados en los extractos han sido tentativamente
elucidadas a partir de las férmulas moleculares de los iones y la fragmentacidon observada en

espectros masas-masas de alta resolucion. Al mismo tiempo, se ha estimado también la capacidad
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de adsorcién de las drogas y sus productos de degradacion sobre un sedimento acuatico, calculando

los correspondientes coeficientes de adsorcidn.
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Antecedentes

El desarrollo humano estd ligado a la utilizacion constante de compuestos quimicos en
diferentes ambitos de nuestra sociedad y a la busqueda de nuevos compuestos, naturales o
sintéticos, que mejoren las caracteristicas perseguidas con su uso, lo cual, indudablemente, ha

tenido, y tendrd, un efecto notable en la mejora de nuestro nivel de vida.

Se considera que esta “revolucidén quimica” se intensificé entre los afios 1920y 1930, y durante
muchas décadas se puso énfasis Unicamente en los aspectos positivos de esos productos,
principalmente a nivel econémico, tecnoldgico, sanitario y alimentario. Sin embargo, ciertas
personas comenzaron a mostrar su preocupacion por los posibles efectos no deseados de la
revolucién industrial y tecnoldgica en el medio ambiente y la alimentacién. En 1962 se publicé el
libro de Rachel Carson “Primavera Silenciosa” en el que se advertia del peligro que entrafaba el uso
de pesticidas en el medio ambiente, y que es considerado el primer texto divulgativo sobre el
impacto ambiental que genera la actividad humana [1]. Fue precisamente a partir de los anos 60-70
cuando se dispuso de pruebas fehacientes de estos efectos indeseados: en 1966 Jensen detecta DDT
y otros compuestos sintéticos organoclorados en animales marinos del mar del Norte [2] y en 1974
se detecta la presencia de trihalometanos en aguas potables de consumo humano en Estados

Unidos de América [3].

Actualmente, nuestro estilo de vida estd generando un nimero cada vez mayor de compuestos
guimicos extrafios al medio ambiente y, en consecuencia, el interés de la sociedad por los efectos
imprevistos de la utilizacién de los mismos, sobre todo aquellos compuestos sintéticos, su
incorporacién a los compartimentos medioambientales y a la cadena alimentaria no ha dejado de

incrementarse paulatinamente.

Durante décadas la investigacion estuvo centrada en los contaminantes “peligrosos o
prioritarios”, como metales pesados, pesticidas o hidrocarburos aromaticos policiclicos, de los que
se conocia su toxicidad y se sabia que eran persistentes y bioacumulables en el medio ambiente. De
hecho, muchos de estos compuestos estdn considerados como sustancias prioritarias a controlar
dentro de la Directiva Marco del Agua, norma del Parlamento Europeo que surge con el fin de
unificar actuaciones para garantizar la calidad de las aguas [4]. Sin embargo, en las ultimas décadas,
se viene hablando de los llamados “contaminantes emergentes”, entendiéndose éstos como
contaminantes previamente desconocidos o no reconocidos como tales, cuya presencia en el medio
ambiente no es necesariamente nueva, pero si lo es la preocupacion por las posibles consecuencias
de la misma [5]. Son sustancias no incluidas en marcos regulatorios de control y prevencion de
contaminacién ambiental, y es precisamente esta falta de legislacion respecto a su uso la que crea
una falsa sensacion de seguridad; estos compuestos no necesitan ser persistentes, ni estar presentes
en elevadas concentraciones para causar efectos negativos, ya que sus velocidades de
transformacion y/o eliminacion son compensadas por su continua introduccién en el medio

ambiente.
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Efectivamente, la expresién contaminante emergente no es nueva. Estos han existido desde el
momento en que se descubre la presencia de moléculas inesperadas en esferas diferentes a las de
su uso habitual. Lo que se ha ido modificando con el tiempo es la naturaleza de los mismos. En la
actualidad existen diferentes acepciones para los denominados contaminantes emergentes, siendo
alguna de las clases mas relevantes los retardantes de llama, compuestos perfluorados, drogas de
abuso, productos farmacéuticos y de cuidado personal (englobados bajo el nombre PPCPs por sus

siglas en inglés), disruptores endocrinos (EDCs), nanomateriales y nanoplasticos.

En lo que respecta a la contaminacion ambiental con compuestos farmacéuticos, a pesar de
encontrar las primeras referencias a la presencia de estos contaminantes en aguas en la década de
los afios 1970 en los EE.UU. [6, 7] y en la de los afios 1980 en Europa [8-10], su inclusién en la lista
de contaminantes emergentes es relativamente reciente debido a los muy bajos niveles de
concentracidon presentes habitualmente (partes por trillén) y a la complejidad de las matrices
medioambientales. Fue a raiz del articulo de revision llevado a cabo por Daugthon y Ternes [11]
cuando el interés por estos contaminantes se generalizé e incluso atrajo la atencién de instituciones
gubernamentales [8]; a partir de este momento, la investigacion al respecto ha ido aumentando
progresivamente, convirtiéndose en un tema de estudio muy frecuente en estos ultimos anos. A
este hecho ha contribuido la mayor disponibilidad de técnicas instrumentales de andlisis
progresivamente mas sensibles y selectivas, y entre ellas la combinacidn de técnicas de separacién
cromatograficas con la espectrometria de masas es la herramienta mas indicada y poderosa para el
analisis de compuestos de naturaleza polar o semipolar a nivel traza en los diferentes

compartimentos medioambientales.

Poco se conoce acerca de los efectos de los productos farmacéuticos a bajos niveles de
concentracidn sobre el medio ambiente, pero existen motivos de preocupacién, ya que éstos se
desarrollan con el fin de llevar a cabo una actividad bioldgica, y por lo tanto también pueden actuar
sobre especies para las que no han sido ideados, como por ejemplo microorganismos y fauna
acudtica con receptores similares a los humanos [12, 13]. Estos compuestos se encuentran en el
medio ambiente en concentraciones de varios érdenes de magnitud inferiores a las necesarias para
producir un efecto farmacoldgico, lo que hace muy improbable que se observen efectos debidos a
una exposicién aguda, pero no se puede descartar que la exposicidon continua y prologada tenga
efectos crénicos negativos [12, 14]. Ademads deben tenerse en cuenta las posibles interacciones
entre compuestos, que pueden hacer aumentar su toxicidad, asi como el hecho de que los farmacos
pueden liberarse al medio, no sélo en su forma original, sino también como metabolitos, que en

ocasiones pueden ser mas peligrosos que el compuesto original [14].

Asi por ejemplo los antibiéticos han sido uno de los grupos de farmacos mas analizados debido
a su amplia utilizacion como droga farmacéutica humana y veterinaria [11]. Sus residuos afectan en
muchas ocasiones a organismos acuaticos, a la actividad microbiana en suelos y se relacionan con
la apariciéon de resistencias bacterianas a los mismos [15, 16], afectando también en gran medida a

los microorganismos beneficiosos presentes en las estaciones depuradoras de aguas residuales
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(EDARs) [17]. También se ha estudiado ampliamente la presencia de actividad estrogénica en los
efluentes de aguas residuales y se ha demostrado la contribucidn del anticonceptivo 17 a-
etinilestradiol a la feminizacién de los peces, fendmeno que ya fue observado a mediados de los
afios 80 [18], y que también puede ser provocado por el antiinflamatorio diclofenaco, mismo
farmaco que se relaciona con el descenso de la poblacion de buitres en Pakistan [19]. De hecho, en
informe del 2012, sobre el resultado de la revisién de la Directiva 2000/60/CE del Parlamento
Europeo y del Consejo, en relacidn con las sustancias prioritarias en el dmbito de la politica de aguas,
se propone por primera vez identificar estas dos sustancias, junto con el 17 B-estradiol, ya no como
emergentes, sino como prioritarias [20]; en la lista de compuestos en observacion decidida en el

afo 2018 por la CE, continta el 17 a-etinilestradiol, si bien el diclofenaco ha sido retirado [21].

1. ORIGEN DE LOS PRODUCTOS FARMACEUTICOS EN EL MEDIO AMBIENTE

Existen diferentes vias de introduccion de compuestos farmacéuticos en el medio ambiente,
como son los lixiviados de vertederos, la escorrentia en tierras urbanas o agricolas o los farmacos
veterinarios desechados junto a los purines en granjas, pero se considera que la principal via de
acceso es a través de los vertidos de las depuradoras de aguas residuales urbanas [22, 23]. Ya en
1977 investigadores de la Universidad de Kansas publicaron el primer informe conocido sobre la
descarga de farmacos (acido salicilico y acido clofibrico) desde una planta de tratamiento de aguas
residuales hacia las aguas superficiales [7] y este tipo de estudios que analizan los efluentes de las
depuradoras y las corrientes receptoras de los mismos no deja de incrementarse, habiéndose
encontrado restos de farmacos (antidepresivos por ejemplo) no sélo en el agua, sino incluso en

tejidos de los peces que las habitan, en Texas o Canada [24, 25].

La Figura 1 muestra las vias de entrada de estos compuestos en el medio ambiente y en el ciclo
del agua. Las plantas de tratamiento de aguas residuales reciben restos de medicamentos bien a
través de excreciones de los usuarios (en su forma original o como metabolitos) o bien a través de
eliminaciones directas de farmacos no utilizados, ademas de los vertidos procedentes de hospitales
e industrias de manufactura de farmacos. Estos compuestos se han convertido en una familia de
contaminantes que son detectados habitualmente, no sdélo en los influentes de entrada a estas
plantas de tratamiento, sino también en los efluentes depurados, los cuales se vierten en las aguas
superficiales (rios, mares) y llegan a alcanzar las aguas subterraneas, no sélo mediante procesos de
infiltracion, sino también por la aplicacién de lodos de las depuradoras como abono de las tierras
agricolas. Asimismo el estiércol procedente de granjas ganaderas es utilizado como una fuente de
nutrientes en agricultura y en los ultimos afios han aumentado las referencias que confirman esta
via de entrada de este tipo de microcontaminantes hacia el medio ambiente. Asi, se han detectado
tetraciclinas, por ejemplo, en suelos que han sido tratados con abono animal, o irrigados con aguas
residuales domésticas y aguas procedentes de acuicultura en China [26-29], en suelos abonados en
Brasil [30] o en aguas subterrdneas de zonas agricolas en Holanda [31]. Incluso se ha comprobado

que las plantas cultivadas en estos suelos o que han sido regadas con aguas reutilizadas, absorben
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los fdrmacos presentes, llegando asi éstos a la cadena alimentaria [11, 26, 32]. En estudios hechos
en invernaderos, bajo condiciones controladas y con diferentes especies vegetales, se han
encontrado residuos de distintos farmacos como clortetraciclina, salbutamol, carbamazepina o
cloranfenicol en los tejidos de diferentes cultivos, aunque otros como tilosina, sulfametacina o
eritromicina no fueron absorbidos [29, 33, 34]. Teniendo en cuenta las concentraciones encontradas
no parece que puedan suponer un peligro para la salud humana, pero aun asi no esta claro el riesgo
gue puede conllevar la ingesta diaria de estos productos, lo que hace necesario continuar las

investigaciones al respecto [35, 36].

Desechos domésticos | — | vertederns

ELIMINACION

I
- Farmacias l i

uas subterraneas
Inodoro [ Lavabo Ag

T

J
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¥
Degradacion quimica
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." Il
Planta de tratamiento /| Tratamiento de
de aguas residuales / lixiviados
3 f.
T :
[ Industrias, hospitales ] /
| [ Suelo
[ unuzacon | 4 * e
Aplicacion %, [Aguas superficia es]
fangoy ‘4
[ Humanos ] estiercol *Degradacion quimica
Metabolismo : y biologica
e Inodoro [ Granjas ]

Metabolismo

Figura 1: Rutas de entrada de los principios activos farmacéuticos en el medio ambiente [37].

La presencia de farmacos en todos estos compartimentos medioambientales pone de
manifiesto la escasa eficacia de depuracidn de este tipo de compuestos, y es que actualmente las
plantas de tratamiento de aguas residuales no estan disefiadas para la eliminacién de este tipo de
residuos, sino que de forma convencional estdn proyectadas para disminuir el contenido de materia

organica, nitrogeno, fosforo y patdégenos.

En la Tabla 1 se muestran algunos ejemplos de concentraciones halladas en influentes y
efluentes de estaciones depuradoras de aguas residuales para alguno de los farmacos mas
comunmente estudiados. Las tasas de eliminacion mostradas se calculan basandose en las

concentraciones encontradas en la fase acuosa, como (Cinfluente — Cefiuente)* 100/ Cinfluente, Y a eliminacidn
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se atribuye a un conjunto de mecanismos, principalmente la biodegradacion y la adsorcidn a sélidos,

entre los que no se suele diferenciar a efectos de cdlculo [13, 38, 39].

Como puede apreciarse, las concentraciones a la entrada de las EDARs varian desde las decenas
de ng-L? hasta las centenas de pg-L?, encontrandose las méas elevadas para farmacos de consumo
libre y habitual como acetaminofeno e ibuprofeno, cuyas concentraciones son superiores a 600 de
pg-L! para el primero en Portugal, y a 100 pg-Ll! en EDARs de Singapur o Inglaterra. Los
antiinflamatorios no esteroideos (AINEs) son medicamentos frecuentemente detectados en los
influentes de las plantas de tratamiento, con concentraciones para ibuprofeno y naproxeno un
orden de magnitud inferiores en Japdn e Italia en comparacidn con las que se pueden encontrar en
otros paises como Portugal, Inglaterra, Espafia, Suecia, EE.UU. o Singapur. Las concentraciones de
diclofenaco son generalmente menores que las de ibuprofeno, naproxeno o acetaminofeno, dato
gue en Singapur puede deberse al hecho de que en este pais el primero requiere prescripcidon
médica mientras que los otros pueden adquirirse libremente [40]. La carbamazepina es uno de los
farmacos mas habituales, encontrandose en la gran mayoria de las muestras analizadas, tanto en
influentes como en efluentes. Entre los reguladores lipidicos, los mas frecuentes son bezafibrato y
gemfibrozil, con concentraciones para éste un orden de magnitud superior en depuradoras
espafolas que en otros paises. Los antibidticos también son cominmente detectados y por ejemplo

el sulfametoxazol es detectado en la totalidad de muestras de efluente en Inglaterra [39].

11
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Tabla 1: Concentraciones (ng-L) de entrada y salida en algunas EDARs y porcentaje de

eliminacion de drogas farmacéuticas

Concentracion

Concentracion

Porcentajes de

Farmaco . s Lugar Cita
influente efluente eliminacién
174 -1330 69 - 889 17;79 Roma (4 EDARs) [41)°
47 - 226 62.7 -245 NE ; 57 Portugal (2 EDARs)  [42]°
© 14.9 -270 10.8-90.8 -122 ;78 Tokyo (5 EDARs) [43]°
OEJ_ 1680 1180 30 Suecia [44]°
N 2593 3117 -20 Gales [45]¢
= 650 316 51 Inglaterra [46]°
2 129 117 10 Madrid (471
O <15.8-355 nd —293 -35; 82 Grecia (8 EDARs) [50]°
210-710 220-730 -12 Republica Checa [51]?
323-339 298 -320 2;8 Singapur [40]¢
514 -2230 339-1424 22;53 Roma (4 EDARs) [41]°
nd - 972 nd-724 83 Portugal (2 EDARs)  [42]®
160 120 22 Suecia [44]°
§ 70 123 -75 Gales [45]¢
s 549 436 21 Inglaterra [46]¢
“'Tc:: 232 220 5 Madrid [47]¢"
3 110 90 18 EE.UU. [48]
1200 240 80 Cadiz [49]
nd — 5164 nd — 382 -34;80 Grecia (8 EDARs) [50]°
318-390 210-363 -5;44 Singapur [40]¢
77 - 564 41-184 22;93 Roma (4 EDARs) [41)°
3877 - 24505 <27.8-3304 81; 100 Portugal (2 EDARs)  [42]°
381-1130 1.41-177 84 ;99 Tokyo (5 EDARs) [43]7
3590 150 96 Suecia [44]°
= 3742 227 94 Gales [45]¢
% 12907 1290 90 Inglaterra [46]°
S 2687 135 95 Madrid [47]1¢f
2 1900 250 87 EE.UU. [48]
6620 150 98 Cadiz [49]
2740- 5700 910- 2100 63 ;67 Galicia [38]°
nd — 8890 nd — 301 63 ;97 Grecia (8 EDARs) [50]°
29075 - 58975 573-1135 97;98 Singapur [40]¢
20-231 13-80 24 : 65 Roma (4 EDARs) [41]°
<0.10- 3245 nd - 270 NE ; 100 Portugal (2 EDARs) [42])°
38-230 12-139 -2;83 Tokyo (5 EDARs) [43]°
3650 250 93 Suecia [44]°
o 1082 400 63 Gales [45]°
% 13660 3516 74 Inglaterra [46]°
a 2363 923 61 Madrid (471
z 3200 380 88 EE.UU. [48]
8600 3100 64 Cadiz [49]
1790-4700 800 - 2600 43 ;55 Galicia [38]°
nd — 5900 nd — 1076 25;98 Grecia (8 EDARs) [50]°
3560 — 7762 1840 - 2161 48 ;72 Singapur [40]¢
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Tabla 1: continuacion

Concentracion

Concentracion

Porcentaje de

Farmaco . s Lugar Cita
influente efluente eliminacion
<3.70- 147 <0.50- 233 NE ; 100 Portugal (2 EDARs)  [42]
2 108 — 369 68 — 219 14 ; 68 Tokyo (5 EDARs) [43]°
5 940 330 65 Suecia [44]°
s 102 23 77 Gales [45]¢
2 1200 280 77 EE.UU. 48]
460 100 78 Cadiz [49]
o 2024 - 615135 45.9 - 4909 90; 100 Portugal (2 EDARs)  [42]?
§ 138164 1454 99 Inglaterra [46]¢
2 23202 <33 100 Madrid [47]°f
= 960 n.d. >99 EE.UU. [48]
@ nd — 65403 nd — 1060 64 ; 100 Grecia (8 EDARs)  [50]
< 79178 -105817 1002 — 2568 97;99 Singapur [40]¢
nd - 343 nd-73.4 67 ;100 Portugal (2 EDARs)  [42]?
° 20 70 - 250 Suecia [441°
= 113 47.5 58 Inglaterra [46]
15} 279 231 17 Madrid (471
J_E_U 580 250 57 Galicia [38]°
a nd — 2626 nd — 481 58;99 Grecia (8 EDARs)  [50]
43- 490 31-260 58 Republica Checa [51]?
. 80 40 49 Suecia [44]°
£ 1879 1004 46 Gales [45]¢
S 672 769 -15 Inglaterra [46]¢
© 104 99 5 Madrid (471
§ nd — 1866 nd — 533 23;91 Grecia (8 EDARs)  [50]°
120-530 83 -440 20 Republica Checa [51]?
113 — 1489 56 - 1032 19;78 Roma (4 EDARs) [41]°
— 710 180 75 Suecia [441°
o 3525 845 76 Madrid [47]°f
2 410 130 68 EE.UU. [48]
& 3900 1600 59 Cadiz [49]
o nd — 899 nd — 356 57;80 Grecia (8 EDARs)  [50]
282.5-378.5 14.6-81.3 79; 96 Singapur [40]¢
9 971 418 57 Gales [45]¢
5 1540 892 42 Inglaterra [46]°
S 141 128 9 Madrid [47]f
& nd — 946 nd—278 26;90 Grecia (8 EDARs) [50]°

2 Fangos activos; ® fangos activos + eliminacién quimica de P; ¢ fangos activos con eliminacién de Ny P;
4 filtros goteo bioldgicos; ¢ Biorreactores de membrana; f valores medios ; nd — no detectado
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Las diferencias en las concentraciones halladas en las muestras de influentes pueden ser debidas
a diferentes pautas de consumo segun los paises, por ejemplo en paises desarrollados los fdrmacos
mas consumidos son los analgésicos, mientras que en los paises en vias de desarrollo son mas
comunes los antibiéticos [52], también a factores demograficos como el rango de edad o densidad
de poblacion, presencia de hospitales y/o industrias, a factores meteoroldgicos o incluso a los

diferentes sistemas de alcantarillado [40].

La tasa de eliminacion de los contaminantes emergentes es dependiente tanto de las
propiedades fisico-quimicas y de la biodegradabilidad del compuesto en concreto, como de los
procesos llevados a cabo en cada estacién depuradora para la eliminacidn o transformacién de estos
contaminantes, cuyas condiciones operacionales (cantidad de biomasa, pH, temperatura, tiempo de
retencién hidraulico y otras) no son constantes en el tiempo [42, 53, 54]. De hecho en la Tabla 1

pueden apreciarse datos muy dispares.

En ocasiones se observa que las concentraciones encontradas en los efluentes de las plantas de
tratamiento son superiores a las de los influentes, obteniéndose tasas de eliminacion negativas. Esto
se atribuye a diferentes causas. Asi, puede explicarse por la presencia de farmacos conjugados en
las excreciones humanas y animales que son incorporadas a las aguas residuales, los cuales pueden
posteriormente hidrolizarse en las EDARs para liberar el compuesto original que no seria eliminado
en ella. Por otra parte, existen equilibrios de adsorcién entre los fangos, y sélidos en general, de las
EDARs y las aguas en contacto, pudiéndose dar el caso de que el sélido libere residuos hacia la fase
acuosa. Otro motivo argumentado es que los farmacos podrian estar adsorbidos en las heces sélidas
y liberarse durante el tratamiento en la depuradora. Asimismo hay que tener también en cuenta la
técnica de muestreo, ya que en ocasiones no se considera el tiempo de retencidn hidraulico, por lo
que la comparacién entre la concentracion de influente y efluente deberia hacerse con cautela [40,
43,44, 55, 56].

Los procesos de degradacion se ven afectados por factores tales como la radiacién solar, la
temperatura y la actividad microbiana, por lo que las concentraciones de salida, incluso dentro de
una misma planta, son dependientes de variaciones estacionales [12, 57]. Mohapatra et al.
encuentran mejores tasas de eliminacién en verano que en invierno, tanto en estaciones
depuradoras de la India como de EE.UU., debido a una mayor actividad de los microorganismos a
temperaturas mas calidas [52]. En Italia se ha observado una eliminacién mas eficaz en primavera
para carbamazepina, naproxeno e ibuprofeno, al contrario que para otros farmacos como diclofeno
o gemfibrozil, pudiendo ser debido a que eliminacién de éstos se lleve a cabo predominantemente
por procesos de adsorcidn que son mas eficaces al disminuir la temperatura [41]. En otros casos las
diferencias estacionales son practicamente nulas [50]. Los factores estacionales no sélo afectan a
los procesos llevados a cabo en las EDARs, sino que también influyen en las concentraciones de
farmacos que llegan a las mismas; por ejemplo las concentraciones mas elevadas de fdrmacos como
antibioticos, analgésicos y antitérmicos se encuentran en invierno, ya que éstos son utilizados para

tratar dolencias que se dan principalmente en estos meses. En esta época del afio el nivel de lipidos
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en sangre aumenta lo que se ve reflejado en el aumento de la concentracién de farmacos utilizados
para regularlo, como el gemfibrozil. También se aprecia en los influentes un mayor consumo de
antihistaminicos en primavera, mientras que la carbamazepina presenta niveles similares durante
todo el afio ya que se trata de un farmaco utilizado en el tratamiento de enfermedades crénicas [51,
52, 58].

Las plantas de depuracion convencionales efectian los denominados tratamientos primario y
secundario de las aguas residuales previamente a su vertido. Las separaciones fisicas para la
eliminacion de soélidos proporcionan limitadas reducciones en las concentraciones de estos
microcontaminantes. Procesos como la coagulacion-floculacidn y precipitacién se muestran
inefectivos habitualmente para la eliminacidon de una mayoria de contaminantes [38, 57, 59]. Asi,
por ejemplo, no se observa una disminucion significativa durante la sedimentacion para ibuprofeno,
naproxeno y sulfametoxazol, compuestos con tendencia a permanecer en la fase acuosa,
estableciéndose que su eliminacion tiene lugar durante el tratamiento secundario mediante fangos

activos [38]. La eliminacién durante la sedimentacién es mayor cuando la droga es lipofilica [60].

El proceso biolégico mas ampliamente utilizado en el tratamiento secundario de las estaciones
depuradoras de todo el mundo es el de fangos activos. Habiendo sido disefiado para eliminar
materia organica y sélidos en suspensidn no resulta eficaz, por lo general, para eliminar compuestos
farmacéuticos a nivel de trazas [61], aunque en algun caso puede ser muy efectivo segun las
condiciones de operacién. Una de las opciones mas consideradas son los biorreactores de
membrana, que combinan el tratamiento bioldgico con membranas de microfiltracién o
ultrafiltracién, siendo generalmente el primero el mecanismo responsable de la degradacidon de los
farmacos [57, 62]. Esta tecnologia parece mejorar el rendimiento de eliminacion de los
contaminantes al operar con mayor concentracion de biomasa y tiempos de retencion de solidos
mas elevados que en los procesos convencionales permitiendo a las bacterias de lento crecimiento
adaptarse a las sustancias resistentes y viéndose obligadas a mineralizar compuestos poco
biodegradables para la obtencion de energia [40, 62-64]. Varios estudios se han centrado en
comparar las eliminaciones obtenidas utilizando el habitual procedimiento convencional de fangos
activos con las obtenidas al emplear biorreactores de membrana. Asi, en Barcelona se concluyé que
este ultimo resultaba mas eficaz en el caso de diclofenaco, enalapril y trimetoprima aunque ambos
sistemas eran comparables para el caso de aceclofenaco y carbamazepina [65]. En Singapur se
encontraron mejores eliminaciones para 4acido salicilico, naproxeno, gemfibrozil y diclofenaco, no
viendo diferencias para ibuprofeno y fenoprofeno [40]. En ocasiones los resultados son
contradictorios, como para el caso del diclofenaco, siendo corroborada una mejora en la eliminacion
con reactores de membrana por unos investigadores [40, 62, 63, 66, 67] mientras que otros estudios
no lo constatan [59, 68, 69]. Estas discrepancias en los resultados pueden ser debidas a diferencias
en la edad del fango y en la composicion de éste y del agua residual [40]. Las membranas de
microfiltracidn y ultrafiltracion por si solas no resultan eficaces en la eliminacidon de este tipo de

contaminantes, y son normalmente utilizadas para la eliminacion de sélidos en suspension,
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microorganismos y macromoléculas. Para eliminar microcontaminantes organicos, de menor
tamanio, con procesos fisicos de este tipo, han de aplicarse membranas con menor tamafio de poro,
hablandose entonces de etapas de nanofiltracion u dsmosis inversa, pudiéndose aplicar las

primeras como pretratamiento antes de las segundas [70].

En las EDARs las mejores eliminaciones de drogas de uso farmacéutico y veterinario, y
microcontaminantes orgdnicos en general, se consiguen mediante la implementacion de procesos
de oxidacidon avanzada. Sin embargo estos procesos no son de aplicacidon generalizada ya que
suponen unos costes de operacion mucho mayores y son quizd mas frecuentes en instalaciones
industriales de determinados sectores concretos. Existen varias alternativas para efectuar una
oxidacion avanzada, como por ejemplo la fotocatalisis, electroxidacién, reaccion de Fenton,
ozonizacion o posibles combinaciones entre ellas [71]. A titulo de ejemplo, con dosis moderadas de
ozono se ha conseguido eliminar compuestos como diclofenaco, indometacina, carbamazepina,
atenolol, metopropol y propanolol, cuya eliminacién era menor del 20 % con tratamiento bioldgico
[47]. Diferentes articulos de revisién sobre sus posibilidades, condiciones de operacién, capacidad
de eliminar materia organica y microcontaminantes organicos, cinéticas de reaccidon y otros

aspectos han sido publicados [72-78].

Sin embargo, los vertidos de aguas residuales desde las estaciones depuradoras no son la Unica
fuente de contaminacién con productos farmacéuticos. Por ejemplo en Kenia se encuentran
concentraciones elevadas en un punto del rio cercano a un vertedero por lo que es propenso a
contaminacion por lixiviados [79] y en China la zona mas contaminada, ademas de estar influida por
la descarga de una depuradora, fluye por una zona con intensa actividad agricola y ganadera [80].
El origen de la contaminacidén no siempre es conocido. En Méjico, aun consiguiéndose una buena
depuracion mediante tratamiento terciario, las concentraciones aguas abajo del rio Apatlaco, aun
habiendo disminuido siguen siendo relevantes [81], al igual que ocurre en el rio Lis (Portugal) donde
se detectan farmacos incluso en su nacimiento [42], o en el rio Turia donde el perfil de compuestos
encontrados en agua superficial estd mas de acuerdo con el encontrado en los influentes que con el
de los efluentes [82], por lo que apuntan a fuentes adicionales de contaminacion como la descarga
de aguas residuales no tratadas por edificios no conectados al sistema de alcantarillado o por

desbordamientos [83].

2. INCIDENCIA EN LAS AGUAS SUPERFICIALES

Son multiples los estudios que analizan la presencia de contaminantes farmacéuticos en las
aguas superficiales (rios, lagos y mares). Su presencia no sélo se limita al agua superficial sino que
se detectan también en aguas subterraneas e incluso en agua de grifo potabilizada y embotellada
destinada al consumo humano, lo que evidencia que varios farmacos resisten no sélo los procesos
llevados a cabo en las EDARs, sino también los llevados a cabo en las plantas potabilizadoras de

agua. El agua superficial es la principal captacion para el suministro de agua potable, y las mismas
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corrientes de agua que reciben los efluentes de las estaciones depuradoras son empleadas después
en diferentes actividades de agricultura y ganaderia, por lo que es recomendable conocer la
presencia de contaminantes, entre ellos las drogas farmacéuticas, y el riesgo que conlleva la

exposicién a los mismos [84, 85].

Una vez que los farmacos alcanzan las masas de agua superficial, las concentraciones
encontradas en las mismas son, generalmente, al menos un orden de magnitud inferior que las
detectadas en los efluentes de los que proceden debido principalmente al efecto de la dilucidn,
aunque también influyen otros factores como los fenédmenos de adsorciéon a sélidos suspendidos y
sedimentos, la fotodegradacidn y la biodegradacidn que tienen lugar en las aguas naturales [41, 42,
86]. Asi, los rangos de concentracion varian de decenas a centenas de ng-L%, aunque en ocasiones
pueden llegar a detectarse valores en el orden de pg-L™ para algun farmaco en puntos concretos. La
Tabla 2 muestra concentraciones encontradas en distintos paises para algunos de los fdrmacos mas
frecuentemente detectados en aguas superficiales, donde se puede apreciar que, al igual que en los
influentes de las EDARs, los AINEs son una de las familias de compuestos farmacéuticos mds
habitualmente detectadas y con mayores concentraciones en disolucién. Nétense los 85 pg-L! de
ibuprofeno detectados en Sudéfrica o los 37 pg:L? en Costa Rica, donde también se detectan
cantidades elevadas de otros AINEs y analgésicos como 10 pg-L? de ketoprofeno ¢ 13 pg-L?! de
acetaminofeno, compuestos facilmente accesibles por parte del consumidor y relativamente
baratos [81, 87, 88]. En Kenia los farmacos mas frecuentemente detectados son antiretrovirales (no
mostrados en tabla) y antibidticos como sulfametoxazol y trimetoprima, comunes en tratamientos
para VIH y malaria, con concentraciones mucho mas elevadas que en cualquier otro pais y
destacando asimismo la concentracién de acetaminofeno, que supera los 100 pg-L™ [79]. También
en Korea se encuentran entre los compuestos mas detectados el acetaminofeno, naproxeno e
ibuprofeno junto con la carbamazepina (frecuencia de deteccion > 80 %) aunque aqui las
concentraciones no llegan a las centenas de ng-L?, siendo menores que en rios europeos [59]. Los
rios espafioles de la cuenca mediterrdnea (Llobregat, Turia) se encuentran entre los mads
contaminados, en términos generales, a nivel europeo, lo que podria aplicarse a los niveles de
residuos farmacoldgicos, ya que son rios muy afectados por periodos de sequia y con multiples
puntos de vertido de EDARs que hacen que ocasiones practicamente la totalidad del flujo del rio sea
debido a estas descargas [82, 86]. En el rio Lis, al igual que en el Llobregat, los AINEs vuelven a estar
entren los compuestos mas frecuentemente detectados junto con los farmacos psiquiatricos [42].
En China, debido al limitado uso en la region estudiada del bezafibrato, gemfibrozil y diclofenaco,
éstos sélo fueron detectados en un Unico punto de muestreo de los analizados, siendo compuestos
habituales en otros paises. Aqui, también es frecuente encontrar antibiéticos en el agua superficial
a lo que contribuye probablemente el abuso que se realiza de los mismos [80]. En Japdn,
carbamazepina y bezafibrato son habituales, pero sulfametoxazol y ketoprofeno se detectan de

manera ocasional [85].
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Tabla 2: Concentraciones (ng-L!) de diversos farmacos en aguas superficiales.

ACT DCF IBU KET NAP CBz GFz BZF SMX TMP Cita
Rio Mszunduzi (Sudafrica) 1740 -—-- 84600 -—-- -—-- 3240 - -—-- 5320 290 [87]2
Sudafrica 64 1461 312 330 1113 279 234 1013 899 [89]
Kenia 106970 530 17440 - - 430 - -—-- 33100 6950 [79]2
Costa Rlca 13612 266 36788 9808 - 82 17036 -—-- 56 9 [88]2
Rio Apatlaco (Méjico) 354 -4460 258-1398 247 -1106 -—-- 732-4880 36-276 15-368 286-2100 222 -722 44 -120 [81]
Korea del Sur 41-73 1.1-6.8 11-38 - 1.8-18 45-61 1.8-9.1 == 1.7-36 3.2-53 [59]
China 0.36 - 446 nd—-1.5 0.86-116 - - 041-30 nd-14 nd—31 0.44-115 0.35-20 [80]
Rio Beiyun (China) - 7.8-170 - nd - 509 - nd — 189 nd - 63 nd-71 -—- -—-- [90]
Rio Tone (Japon) 52 3.3 <30 24 nd 12 nd 77 7.2 <6 [85]?
Rio Llobregat (Espafia) 20-755 66 —443 11-503 14 -285 56-633 31-2667 9.3-152 --- 97 -1500 2.7-36 [86]
Rio Turia (Espafia) 865 16482 1797 934 21 (82)°
Rio Tajo (Espafia) 80 145 500 18 262 56 966 145 74 29 [91]2
Rio Lis (Portugal) 527 38 1317 73 260 214 - -—-- 43 - [42]2
Rio Taff (Gales) 62 — 388 9-28 13-29 2-3 12-50 7-251 -—-- 41 -60 -—-- <15-108 [45]
Inglaterra 163 21 27 <31 127 76 - 42 1.8 22 [46]P
Cuenca Tiber (ltalia) - 132 112 90 155 102 65 - - ---- [41]°
Suecia -——- 120 220 70 250 500 170 -—-- 10 20 [44]2
Cuenca Danubio - 166 - 58 22 40 - -—-- 30 12 [92]2
Cuenca Hérault (Francia) 11-72 1.4-33 nd — 4.5 nd - 14 nd-9.1 nd - 56 nd-2.3 - - -—-- [84]
(Francia) us 120 nd Ny 39 Ny 11 Ny 62 -
Rio Doubs DS 274 300 45 149 1338

2yalores maximos; P valores medios; US upstream (aguas arriba); DS downstream (aguas abajo); nd-no detectado; ACT acetaminofeno; DCF diclofenaco; IBU ibuprofeno; KET ketoprofeno;
NAP naproxeno; CBZ carbamazepina; GFZ gemfibrozil; BZF bezafibrato; SMX sulfametoxazol, TMP trimetoprima
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Todas las investigaciones coindicen en que las corrientes receptoras estan fuertemente influidas
por los efluentes de las estaciones depuradoras, y como ya se ha indicado, éstos son los mayores
contribuyentes de la contaminacidn del medio acuatico, hecho que concluyen los autores de los
estudios que analizan la corriente de agua superficial en puntos anteriores y posteriores a la
descarga. Asi, esta claro que la concentracién de contaminante depende del punto de muestreo y
se encuentran valores mas elevados en puntos cercanos a las estaciones depuradoras y que
atraviesan zonas densamente pobladas [93-95]. Asi, en Costa Rica, las concentraciones mas elevadas
se detectan en zonas cercanas a hospitales o con uso intensivo de agua [88]. En el rio Taff, en Gales,
las mayores concentraciones se encuentran 2 km aguas abajo de la descarga de una depuradora con
tratamiento bioldgico, pasando por ejemplo de 435 a 5970 ng-L? para tramadol, de 17 a 487 ng-L*
para atenolol, de 7 a 137 ng-L"! para carbamazepina o de no detectarse a encontrar 108 ng-L! para
trimetoprima [45]. También en el rio francés Doubs se constata un aumento notable de diclofenaco,
carbamazepina, sulfametoxazol y trimetoprima despues de recibir el efluente de la depuradora [83].
Alo largo del rio Llobregat, no sélo no se observa una atenuacidn natural de los contaminantes, sino
que éstos se detectan en concentracidn creciente al mismo tiempo que aumentan el nimero de
depuradoras que realizan sus vertidos al rio [86] y en el rio Lis el punto mds contaminado se localiza
cercano a la desembocadura del rio, siendo ésta una zona mas poblada y por tanto mds susceptible

a actividades antropogénicas [42].

Algunos estudios han puesto de manifiesto que la atenuacién de los contaminantes
farmacéuticos en los rios tiene lugar lejos de las fuentes de descarga gracias a la dilucidn y a través
de diversos procesos de degradacion. En el rio Iguazu, en Brasil, el nacimiento del rio es la zona mas
afectada por las actividades humanas, pero a medida que el rio discurre hacia su desembocadura
las concentraciones son menores, debido al efecto de la diluciéon y a la propia capacidad de
autorrecuperacién del rio [96]. A lo largo del rio Hbje, en Suecia, se observa una tendencia
decreciente en las concentraciones de ibuprofeno, ketoprofeno, naproxeno, diclofenaco vy
gemfibrozil, que los autores atribuyen a reacciones de transformacién bidticas o abidticas,
volatilidad o adsorcién, mientras que trimetoprima, sulfametoxazol, metoprolol y propanolol se
muestran persistentes [44]. En estos procesos las variaciones estacionales en la temperatura e
intensidad de la luz resultan ser dos factores determinantes. Los climas frios y con pocas horas de
luz solar tienden a disminuir la fotodegradacién y biodegradacién en los meses de invierno cuando
se comparan con los meses de verano, y no sélo en las aguas superficiales sino que como ya se ha
indicado en el apartado anterior, también afecta a la eficiencia de las estaciones depuradoras. Asi,
por ejemplo, en el rio Fyris (Suecia) se han observado concentraciones mayores de B-bloqueantes y
carbamazepina eninvierno, cuando la temperatura es menory la radiacion solar menos intensa [97].
En el rio Tajo en Espafia se han encontrado variaciones estacionales estadisticamente significativas
para trimetoprima, gemfibrozil, bezafibrato y B-bloqueantes, halldndose mayores concentraciones
en invierno que en verano. Asimismo, el nimero de sustancias encontradas también ha sido
superior en los meses frios [91]. También en las aguas, suelos y sedimentos cerca de una instalacién

de compostaje de estiércol en Korea, se han encontrado mayores concentraciones de tetraciclinas
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y sulfonamidas en septiembre que en junio, atribuido a una menor degradacién a menor
temperatura y una mayor dilucidn en junio cuando las lluvias son mayores [98]. Sin embargo en
Portugal, después de llevar a cabo un analisis y posterior estudio estadistico no fue posible
establecer una correlacion entre las concentraciones de distintos farmacos encontradas en el rio Lis
y las distintas épocas del ano [42]. El flujo de agua de la corriente también influye en la
concentraciéon detectada, y podria esperarse que en las estaciones mas lluviosas los contaminantes
se encuentren en menor concentracion por efecto de la dilucién, como han observado en el rio
Iguazu (Brasil), donde las menores concentraciones se detectaron en un muestreo posterior a dias
de intensa lluvia [96], o en el rio Tone (Japdn), donde el flujo en verano es 2.7 veces mayor que en
invierno [85]. Sin embargo esto no siempre es asi; por ejemplo en el rio Beiyun y sus afluentes
(China), aunque ciertos farmacos como trimetoprima, metoprolol, ketoprofeno, carbamazepina,
bezafibrato, gemfibrozil y cloranfenicol si se encuentran con mayor frecuencia y mds concentrados
en la estacién mas seca y con menor temperatura del agua, otros como acido mefenamico,
indometacina y diclofenaco siguen la tendencia contraria [90]. Asimismo se han encontrado
mayores concentraciones para ciertos farmacos en épocas con mayor flujo, lo que se achaca a la
desorcion o lixiviacion de farmacos desde los sedimentos [86]. Como ya se ha comentado no sélo
los factores meteorolégicos afectan a la variacidn estacional sino que hay que tener en cuenta
factores sociales, como por ejemplo la prevalencia de enfermedades en determinadas estaciones
del afo y habitos de la poblacidn, habiendo por ejemplo un mayor consumo de antibidticos en
invierno o psicoactivos en primavera y otofio [91]. También hay zonas que en verano ven
incrementada su poblacién debido al turismo, lo que puede repercutir en los datos encontrados o

se pueden encontrar variaciones segun la edad de los habitantes de la zona de muestreo.

A la hora de evaluar la movilidad los farmacos y su distribucidon en el medio ambiente, los
estudios se centran mayoritariamente en la fase acuosa, y sélo ocasionalmente se incluye el andlisis
de sedimentos o particulas en suspension [87, 94, 98, 99]. La distribucion de los contaminantes entre
la fase acuosa y los sélidos es un aspecto a tener en cuenta en el estudio de la compleja dindmica
del transporte de contaminantes, ya que en ocasiones, a la vista de los datos obtenidos en fase
acuosa se podria pensar que esta teniendo lugar una atenuacion del farmaco cuando en realidad
podrian estar adsorbiéndose a los sélidos suspendidos o sedimentos, proceso en el que influiran las
caracteristicas de los mismos ademas de las caracteristicas propias del medicamento en cuestion
[100]. El coeficiente de adsorcion sedimento-agua (Kg), que relaciona la cantidad de un compuesto
en la fase solida con la presente en solucidn en equilibrio, es clave para entender el comportamiento
de los contaminantes en el medio. Asimismo se utiliza el coeficiente Ko, que expresa el coeficiente
de adsorcién normalizado al contenido de carbono organico, ya que la distribucion entre sedimento

y agua esta fuertemente influida por la cantidad de materia organica del sedimento [57].

La movilidad de los microcontaminantes organicos, y los principios activos farmacéuticos en
particular, en agua superficial esta regida no sélo por la capacidad de adsorciéon a sedimentos

acudticos sino también por otros factores: sus propiedades acido-base; su solubilidad en agua que
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suele ser relativamente elevada dada su polaridad; sus valores de la constante de Henry que informa
de su distribucidon entre la fase acuosa y la fase gas, debiéndose observar aqui que las drogas
farmacéuticas y veterinarias no son proclives a la volatilizaciéon; y el coeficiente de reparto octanol-
agua que se relaciona con la lipofilicidad del compuesto, habiéndose descritos casos de
bioacumulacién en la fauna piscicola. A partir de estos datos se pueden elaborar estudios de

modelizacién del comportamiento de las drogas en los ecosistemas acuaticos [101, 102].

Figura 2: Destino de los contaminantes en el medio ambiente acuatico [103].

En la Figura 2 se esquematiza la movilidad de estos compuestos en agua y se considera de forma
implicita otro factor relacionado con ella: la persistencia de estos compuestos, que esta
intimamente ligada a los procesos de degradacion que suceden de manera natural en una masa de
agua. Estos procesos de degradacidn son basicamente de 3 tipos: degradacidn quimica, degradacion
fotoquimica y degradacidn bioquimica [103-105], como ya se ha comentado. Existen publicaciones
en las que se estudia la degradaciéon de principios activos en agua purificada, y menos
frecuentemente en aguas superficiales, casi siempre en estudios temporales a corto plazo bajo
condiciones de stress: temperatura elevada, exposicion a la radiacion de una lampara UV, pHs
extremos, condiciones oxidantes,.... En estos ensayos se siguen en mayor o menor medida las
condiciones recomendadas por la “International Conference on Harmonisation of Technical

Requirements for Registration of Pharmaceuticals for Human Use” [106-108], que estan descritas
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principalmente para conocer la estabilidad de las drogas en los farmacos que se comercializan con

el fin de mejorar la salud.

3. METODOS DE ANALISIS

Como se ha mencionado anteriormente la deteccion de nuevos microcontaminantes en el
medio ambiente ha estado intimamente ligada al desarrollo de técnicas instrumentales de analisis
progresivamente mas sensibles y selectivas, y capaces de detectar compuestos a niveles traza en

muestras complejas como las que se encuentran en el medio ambiente.

Tradicionalmente, el analisis de contaminantes en este tipo de muestras estaba enfocado a la
busqueda de compuestos hidrofébicos, como PCBs (bifenilos policlorados) y PAHs (hidrocarburos
aromaticos policiclicos) por lo que la técnica de eleccion era la cromatografia de gases acoplada a
espectrometria de masas (GC/MS) debido a su alta sensibilidad unido al hecho de la existencia de
amplias bases de datos de espectros que ayudan a identificar compuestos no objetivo [13].
Actualmente el interés esta centrado en un universo de compuestos mucho mas polares, como lo
son los productos farmacéuticos, por lo que para llevar a cabo su analisis por GC se hace necesario
un proceso previo de derivatizacidon que mejore la estabilidad térmicay la volatilidad de los analitos,
tarea no siempre sencilla y que resulta muy laboriosa, ademds de incrementar la posibilidad de
introduccion de errores y contaminacion. Es por ello que el desarrollo de los acoplamientos de la
cromatografia liquida de alta resolucion (HPLC) con la espectrometria de masas ha sido crucial para
mejorar la deteccidn de este tipo de compuestos y a dia de hoy es la técnica de eleccién en la gran
mayoria de los estudios sobre el tema. La tendencia actual es la utilizacidon de columnas con una
menor longitud y rellenos con particulas de menor didmetro (< 2 um) en lo que se conoce como
cromatografia liquida de ultra-alta resolucion (UHPLC 6 UPLC); la reduccion del tamafio de particula
mejora la eficacia de la columna pero aumenta la resistencia al flujo y por lo tanto es necesario
trabajar a mayores presiones y disefar equipos que las soporten, al tiempo que las bajas velocidades
de flujo deben ser reproducibles. Esta técnica ha permitido perfeccionar las separaciones en
matrices complejas, obteniendo picos cromatograficos mds estrechos, con anchuras entre 5y 10 s
qgue mejoran notablemente la resolucién, reduciendo la co-elucién de interferentes y disminuyendo
tanto los tiempos de analisis como el consumo de disolventes [109-113]. Asi, por ejemplo, Petrovic¢
et al. consiguen la separacién de 29 farmacos pertenecientes a diversas clases en muestras de agua

residual en tan sélo 10 minutos [114].

Aun asi, la cromatografia de gases sigue siendo utilizada debido a una mayor disponibilidad de
la técnica por su menor coste e incluso obteniendo menores limites de deteccidén en ciertos casos
[115, 116]. De este modo, se encuentran articulos cientificos que utilizan la cromatografia de gases
para determinar farmacos acidos, con grupos carboxilicos, después de llevar a cabo una alquilaciéon
con sulfato de dimetilo [117], clorometanoato de metilo [118], trifluoruro de boro en metanol [119,

120], bromuro de pentafluorobencilo [48, 121,122] o sales de tetrabutilamonio [123]. No obstante,
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los agentes sililantes son los reactivos mas utilizados en las reacciones de derivatizacién previas a la
determinacidn por cromatografia de gases, siendo utiles para transformar grupos hidroxilo, aminas
y tioles, ademas del grupo carboxilo, ampliando asi el rango de farmacos susceptibles de ser
analizados. Se utilizan para ello MSTFA (N-metil-N-(trimetilsilil) trifluoroacetamida), BSTFA (N,O-bis-
(trimetilsilil) trifluoroacetamida) o MTBSTFA (N-metil-N-terc-butildimetilsilil) trifluoroacetamida)

[14, 23, 84, 99, 124-133].

La mayor sencillez de la preparacién de muestra para el andlisis mediante cromatografia de
liguidos, donde se evita el tedioso proceso de derivatizacidn que en algunos casos incluso puede
llegar a no ser completa para compuestos extremadamente polares [37], y la mayor versatilidad de
la técnica, hace que actualmente la mayoria de los investigadores opten por la misma para llevar a
cabo la etapa de separacion en el analisis de residuos de drogas, en combinacién con un detector

de espectrometria de masas.

Tanto si la técnica de separacidn elegida es la cromatografia liquida o la gaseosa, la etapa de
preparacion de muestra es uno de los aspectos cruciales en la metodologia de analisis de
compuestos organicos en matrices medioambientales. Los procedimientos de extraccion, limpieza
y preconcentracion (y en su caso derivatizacion) deben ser adecuada y laboriosamente combinados
para cuantificar los compuestos a los niveles de concentracion cominmente presentes en las
muestras de agua. Para llevar a cabo esta tarea la técnica mas comunmente empleada es la
extraccién en fase sdlida (SPE), basada en la retencidn de los analitos sobre una fase sélida y la
posterior elucidon de los mismos con disolventes adecuados, para lo cual se emplean cartuchos con
distintos tipos de relleno, siendo los mas habituales los poliméricos frente a los ODS
(octadecilsilano), y entre ellos Oasis HLB (copolimero de divinilbenceno y vinilpirrolidona) es el mas
ampliamente utilizado ya que este adsorbente presenta caracteristicas tanto hidrofilicas como
hidrofdbicas, lo que permite su uso para una gran cantidad de compuestos en un amplio rango de
pH, lo que hace que sea la primera opcidon en el analisis multirresiduo de farmacos [38, 39, 46, 58,
59, 67, 79, 81, 85-87, 89, 90, 94, 95, 97, 111, 113, 114, 125, 129, 134-142]. Se ha comparado la
eficacia de éste y otros rellenos (principalmente basados en poliestireno-divinilbenceno) para la
extracciéon de fdrmacos acidos, basicos y neutros de muestras de aguas, observando diferencias en
el caso de las recuperaciones obtenidas para los primeros, donde los mejores datos se obtenian en
el caso de Oasis HLB, superando el 80 % (excepto para acetaminofeno) [118], lo que también se ha
observado al compararlo con ODS [127]. Asimismo es una buena opcién para la extraccién de
sulfonamidas y tetraciclinas después de compararlo con cartuchos ENV+y ODS [143]. Otro relleno
polimérico no tan ampliamente aplicado es el Strata-X (copolimero de estireno y divinilbenceno
modificado con piperidinona) que ha sido utilizado para analisis de AINEs y de analgésicos, entre
otros PPCPs, en aguas residuales y superficiales, incluyendo agua de mar [14, 19, 41, 42, 48, 55, 88,
92, 110]. Cartuchos empleados en menor medida son los Oasis MCX y Oasis MAX, cuyos sorbentes
presentan en su estructura posiciones de intercambio idnico (catidnico para el primero y anidnico

para el segundo) sobre la base del copolimero del Oasis HLB, por lo que también puede llevar a cabo

23



24

Antecedentes

interacciones de fase reversa [116, 144, 145]. Han sido utilizados para extraer PPCPs y drogas en
agua superficial y residual, siendo mas habitual el primero [45, 62, 84, 112, 124, 146, 147], aunque
al comparar las recuperaciones obtenidas al analizar farmacos utilizando Oasis MCX o HLB, este
ultimo vuelve a arrojar datos mas satisfactorios [50, 113]. Stumpf et al. utilizan cartuchos Strata-XC,
relleno que también combina interacciones con intercambio catidnico, en el andlisis de farmacos
psicoactivos, drogas y productos de degradacion, obteniendo recuperaciones superiores al 80 %

para 56 de los 68 compuestos analizados [148].

Con el objetivo de disminuir la cantidad de disolventes utilizados tanto con la técnica SPE como
con la tradicional extraccion liquido-liquido, ya en desuso, se tiende hoy en dia a una adaptacién de
estas técnicas basada en la miniaturizacion [149], y asi varios estudios utilizan técnicas de
microextraccion en fase liquida o de microextraccién en fase sélida (SPME), con distintas fibras y
diversas configuraciones; también se desarrollé en su dia la extraccidn por adsorcién en barra
magnética (SBSE). La SPME se utiliza habitualmente en combinacién con GC y consiste en una fibra
recubierta de una pequefia cantidad de material adsorbente que se pone en contacto con la muestra
por inmersion directa o en el espacio de cabeza durante un tiempo determinado, para
posteriormente desorberlo en el cromatégrafo para su andlisis. Se ha utilizado SPME para
determinar sulfonamidas [150, 151], macrdlidos y trimetoprima [151] en aguas residuales, y a pesar
de la rapidez, el ahorro de disolventes y una disminucidon del efecto matriz, se obtiene peor
sensibilidad y mayores limites de deteccidén que cuando se lleva a cabo SPE. Esta técnica presenta
una serie de inconvenientes como falta de robustez y reproducibilidad y baja eficacia de extraccion
debido a la pequefia cantidad de fase estacionaria que se puede depositar sobre la fibra. La técnica
SBSE utiliza el mismo principio que SPME pero se cuenta con una mayor cantidad de material
adsorbente al disponerlo sobre una barra agitadora, superando asi la principal limitacién de SPME.
El polidimetilsiloxano usado como recubrimiento en SBSE ha mostrado buenos resultados sélo para
analitos no polares [152], aunque se desarrollan nuevos materiales [153-155]. Al comparar SBSE
frente a SPE se han obtenido mejores recuperaciones con menores desviaciones estdndar con esta
ultima en el analisis de ciertos PPCPs (carbamazepina e ibuprofeno entre otros) por GC [156] o0 en la
determinacion de estatinas por HPLC-qTOF-MS, aunque los autores también sefialan menor efecto

matriz mediante el procedimiento SBSE [157].

La microextraccion en fase liquida dispersiva se ha descrito para la extraccién de
antiinflamatorios en aguas de grifo y de rio seguida de analisis por LC-MS llegandose a limites de
cuantificacién comprendidos entre 0.5y 10 ng-L™ [158]. En esta técnica el extractante se mezcla con
un compuesto organico, que ayuda a que al inyectar la muestra acuosa se forme una dispersion
mediante sacudidas, lo que hace que aumente la superficie de contacto entre muestra y extractante.
Cuando se ha comparado con SPE, la primera ha mostrado peores resultados en términos de

recuperacion de estatinas [157].

Aln con estas técnicas, la extraccion en fase sélida sigue siendo la técnica mas ampliamente

utilizada para el anadlisis de farmacos en aguas naturales y aguas residuales, y de hecho se estan
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implementando cada vez mas los acoplamientos “on-line” de la SPE con los sistemas UPLC-MS [159-
161].

La técnica de deteccién empleada para alcanzar limites de deteccién del orden de ng-L?,
habituales en las muestras medioambientales, y con buena selectividad, es la espectrometria de
masas (MS) y especialmente la espectrometria de masas en tandem (MS/MS), utilizando distintos
analizadores. Asi, las técnicas LC-MS y LC-MS/MS son las mayoritariamente elegidas para el andlisis
de microcontaminantes organicos polares como son los compuestos farmacéuticos. Debido a la
complejidad de las muestras medioambientales no siempre se consigue una resolucién
cromatografica completa de los analitos de interés y la utilizacion en la deteccién de técnicas de
masas en tdndem ayuda en estos casos. La interfase utilizada mayoritariamente en el acoplamiento
con cromatografia de liquidos es la ionizacidn electrospray (ESI), técnica de ionizacién suave
utilizada para el andlisis de compuestos de polaridad media a alta, aplicable también a compuestos
idnicos y a compuestos termoldbiles con grupos funcionales ionizables en disolucién. Se puede
trabajar en modo de ionizacién positivo o negativo, mostrando el espectro de masas cominmente
un pseudoion molecular [M-H]* o [M-H] segun el caso. Al ser una técnica que presenta poca
fragmentacion se obtiene buena sensibilidad y selectividad pero con la desventaja de que la
informacidn estructural obtenida es menor. En los experimentos en tdndem se obtiene el espectro
de iones-fragmento de un ion previamente seleccionado, habitualmente el pseudoion molecular,
mediante disociacion inducida por colision (CID) con gas nitrogeno y obteniéndose distinta
fragmentacion segun la energia de colisidon seleccionada. La velocidad de adquisicidon de datos en
los equipos de espectrometria de masas actuales es suficientemente rdpida para definir con
precision los picos cromatograficos obtenidos mediante UPLC y poder, asi, cuantificarlos de forma

precisa.

Respecto a los analizadores, el triple quadrupolo (QqQ) es ampliamente utilizado para la
cuantificacion de trazas. Utilizando el modo SRM (selected-reaction monitoring) se monitorizan dos
o incluso tres fragmentos caracteristicos del pseudoion molecular del analito objetivo, utilizando la
transicion mas abundante para la cuantificacion y las otras transiciones con propdsitos de
identificacidn, consiguiendo selectividad y sensibilidad. Tiene la desventaja de que las transiciones
deben ser pre-seleccionadas con lo que la informacidn cualitativa para elucidacién estructural se
pierde y no es posible detectar la presencia de otros posibles contaminantes presentes en la
muestra. En el modo “scan” este analizador resulta menos sensible que el de trampa de iones (IT) o
el de tiempo de vuelo (ToF) [148, 162]. Quintana et al. realizan estudios de laboratorio con el fin de
conocer la degradacién microbiolégica de 5 AINEs utilizando para el andlisis un analizador de triple
cuadrupolo con el que detectan los metabolitos realizando un barrido (scan) e interpretan la
estructura mediante el registro de espectros de iones producto a distintas energias de colision [163];
sin embargo este enfoque no es el habitual para la identificacién de desconocidos y el triple

cuadrupolo es normalmente utilizado en métodos de cuantificacién [39, 40, 45, 67, 80, 83].
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El analizador de trampa de iones esta formado por electrodos que forman una cavidad donde
los iones se retienen y se pueden manipular en diversos ciclos de aislamiento y fragmentacién
mediante CID, obteniendo espectros MS", lo que lo hace util para identificar nuevos compuestos,
aunque la cuantificacion es menos fiable que en el modo SRM con triple cuadrupolo [164]. La
combinacion cuadrupolo-cuadrupolo-trampa de iones lineal (QgLIT) resulta un método apropiado
para la confirmacidn y cuantificacion de farmacos [162]; se ha utilizado en métodos multirresiduo
de farmacos en aguas naturales y residuales, utilizando para la identificacion y confirmacion de los
mismos dos transiciones SRM, en un método selectivo y sensible con limites de deteccidn de pocos
ng-L1 [83, 113, 165].

El analizador de tiempo de vuelvo proporciona medidas de masa exacta gracias a su alto poder
de resolucidn, al contrario que en los cuadrupolos, siendo posible determinar la férmula molecular.
Para ello es necesario realizar una calibracién del eje de masas, en continuo o discontinuo, con una
disolucién de un compuesto cuyas masas exactas sean bien conocidas. Ofrece la ventaja de que se
puede investigar la presencia de compuestos que no hayan sido previamente seleccionados, en
otros términos, es posible realizar analisis dirigidos y no dirigidos [166]. El sistema hibrido entre un
cuadrupolo y un tiempo de vuelo (QToF) se muestra como una técnica muy potente para la
identificacién de compuestos, incluidos compuestos no objetivo, ya que se obtienen masas exactas
tanto para el ion padre como para los iones producto y es posible obtener espectros de masas y de
masas-masas simultdneamente [147]. La posibilidad de llevar a cabo un andlisis retrospectivo
resulta muy interesante en el andlisis medioambiental ya que permite incorporar la blisqueda de
nuevos compuestos y productos de transformacidon que originariamente no formaran parte del

alcance del método.

Los espectrémetros de masas de alta resolucion, como el mencionado QToF y también el
denominado Orbitrap, resultan adecuados para la identificacién de compuestos de naturaleza
desconocida en un cromatograma. Ademas de estimar la formula molecular del ion
pseudomolecular, y de sus iones-fragmento, proporcionan su perfil isotdpico y el nimero de dobles
enlaces y anillos de la estructura que ayudan tanto a la confirmacion de la formula molecular como
a la interpretacion de la estructura. Por otra parte, es cada vez mds frecuente la existencia de
librerias de espectros masas-masas del pseudoion molecular, tanto aquellas comercializadas por las
casas comerciales como aquellas accesibles via internet. Entre estas ultimas deben mencionarse las
bases de datos METLIN y Chemspider que recopilan estructuras y espectros de una multitud de

fuentes de datos.

Existen productos de transformacién de las drogas farmacéuticas y veterinarias que son
conocidos, tanto de origen metabdlico (en seres vivos) y de origen natural (medio ambiente), como
fruto de la inestabilidad del producto puro a lo largo del tiempo, y es usual que éstos puedan ser
identificados a partir de librerias de espectros o de consultas bibliograficas. La identificacion, o al
menos la proposicién de estructuras tentativas, para compuestos desconocidos es una tarea ardua

que requiere la combinacidn de todos los datos posibles, no sélo de aquellos proporcionados por
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un analizador QToF, sino también de los datos de retencién cromatograficos y de software
predictivo de productos de degradacion [167-173]. Evidentemente, la disponibilidad de datos
suministrados mediante técnicas de resonancia magnética nuclear y otras como la espectroscopia

infrarroja seria de ayuda en esta tarea.

Debe tenerse en cuenta que estos productos de degradacion son de especial interés para el
medio ambiente si son bioldégicamente activos, resistentes a la degradacién, o presentan riesgos
de toxicidad; algunos de ellos son incluso mas tdxicos que su precursor en los ecosistemas
acuaticos. Sin embargo, la informacién disponible sobre su comportamiento en el medio ambiente
es limitada y muchos de ellos ni siquiera son conocidos [174]. Se desconocen incluso los
mecanismos de actuacion de la mezcla droga/productos de degradacién en los compartimentos
ambientales y su inclusién en los modelos de evaluacién de riesgos es recomendada [94, 175,
176].

Como se puede inferir de todo lo comentado los procesos involucrados en el transporte y
destino final de las drogas en una masa de agua son tremendamente complejos, viéndose influidos
por las caracteristicas fisico-quimicas del compuesto y del medio receptor. Por ello, es aconsejable

aportar informacién que ayude a predecir el comportamiento de dichas drogas.

En consecuencia, esta memoria presenta el trabajo realizado para estimar la degradacién
quimica, fotoquimica y bioldgica de 7 drogas farmacéuticas en agua de rio. Los ensayos de
degradacién se realizan bajo condiciones forzadas durante cortos periodos de tiempo, y bajo
condiciones ambientales durante cierto nimero de meses simulando, en este ultimo caso, el
comportamiento de las drogas en el interior de una masa de agua. La influencia de la presencia de
un sedimento acuatico es también contemplada al tiempo que se evallan las constantes de
adsorcion de los principios activos y de los productos de degradacién. La estructura de los
productos de degradacidn es propuesta a partir de los datos obtenidos mediante espectrometria
de masas de alta resolucién, después de una separacién de los analitos mediante UPLC en las
condiciones usuales de andlisis de las drogas, y verificdndose la posibilidad de analizar
conjuntamente la droga y sus productos de degradacion en una muestra de agua de rio después
de una extraccién en fase sdlida. Finalmente, la toxicidad de los residuos hacia determinados
biomarcadores indicativos de la calidad de un ecosistema acudtico es también predicha mediante

el uso de software predictivo.

Las drogas seleccionadas para realizar este trabajo son: clorpromazima, indometacina,
alprazolam, celecoxib, tenoxicam, piroxicam y meloxicam. Se trata de drogas que no se
monitorizan habitualmente en los métodos de andlisis multirresiduo de aguas superficiales y
residuales por lo que los datos disponibles sobre su incidencia son minimos. Tampoco se dispone

de informacidn sobre su comportamiento a largo plazo en una masa de agua. Asi, la
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clorpromazina, compuesto téxico para determinados microorganismos, sélo ha sido monitorizada
en efluentes de varias EDARS segln los datos de una publicacién [148], al igual que el celecoxib,
antiinflamatorio con actividad anticancerigena cuyo efecto terapéutico se estd considerando, y
que se ha comprobado que no es eliminado en las EDARs [177]. El alprazolam es un compuesto
del que se logra una disminucién del orden del 30-35 % en las estaciones depuradoras si bien hay
pocos datos de concentracidn en aguas superficiales [136, 178]. La indometacina es un compuesto
que si ha sido mas considerado en la bibliografia, detectandose en efluentes en concentraciones
del orden de 20y 100 ng-L?, aunque se ha informado incuso de la presencia de concentraciones
en el rango de pg-L"! [67, 179]. En el caso de los oxicanes, la informacién es igualmente escasa
[180, 181]. Salvo datos puntuales, no hay en la bibliografia informacién fiable que revele la posible

degradacién de estas drogas en las condiciones ambientales de una masa de agua natural.
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Objetivos

Los objetivos que se pretenden alcanzar en el desarrollo de la presente tesis doctoral son los

siguientes:

— Estimar la estabilidad de clorpromazima, indometacina, alprazolam, celecoxib, tenoxicam,
piroxicam y meloxicam en agua de rio mediante ensayos de degradacion forzada y no forzada en el

laboratorio.

— Identificar los productos de degradacion de las siete drogas farmacéuticas que
presumiblemente podrian ser encontradas en las aguas superficiales, proponiendo una estructura

tentativa y estableciendo la ruta de degradacion del principio activo.

— Conocer la capacidad de adsorcion de los principios activos y sus productos de degradacion

a un sedimento acuatico.

— Verificar las posibilidades de un método de andlisis para la determinaciéon de residuos
(principio activo y productos de transformacion) de clorpromazima, indometacina, alprazolam,
celecoxib, tenoxicam, piroxicam y meloxicam en agua de rio a nivel de trazas, para lo que es

necesario establecer sus caracteristicas analiticas basicas.
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MATERIALES Y REACTIVOS

Patrones solidos de pureza cromatografica (99%) de alprazolam, celecoxib, hidrocloruro de
clorpromazina, indometacina, tenoxicam, piroxicam y meloxicam suministrados por Sigma-
Aldrich (St. Louis, MO, USA). Se prepararon disoluciones individuales de cada principio activo
en metanol (70-100 mg-L?) y una disolucién multipatrén a partir de éstas para obtener las
lineas de calibrado y dopar las muestras en diferentes ensayos. Todas las diluciones se

hicieron con metanol.
Metanol, acetonitrilo y acido formico de calidad LC-MS (Panreac, Barcelona, Espafia).

Hidroxido de sodio, acido clorhidrico, dihidrégenofosfato de potasio, azida de sodio de calidad

para analisis (Panreac).

Muestras de agua recogidas en el rio Pisuerga (pH 7.8, DQO 4.6 mg-L!) a su paso por la ciudad

de Valladolid y en el rio Tuerto (pH 7.4, DQO 3.9 mg-L?) en el 4rea rural de La Bafieza (Ledn).

Muestra de sedimento recogido en el rio Pisuerga (carbono organico total 1.2 %; 11 % arcilla,
44 % limo, 45 % arena).

Equipo de cromatografia UPLC Acquity de Waters (Milford, MA, USA), con bomba binaria,

cuatro depdsitos de disolvente, sistema de desgasificaciéon y muestreador automatico.

Equipo de espectrometria de masas de alta resolucion Maxis Impact con analizadores de
cuadrupolo y tiempo de vuelo en serie (QToF) y fuente de ionizacidn electrospray

suministrado por Bruker Daltonics (Bremen, Alemania).

Generador continuo de nitrégeno de alta pureza (99.999 %), modelo Zefiro 35 (Vigonza,

Italia).
Bomba de jeringa para la infusién directa de calibrante en el espectrometro de masas (KDS).

Columna EBH C18 (Waters, Milford, MA, USA), de 5 cm de longitud, 2.1 mm de diametro

interno y un tamano de particulas de 1.7 um

Equipo de purificacién de agua Milli-Q plus (Millipore, Milford, MA, USA)

Balanza analitica de precisién Mettler E240 (Mettler Toledo, Darmstadt, Alemania).
Evaporadora centrifuga modular acoplada a sistema de vacio, Myvac (Genevac, Ipswich, UK).
Centrifuga de alta velocidad PK120 (ALC, Winchester, VA, USA).

Agitador de movimiento reciproco, Promax 2020 (Heidolph, Alemania).

Cubeta para la extraccién en fase sélida simultanea de multiples muestras acoplada a sistema

de vacio (Sharlab, Barcelona, Espafia).

Cartuchos de extraccion en fase sélida Oasis HLB (Waters) y EBH (Scharlab) con 60 mg de fase

estacionaria cada uno de ellos.
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— Filtros de PTFE, con tamafio de poro de 0.20 um, para la preparacion de muestras (Sartorius,
Barcelona, Espafia) y discos de nitrato de celulosa con tamafio de poro de 0.20 um, 3 um vy

0.45 um para filtrar las muestras de agua (Sartorius, Barcelona, Espafia).
— Material de vidrio de uso general.

— El paquete estadistico “Statgraphics Plus for Windows, version5.0” (Manugustics Inc.,

Rockville, MD, USA), fue empleado en las pruebas de significacion.

2. PREPARACION DE MUESTRA PARA EL ANALISIS DE RESIDUOS

Para la determinacion de residuos de alprazolam, celecoxib, clorpromazina, indometacina,
tenoxicam, piroxicam y meloxicam en muestras de agua dopadas, tanto agua ultrapura como agua
de rio, se ha recurrido a la extraccion en fase sélida. Las muestras de agua de rio se filtraban

previamente a vacio a través de discos de nitrato de celulosa, de 0.45 um de tamafio de poro.

Se ha estudiado la eficacia de dos tipos de fases estacionarias para la extraccién en fase sélida
de los compuestos estudiados. Los cartuchos utilizados fueron Oasis HLB (Waters) y EBH (Scharlab),

ambos con 60 mg de relleno.

Los cartuchos de extraccion eran primeramente activados mediante la elucién sucesiva de 6 mL
de metanol y 6 mL de agua por gravedad. A continuacion se llevaba a cabo la elucién del volumen
de muestra de agua y la fase estacionaria se lavaba con 3 mL de una mezcla agua-metanol 80:20

(v/v).

Posteriormente el cartucho se secaba mediante la circulaciéon forzada de aire durante 3 minutos

y finalmente se eluia por gravedad, utilizando para ello 4 mL de metanol.

El extracto en metanol, recogido en viales, era llevado a sequedad en un sistema de evaporacién
centrifuga, calentando a 40 °C durante 30 minutos. Dicho extracto se redisolvia en 0.5 mL de
metanol, se filtraba sobre un filtro de PTFE de 0.20 um de tamafio de poro y se emplazaba en viales

de inyeccidn para el correspondiente andlisis cromatografico.

3. DETERMINACION MEDIANTE CROMATOGRAFIA DE LIQUIDOS ACOPLADA A
ESPECTROMETRIA DE MASAS

Para el andlisis de las drogas y productos de degradacidn se utilizé un cromatografo de liquidos
de ultra-alta presiéon (UPLC) Acquity de Waters, acoplado a un espectrémetro de masas de alta
resolucion equipado con analizadores cuadrupolo y tiempo de vuelo en serie (QToF) (Bruker

Daltonics).

En cuanto a los principios activos los andlisis fueron realizados mediante ionizacién electrospray
en modo positivo (ESI+) para el caso de alprazolam, clorpromazina, tenoxicam, piroxicam vy

meloxicam y en modo negativo (ESI-) para el caso de celecoxib e indometacina. La presencia de
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productos de transformacién en los ensayos de degradacidn fue verificada en los modos positivo y
negativo. Para la determinacién de los productos de degradacién en los experimentos de
recuperacion y precision se usé el mismo modo de ionizacién que habia sido empleado para los

compuestos precursores.

Para el analisis conjunto de los principios activos, la separacién se realizd en fase inversa
utilizando una columna BEH C18 (Waters), de 5 cm de longitud, 2.1 mm de didmetro interno y un
tamafio de particulas de 1.7 pum, empleando un gradiente de fase movil agua/acetonitrilo,
conteniendo ambos un 0.1 % (v/v) de acido férmico. El porcentaje de acetonitrilo aumentaba de un
30 % inicial hasta el 60 % en 4.5 minutos, volviendo al 30% en 1 minuto, a un flujo de 0.5 mL/min.
La columna se mantenia a temperatura ambiente. Se inyectaba un volumen de 5 uL para las
determinaciones el modo ESI+ y de 7 pL para las determinaciones en modo ESI-, en el modo de

inyeccion denominado PLNO (partial loop needle overfill).

Para conocer la capacidad de deteccién de los productos de degradacién, y también para su
busqueda y caracterizacién como se comentara mds adelante, se trabajé asimismo en condiciones
de gradiente de fase moévil, diferente en cada caso. Igualmente la fase movil utilizada consistia en
agua conteniendo un 0.1 % de acido férmico y acetonitrilo conteniendo 0.1 % de acido férmico; la

Tabla 3 muestra los gradientes utilizados para cada una de las drogas estudiadas.

Tabla 3: Porcentaje de acetonitrilo (0.1% acido férmico) en la fase mévil para el analisis de los
productos de degradacién de cada droga.

Tiempo (min) 0 4.5 5.5
Clorpromazina 5 50 80
Indometacina 20 55 60
Alprazolam 10 44 60
Celecoxib 25 80 90
Tiempo (min) 0 1 4.5
Tenoxicam 0 2 28
Tiempo (min) 0 2.5 4.5
Piroxicam 0.5 10 44
Meloxicam 0.5 18 46

El tiempo de reequilibrio en todos los casos era de 1 minuto. El resto de pardmetros de

operacién era similar.

La determinacion de las drogas y sus productos de degradaciéon se realizd mediante

espectrometria de masas. La adquisicidon de espectros se realizd6 mediante el software Microtof de
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Bruker; la medida de masas exactas y asignacion de férmulas moleculares a los iones se llevd a cabo

mediante el software de andlisis de datos incorporado en el instrumento.

En la Tabla 4 se muestran las condiciones de trabajo de la cdmara de ionizacidn electrospray

(Figura 3); el gas nitrégeno era usado como gas de secado y de nebulizacion.

Introduccién de Nebulizador
muestra

Gas de nebulizacion (N2)

Aguja de nebulizacién

Voltaje de placa externa

/

/}; T -

) /_‘,_Q ¥ 7 Gas de secado (N2)
' \ Capilar de vidrio

\Q:_:_%

a Voltaje del capilar

Desaglie

Figura 3: Esquema de la fuente de ionizacidn electrospray.

Tabla 4: Condiciones de trabajo de la cdmara de ionizacién.

Presién . Voltaje placa Temperatura Flujo
) Voltaje del L
Compuesto Modo nebulizador capilar (V) proteccidn gas secado gas secado
(bar) P externa (V) (°C) (L/min)
Tenoxicam ESI+ 0.4 -3500 -2500 200 8
Piroxicam ESI+ 0.4 -3500 -2500 200 8
Alprazolam ESI+ 0.4 -3500 -2500 200 8
Clorpromazina ESI+ 0.4 -3500 -2500 200 8
Meloxicam ESI+ 0.4 -3500 -2500 200 8
Indometacina ESI- 2 4500 1000 200 6
Celecoxib ESI- 2 4000 1000 200 6

Las condiciones utilizadas para la deteccidn inicial y posterior andlisis de los correspondientes
productos de degradacién eran similares a las del principio activo del que proceden, excepto para
aquellos derivados de los oxicanes detectados con mayor intensidad en modo ESI-, en los que la
presidén de nebulizador era de 2 bar, el voltaje del capilar de 2900 V, el voltaje de la placa de
proteccion externa 1000 V, con un flujo de gas de secado de 6 L/min y manteniendo la misma

temperatura de gas de secado.
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La identificacion de las drogas estudiadas en los cromatogramas (Figura 4) obtenidos puede

realizarse de tres formas en orden creciente de fiabilidad:
a) Comparacién de tiempos de retencion frente a los patrones disponibles;

b) Observacién de los espectros de masas obtenidos en los que se observa el pseudoion

molecular del compuesto (ion [M+H]* o ion [M-H]) y;

c) Determinacién de la masa exacta del pseudoion molecular, lo que es posible ya que se dispone

de un espectrometro de masas de alta resolucién.

lntene::.
x10>1 ALPRAZOLAM CLORPROMAZINA

1.0 4

0.8
CELECOXIB

0.6 1

0.4

PIROXICAM
. MELOXICAM
|1 INDOMETACINA

. TENOXICAM
24 1

‘|:|

I | |
1
0.0 _..-ha’xia_.;. ke intude ok 1L ,ll'-a'.a..‘:v.-J- TR TR R T, TV e (e B WA [, i &,.. it il
T T T T T T T T T g v T T T

r v T e
0 1 2 3 4 Time [min]

Figura 4: Superposicion de cromatogramas de iones extraidos (EIC) para la masa de cada
pseudoion molecular £0.01 Da. Concentracidn de cada compuesto 20 ng-L™! aproximadamente.

Para la medida de masas exactas el equipo era calibrado diariamente mediante la infusién
directa (180 pL/h) de una disolucién de formiato sédico 10 mM disuelto en isopropanol-agua 1:1
(v/v), conteniendo 0.05 % (v/v) de acido férmico. Dado que la calibracién del eje de masas es muy
sensible a la temperatura ambiental, el compuesto de calibracién se inyectaba también al principio

de cada cromatograma para recalibrar el eje de masas en cada caso.

La Tabla 5 muestra la masa exacta del pseudoion molecular para cada droga estudiada, la
férmula molecular calculada a partir del correspondiente ion, asi como su tiempo de retencién en
las condiciones descritas. Los datos relativos a los productos de degradacion se exponen en

apartados posteriores de esta memoria.
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Tabla 5: Tiempos de retencidn (t;), férmulas moleculares de los pseudoiones moleculares y
masas exactas de dichos iones.

Compuesto t (min) Pseudoion Férmula Masa exacta
molecular molecular (Da)
Tenoxicam 0.51 [M+HT* Ci13H1:N304S,* 338.0264
Piroxicam 1.11 [M+H]* C15H1aN30.S5* 332.0700
Alprazolam 1.27 [M+H]* C17H14CINg* 309.0902
Clorpromazina 1.52 [M+H]* C17H20CIN,S* 319.1030
Meloxicam 1.93 [M+H]* C14H14N304S," 352.0420
Indometacina 3.16 [M-H-CO,J CigH1sCINOy 312.0791
Celecoxib 3.61 [M-HT C17H13F3N30,8 380.0686

Para la cuantificacién de alprazolam, piroxicam, tenoxicam, meloxicam, celecoxib, indometacina
y clorpromazina se obtuvieron lineas de calibrado basadas en la medida de areas de pico en los
cromatogramas de iones extraidos para el ion pseudomolecular. De forma similar, las areas de pico

de los productos de degradacidn fueron medidas y usadas para verificar los métodos de andlisis.

4. ESTUDIO DE DEGRADACION

Los ensayos de degradacidn para evaluar la persistencia de las 7 drogas farmacéuticas en agua
de rio y detectar sus productos de degradacién se exponen de forma resumida a continuacioén. En
las publicaciones adjuntas se pueden consultar con detalle los experimentos de degradacion y la

consiguiente preparacion de muestra previa a su analisis cromatografico.

4.1. DEGRADACION BIOLOGICA

Se han realizado ensayos de degradacion biolégica a temperatura ambiente en condiciones
tanto aerdbicas como anaerdbicas, y en ciertos casos en presencia de un medio de cultivo a 35°C
para favorecer el crecimiento de microorganismos. Para ello se usé agua de rio a pH 7.8 dopada
individualmente con cada droga a una concentracién de 2 6 100 pg-L™. La clorpromazina no se
incluyod en este estudio dado que ya se conocia que es un compuesto no biodegradable [182]. Se
prepararon también blancos y disoluciones de control, en paralelo a las muestras de estudio,
recogiendo alicuotas de muestra periddicamente, que eran inyectadas en el sistema cromatografico

después de una extraccion en fase sélida similar a la descrita.

4.2. DEGRADACION EN CONDICIONES FORZADAS

Se ha estudiado la degradacion térmica y fotoquimica (sin ninguna restriccion a la radiacién) de

los 7 principios activos en agua dopada (2-100 pg-L?). Los experimentos de degradacién térmica se
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han llevado a cabo en una estufa a temperatura de 70 °C con la finalidad de evaluar la importancia

de las reacciones quimicas en disolucién en el proceso de degradacion.

Para los experimentos de degradacién fotoquimica se introducia la muestra dopada en cubetas
de cuarzo cerradas que se exponian directamente a la luz solar situdndolas en la repisa exterior de
una ventana, con orientacidn sur. Las muestras dopadas con alprazolam y celecoxib, emplazadas en
cubetas de cuarzo, fueron también expuestas a la radiaciéon de una lampara (8 W) cuya emision
estaba centrada en 254 nm. Se prepararon también blancos y disoluciones de control protegidas
con papel de aluminio. Alicuotas de las disoluciones sometidas a la degradacién forzada fueron

recogidas de forma periddica y analizadas mediante UPLC-MS.

4.3. DEGRADACION EN CONDICIONES NO FORZADAS

Los procesos naturales que suceden en una masa de agua a lo largo del tiempo han sido
simulados en el laboratorio para estimar la persistencia de las siete drogas estudiadas. Para ello se
ha considerado una estrategia sencilla consistente en depositar un volumen de agua de rio (2.5 L)
dopado con los compuestos en un contenedor de vidrio (4 L) transparente, con cierre hermético, el
cual era abierto semanalmente para muestrear una alicuota de agua y renovar el aire en contacto
con la superficie del agua; el recipiente se mantenia en condiciones ambientales dentro del
laboratorio (18-21 °C) expuesto directamente a la radiacion solar y al ciclo natural dia-noche. El
experimento se realizé con agua de dos rios diferentes (rios Pisuerga y Tuerto) y también en
presencia de un sedimento acuatico para estimar su posible influencia; el sedimento se anadia en
una proporcion conocida, y deliberada, con el fin de que se produjera una cierta adsorcién de la

droga sobre él.

En las condiciones de experimentacion, la radiacion solar debe pasar a través de la ventana de
vidrio del laboratorio y a través del vidrio del recipiente, los cuales absorben radiacion UV y el
comportamiento de las drogas en la disolucién del recipiente simula su comportamiento en una

masa de agua ya que en ella la transmisién de la radiacién solar disminuye con la profundidad.

La atenuacion de la radiacién a través del vidrio de la ventana y del recipiente fue estimada a
partir de medidas de transmitancia del vidrio en un espectrofotometro UV-visible. Asi se verificd
que la radiacién transmitida hacia la masa de agua era un 40 % de la radiacion incidente a una
longitud de onda de 350 nm, un 1.3 % a 320 nm, un 0.02 % a 310 nm, un 8:10* % a 305 nmy 8:10°
% a 290 nm.

La experimentacion se mantuvo durante varios meses muestreando semanalmente 25 mL de
agua; después de una extraccién en fase soélida el extracto era inyectado en el sistema
cromatografico. Las condiciones experimentales detalladas de todos los experimentos de
degradacion se muestran en apartados posteriores de esta memoria, individualmente para cada

compuesto.

En los diferentes ensayos resefiados se detectaron diversos productos de degradacién en el

analisis de las muestras mediante UPLC-QToF-MS; la mayoria de los cuales han sido tentativamente
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identificados en este trabajo a partir de la medida de la masa exacta del pseudoion molecular y de
la informacidn estructural obtenida en los espectros masas-masas de alta resolucién registrados

mediante disociacién inducida por colisién del mismo.

5. CALCULO DE COEFICIENTES DE ADSORCION

La capacidad de adsorcién a un sedimento acuatico de los 7 principios activos y diversos
productos de degradacion ha sido estimada mediante el calculo de los correspondientes
coeficientes de adsorcién (Kq). En el caso de los principios activos se obtuvieron las isotermas de

adsorcion calculando sus Kq a partir de estos experimentos.

Volumenes de agua rio (100 mL) depositados en matraces y dopados con cantidades crecientes
de la droga eran puestos en contacto con una cierta cantidad de sedimento, constante para cada
disolucidn, para conseguir una determinada relacién masa/volumen (R). El pH de la disolucion (7.8)
se controlaba con una disolucién reguladora de fosfato y se evitaba su exposicién a la luz solar
recubriendo el matraz con papel de aluminio. La disolucidn en contacto con el sedimento se dejaba
reposar durante 24 horas para permitir que se estableciera el equilibrio de adsorcién, a temperatura
ambiente, y después se recogia una alicuota para determinar la cantidad de droga que permanecia
en disolucién; a partir de aqui se puede calcular la cantidad de droga adsorbida al sedimento

mediante un balance de materia.

En lo que respecta al cdlculo de los coeficientes en el caso de los productos de degradacion,
debe tenerse en cuenta que no existen patrones disponibles para realizar su cuantificacion mediante
lineas de calibrado. Por este motivo, se ha supuesto que existe una relacidn lineal entre el area de
pico medida en el cromatograma y su concentracién, lo cual es principio légico dado que se trabaja

con pequefias cantidades.

De esta forma se planted una experimentacion similar a la descrita para las drogas usando
disoluciones degradadas del principio activo para dopar el agua de rio. El porcentaje de disminucion
del drea de pico medida en el extracto de agua en contacto con el sedimento, con respecto al drea
de pico en ausencia de éste, se asume que es debido a su adsorcion sobre el mismo, por lo que el
porcentaje de compuesto adsorbido sobre el sedimento (A %) debe corresponderse con ese
porcentaje de disminucién estimado experimentalmente. Asi, el valor de Ky del producto de
degradacién se puede estimar mediante la ecuacién (1) [183], la cual es valida si la isoterma de

adsorcion es lineal.

A%
logK,; = log [ﬁ —logR Ecuacién (1)
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1. LINEAS DE CALIBRADO

Previamente a la obtencidn de las lineas de calibrado se estimaron los limites de deteccion (LOD)

y de cuantificacion (LOQ) mediante la inyeccion de patrones disueltos en metanol, en

concentraciones decrecientes, usando como criterio

la

relacién sefial/ruido (3 6 10,

respectivamente). La Tabla 6 muestra los LOD y LOQ obtenidos en cada caso, expresados en pg-L™.

Tabla 6: Limites de deteccidn y cuantificacion

Compuesto LOD (pg-L?) LOQ (pg-L?)
Tenoxicam 0.2 0.4
Piroxicam 0.2 0.4
Alprazolam 0.2 0.5
Clorpromazina 0.2 0.4
Meloxicam 0.2 0.4
Indometacina 0.7 1.3
Celecoxib 0.5 1.2

Se realizd un calibrado por el método del patrén externo para cada uno de los compuestos. Para

ello se inyectaron los patrones en un intervalo de concentracién comprendido entre el LOQ, y una

concentracién aproximadamente 30 veces superior, y cuantificando el area del pseudoion molecular

de cada compuesto en el cromatograma de iones extraidos (Tabla 5).

Las Figuras 5-11 muestran las lineas de calibrado obtenidas en cada caso; en dicha figura se

muestra la media de las areas de pico integradas en 3 inyecciones de cada uno de los patrones de

concentracion conocida.
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Figura 5: Linea de calibrado para tenoxicam (n=3)
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Figura 6: Linea de calibrado para piroxicam (n=3)
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Figura 7: Linea de calibrado para alprazolam (n=3)
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Figura 8: Linea de calibrado para clorpromazina (n=3)
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Figura 9: Linea de calibrado para meloxicam (n=3)
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Figura 10: Linea de calibrado para indometacina (n=3)
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CELECOXIB Area = 18853 c + 5284
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Figura 11: Linea de calibrado para celecoxib (n=3)

Se verificd el modelo de calibracidn lineal en el intervalo de concentracidon considerado
mediante un analisis de varianza que evalla la posible falta de ajuste. Esta prueba consiste en una
prueba F de una cola donde se compara la varianza explicada por la falta de ajuste con la varianza
explicada por el puro error experimental. Para llevarla a cabo se necesitan medidas replicadas de
las experiencias (n=3 en este caso), ya que son estas réplicas las que estiman el error experimental
gue puede causar diferencias entre los valores observados. El mantenimiento de la hipdtesis nula,
segln la cual ambas varianzas son comparables, significa que el modelo de calibracién elegido es

adecuado.

Tabla 7: Valores de F en la prueba de falta de ajuste (p=0.05)

Compuesto F experimental F critico
Tenoxicam 0.58
Piroxicam 0.53
Alprazolam 0.03
Clorpromazina 1.39
2.96
Meloxicam 0.09
Indometacina 0.81
Celecoxib 2.20

La Tabla 7 muestra el valor de F experimental obtenido en el andlisis de varianza que verifica el
modelo de regresién lineal para cada compuesto y lo compara con el valor de F critico tabulado
(p=0.05). Como puede observarse, el valor de F experimental es en todos los casos inferior al valor

de F critico, manteniéndose por tanto la hipétesis nula planteada, lo que indica que en ninguno de
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los casos existe una falta de ajuste, concluyendo que el modelo lineal es adecuado en el rango de

concentracion estudiado.

2. RECUPERACION Y  PRECISION MEDIANTE DIFERENTES  FASES
ESTACIONARIAS.

A continuacién se presentan los resultados de los experimentos de recuperacién de los
compuestos farmacéuticos después de aplicar el procedimiento de extraccion en fase sélida a un
volumen de 1 L de muestras de agua del rio Pisuerga y agua ultrapura, las cuales fueron eluidas
sobre dos rellenos poliméricos: Oasis HLB y EBH (Figura 12), ambos en cantidad de 60 mg. Estos
experimentos se han realizado sobre muestras de agua dopadas a dos niveles de concentracion:
una concentracion préxima al limite de cuantificacion resefiado de cada compuesto, y una cercana
a la maxima del intervalo de calibracidn considerado. La Figura 13 muestra dos cromatogramas de

estos expe rimentos.

Figura 12: Estructura de los rellenos poliméricos ensayados (a) Oasis HLB [poli(divinilbenceno-
o-N-vinilpirrolidona)], (b) EBH (poliestireno-divinilbenceno)
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Figura 13: Cromatogramas de iones extraidos, superpuestos, de un extracto de agua de rio
dopada. (a) cartuchos Oasis HLB; (b) cartuchos EBH

Para interpretar los resultados se aplico a los datos obtenidos para cada compuesto un andlisis
de varianza de tres vias con réplicas (n=5) con el fin de comprobar si existian diferencias

significativas, con un nivel de confianza del 95 %, en las recuperaciones segun tres parametros: el
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nivel de concentracidn, el tipo de cartucho utilizado, y el tipo de agua en el que se llevaba a cabo Ia

extraccion. Los resultados se detallan seguidamente e individualmente para cada compuesto.

2.1. TENOXICAM

En la Tabla 8 se presentan las recuperaciones y precisiones obtenidas al llevar a cabo el andlisis
para tenoxicam, utilizando ambos tipos de cartucho, tanto en agua de rio como ultrapura. En este
caso las muestras de agua fueron dopadas con concentraciones de 0.7 ng:-Lly 6.7 ng-L. La tabla 9
muestra el analisis de varianza de 3 vias aplicado para detectar los factores que afectan

significativamente a estos resultados.

Tabla 8: Recuperaciones y precisiones obtenidas en la determinacidon de tenoxicam en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5).

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracién (ng-L?) 0.7 6.7 0.7 6.7 0.7 6.7 0.7 6.7

90 90 69 68 94 83 69 65
83 90 74 66 84 73 59 59
Recuperacion (%) 76 80 86 76 81 70 64 61
87 88 65 84 78 84 72 53
72 74 71 66 73 73 76 69

Recuperaciéon media (%) 82 84 73 72 82 77 68 61

RSD (%) 9.2 8.4 109 | 10.9 9.6 8.4 9.8 9.9

Tabla 9: Resultados del ANOVA de 3 vias aplicado a las recuperaciones obtenidas para

tenoxicam.
Fuente gdl. Suma de Cuadrados F 0
Cuadrados Medios

Agua 1 1575 1575 30.69 <0.001
Concentracién 1 65.02 65.02 1.27 0.268
Cartucho 1 330.6 330.6 6.44 0.016
Total error (residual) 36 1848 51.32

Total (corr.) 39 3818

Segun se puede observar en la Tabla 9, los resultados en las recuperaciones obtenidas difieren
significativamente segun la naturaleza del agua y al variar el cartucho utilizado para llevar a cabo la
extraccidén, ya que son estos factores los que muestran estadisticos p inferiores a 0.05. Como se
aprecia en la Tabla 8, las recuperaciones en agua de rio son inferiores a las obtenidas en agua
ultrapura. Con los cartuchos Oasis HLB se obtienen recuperaciones superiores, siendo éstas del 73

y 72 % a nivel de concentracion bajo y alto respectivamente en agua de rio, frente al 68 y 61 %
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obtenidas con los cartuchos EBH. En el agua ultrapura a nivel alto la media de recuperacién es 82 %
con ambos cartuchos, mientras que a nivel bajo se obtiene un 84 % para Oasis HLB y un 74 % para
EBH. La precisidn de los analisis, expresada como desviacion tipica relativa (RSD) esta comprendida
entre el 8 y el 11% (n=5).

2.2. PIROXICAM

La Tabla 10 muestra las recuperaciones y precisiones obtenidas al aplicar el procedimiento de
extraccién con cada uno de los 2 tipos de cartuchos a muestras de agua ultrapura y de agua de rio
dopadas con piroxicam en concentraciones de 0.8 ng-L? y 6.8 ng-L%. Los resultados del ANOVA se

muestran en la Tabla 11.

Tabla 10: Recuperaciones y precisiones obtenidas en la determinacién de piroxicam en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5).

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracion (ng-L?) 0.8 6.8 0.8 6.8 0.8 6.8 0.8 6.8

92 83 81 80 94 83 79 75
89 80 93 68 80 93 76 68
Recuperacion (%) 80 93 79 74 91 85 85 76
91 82 76 85 95 79 72 64
95 97 71 79 93 82 69 62

Recuperacion media (%) 89 87 80 77 89 84 76 69

RSD (%) 6.4 8.6 10.2 8.4 7.6 6.2 8.2 9.2

Tabla 11: Resultados del ANOVA de 3 vias aplicado a las recuperaciones obtenidas para
piroxicam.

Fuente gl Suma de Cuadrados F 0
Cuadrados Medios
Agua 1 1500 1500 36.5 <0.001
Concentracion 1 216.2 216.2 5.26 0.028
Cartucho 1 112.2 112.2 2.73 0.107
Total error (residual) 36 1479 41.08
Total (corr.) 39 3180

Como se observa en la Tabla 11, las recuperaciones obtenidas no dependen, del relleno del
cartucho utilizado pero si son significativamente diferentes atendiendo al tipo de agua (p<0.001) y
al nivel de concentracidn presente (p=0.028). En la Tabla 10 se observa que, como en el caso del
tenoxicam, las recuperaciones obtenidas para el agua ultrapura son mayores, tanto a nivel de

concentracidn bajo como nivel alto, que las obtenidas con agua de rio en ambos cartuchos, siendo
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en los cartuchos Oasis del 89-87 % las primeras y del 80-77 % las segundas, y en los EBH 89-84 % vy
76-69 % respectivamente. La precision de los analisis es del orden del 6-10 % (n=5). En cuanto a la
influencia de la concentracidn se observa que la recuperacidn media es un 5-7 % inferior al nivel de
concentracién alto para los cartuchos EBH, mientras que para los cartuchos Oasis es un 2-3 %

inferior.

2.3. ALPRAZOLAM

La Tabla 12 muestra los datos de recuperaciéon y precision obtenidos al llevar a cabo el andlisis
de alprazolam, variando los tres pardametros estudiados: tipo de agua, tipo de cartucho vy
concentracion de analito en el agua: 0.7 y 7.2 ng-L. Las desviaciones tipicas relativas variaban en

este caso entre el 4 y el 10 % (n=5).

Tabla 12: Recuperaciones y precisiones obtenidas en la determinacién de alprazolam en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5).

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracién (ng-L?) 0.7 7.2 0.7 7.2 0.7 7.2 0.7 7.2

91 95 93 90 106 97 98 82
88 107 108 82 108 96 96 78
Recuperacion (%) 96 88 96 89 115 100 87 85
86 96 110 87 102 86 91 83
90 95 93 98 98 94 103 101

Recuperacion media (%) 90 96 100 89 106 95 95 86

RSD (%) 4.2 7.1 8.3 6.5 6.1 5.6 6.5 10.3

Tabla 13: Resultados del ANOVA de 3 vias aplicado a las recuperaciones obtenidas para

alprazolam.
Fuente gl Suma de Cuadrados F 0
Cuadrados Medios

Agua 1 176.4 176.4 2.85 0.100
Concentracion 1 396.9 396.9 6.42 0.016
Cartucho 1 19.6 19.6 0.32 0.577
Total error (residual) 36 2225 61.79

Total (corr.) 39 2818

Los resultados del ANOVA de tres vias (Tabla 13) indican que sdlo existe diferencia significativa
entre las recuperaciones (p=0.016) cuando se modifica la concentracion de alprazolam en agua; la
recuperacion media de alprazolam en agua de rio es un 9y un 11 % mayor a baja concentracién con

respecto al nivel alto de concentracién para los cartuchos EBH y Oasis, respectivamente.

53



54

Resultados y discusion

2.4. CLORPROMAZINA

Para el caso de la clorpromazina, los resultados obtenidos se muestran en la Tabla 14. Las
concentraciones con que se dopd la muestras de agua eran 0.7 ng-Ly 6.2 ng-L. La desviacién tipica
relativa de los experimentos variaba entre el 5y 13 % (n=5) aproximadamente, siendo ligeramente
mas elevada que en los ensayos anteriores. Los factores significativos en la extraccion de la

clorpromazina se muestran en la Tabla 15.

Tabla 14: Recuperaciones y precisiones obtenidas en la determinacién de clorpromazina en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5).

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracion (ng-L?) 0.7 6.2 0.7 6.2 0.7 6.2 0.7 6.2

51 75 53 85 62 75 73 83
53 84 64 89 55 72 64 75
Recuperacion (%) 65 79 69 88 68 64 75 72
68 82 62 78 75 77 65 76
57 76 54 68 76 66 74 81

Recuperacion media (%) 59 79 60 82 67 71 71 77

RSD (%) 13.0 4.8 11.0 | 11.0 | 13.0 8.0 7.5 5.8

Tabla 15: Resultados del ANOVA de 3 vias aplicado a las recuperaciones obtenidas para
clorpromazina.

Fuente gl Suma de Cuadrados F 0
Cuadrados Medios
Agua 1 115.6 115.6 2.05 0.161
Concentracion 1 1716 1716 30.4 <0.001
Cartucho 1 19.6 19.6 0.35 0.559
Total error (residual) 36 2033 56.47
Total (corr.) 39 3884

No se observaron diferencias significativas (p=0.05) en las recuperaciones obtenidas para los
factores “tipo de cartucho” y “tipo de agua”, por lo que en estos casos se mantendria la hipdtesis
nula al comparar las varianzas. Las recuperaciones difieren significativamente al variar la
concentracién del analito (p<0.001), como para las dos drogas anteriores, pero con una diferencia:
en este caso la recuperacién de clorpromazina aumenta al aumentar la concentracién, y no al
disminuirla como en el caso del piroxicam y alprazolam. Se deduce de la Tabla 14 que el incremento

de la recuperacién con la concentracién es del 20 % para el agua ultrapura y del 22 % para el agua
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de rio con los cartuchos Oasis; para los cartuchos EBH el incremento es menos acusado, del orden
del 4-6 %.

2.5. MELOXICAM

El procedimiento se aplicd a muestras de agua ultrapura y agua de rio dopadas en este caso con
0.7 ng-L'*y 5.9 ng-L'! de meloxicam, obteniéndose las recuperaciones y precisiones mostradas en la
Tabla 16 para los dos cartuchos ensayados, donde se observan precisiones comprendidas entre el 4
y el 11 %. Un analisis de varianza de 3 vias fue aplicado a estos datos obteniendo los resultados

indicados en la Tabla 17.

Tabla 16: Recuperaciones y precisiones obtenidas en la determinacion de meloxicam en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5).

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracién (ng-L?) 0.7 5.9 0.7 5.9 0.7 5.9 0.7 5.9

83 80 73 77 85 76 65 77
90 96 91 79 99 79 82 83
Recuperacion (%) 73 88 79 81 93 85 77 79
86 94 82 89 77 82 72 73
91 83 94 85 79 78 80 69

Recuperaciéon media (%) 85 88 84 82 87 80 75 76

RSD (%) 8.5 7.8 10.3 5.9 10.8 4.4 9.1 7.1

Tabla 17: Resultados del ANOVA de 3 vias aplicado a las recuperaciones obtenidas para
meloxicam.

Fuente gl Suma de Cuadrados . 0
Cuadrados Medios
Agua 1 302.5 302.5 6.50 0.015
Concentracion 8.1 8.1 0.17 0.679
Cartucho 270.4 270.4 5.81 0.021
Total error (residual) 36 1677 46.57
Total (corr.) 39 2258

Aligual que ocurria para tenoxicam, se observan diferencias significativas en las recuperaciones
obtenidas para el tipo de agua y el cartucho utilizado, no siendo asi para el nivel de concentracién.
Nuevamente las recuperaciones son superiores al utilizar cartuchos Oasis HLB y en agua ultrapura,
con valores de 85 y 88 % para el nivel bajo y alto de concentracién respectivamente, frente al 87 y

80 % obtenidos cuando se utilizan cartuchos EBH. Para el agua de rio las recuperaciones son
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aproximadamente un 3 % inferiores de media respecto a agua ultrapura para los cartuchos Oasis

HLB y la disminucion es de aproximadamente 10 % cuando se trata de los EBH.

2.6. INDOMETACINA

Las recuperaciones y precisiones obtenidas para la indometacina a los niveles de concentraciéon
de 1.6 ng:'L! y de 19.4 ng-L! se muestran en la Tabla 18. La interpretacién estadistica de los
resultados se muestra en la Tabla 19. La precisién de los andlisis no alcanza en ninguna de las

experiencias el 10 % (RSD, n=5).

Tabla 18: Recuperaciones y precisiones obtenidas en la determinacion de indometacina en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5).

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracion (ng-L?) 1.6 194 1.6 194 1.6 194 1.6 194

93 94 94 73 106 89 86 74
92 87 94 74 108 83 77 75
Recuperacion (%) 90 89 88 71 97 93 89 64
98 85 74 80 106 93 84 77
96 91 87 76 99 85 79 77

Recuperacidon media (%) 94 89 87 75 103 89 83 73

RSD (%) 34 | 39 | 94 | 46 | 47 | 51 | 60 | 7.4

Tabla 19: Resultados del ANOVA de 3 vias aplicado a las recuperaciones obtenidas para
indometacina.

Fuente g.d.. Suma de Cuadrados F 0
Cuadrados Medios
Agua 1 1974 1974 66.3 <0.001
Concentracion 1 1071 1071 36.0 <0.001
Cartucho 1 5.625 5.625 0.19 0.666
Total error (residual) 36 1072 29.77
Total (corr.) 39 4123

De acuerdo con los niveles de significacion (p) calculados en la Tabla 19, se puede afirmar con
una probabilidad de al menos un 95 % que las recuperaciones de indometacina son
significativamente diferentes al variar la concentracién (p<0.001) y cuando se modifica la matriz de

la muestra de agua (p<0.001).

Con respecto a la influencia de la concentracién se deduce de la Tabla 18 que la recuperacién

media de indometacina en agua de rio es un 10 % y un 12 % mayor a baja concentracién para los
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cartuchos EBH y Oasis, respectivamente, mientras que con agua ultrapura los incrementos de
recuperacion a baja concentracion son del 14 % y 5 %, respectivamente. Respecto al tipo de agua
muestreada, al igual que sucedia para los tres oxicanes, se observa que las recuperaciones son
mayores en agua ultrapura que en agua de rio; para el cartucho EBH la recuperacion media en agua
de rio era un 16 y 20 % menor para el nivel de concentracion alto y bajo, respectivamente, y para el

cartucho Oasis HLB la recuperacién media era un 14 %y 7 % menor respectivamente.

2.7. CELECOXIB

Finalmente se muestran los resultados para el celecoxib en las Tablas 20y 21, después de dopar
el agua de rio y agua ultrapura con concentraciones de 1.5 ng-L* y 18.3 ng-L?%, y de extraer el analito
sobre los cartuchos EBH y Oasis. De acuerdo con los resultados del ANOVA de 3 vias el Unico factor
significativo es el tipo de agua analizado (p=0.003), no existiendo diferencias significativas (p=0.05)

cuando se estudia la influencia de la concentracién y del tipo de relleno.

Tabla 20: Recuperaciones y precisiones obtenidas en la determinacion de celecoxib en
muestras de agua ultrapura y de rio a dos niveles de concentracion (n=5)

Cartucho Oasis HLB EBH
Agua Ultrapura Rio Ultrapura Rio
Concentracion (ng-L?) 1.5 18.3 1.5 18.3 1.5 18.3 1.5 18.3

97 110 90 80 99 96 89 95
94 102 100 72 98 87 89 81
Recuperacion (%) 100 95 98 84 92 94 91 86
86 92 83 93 97 98 105 84
84 89 80 86 85 109 83 77

Recuperaciéon media (%) 92 98 90 83 94 97 91 85

RSD (%) 7.5 8.4 9.8 9.3 6.2 8.2 8.9 8.0

Tabla 21: Resultados del ANOVA de 3 vias aplicado a las recuperciones obtenidas para
celecoxib

Fuente gl Suma de Cuadrados F 0
Cuadrados Medios
Agua 1 624.1 624.1 10.29 0.003
Concentracion 1 22.5 22.5 0.37 0.546
Cartucho 1 10.0 10.0 0.16 0.687
Total error (residual) 36 2183 60.63
Total (corr.) 39 624.1

Como en el caso de oxicanes e indometacina la recuperacién media obtenida sobre agua de rio

es menor que sobre agua ultrapura para los dos tipos de cartuchos. Asi, para el agua de rio y

57



58

Resultados y discusion

cartuchos Oasis se obtienen recuperaciones medias del 90 y 83 % a concentracién baja y alta,
respectivamente, y recuperaciones del 92 y 98 % para el agua ultrapura. Las diferencias de

recuperacion son del orden del 2-5 %.

En el caso de los cartuchos EBH, las recuperaciones son 91 y 85 % en el agua de rio y del orden
de 94 y 97 % en ultrapura, para los niveles de concentracién bajo y alto, respectivamente; para el
nivel de concentracidén elevado la diferencia de recuperacion media alcanza el 12 %. Las

precisiones de estos analisis estdn comprendidas entre el 6y el 10 %.

2.8. SELECCION DE UN RELLENO PARA CADA ANALITO. LIMITES DE DETECCION

La experimentacion que se muestra en los siguientes apartados de esta memoria se ha
realizado exclusivamente sobre uno de los dos tipos de cartuchos ensayados. De acuerdo con la
interpretacion estadistica de los ensayos de recuperaciones, para tenoxicam y meloxicam existen
diferencias significativas segun el relleno utilizado, ofreciendo mejores resultados el cartucho
Oasis HLB por lo que éste fue el seleccionado para estos dos compuestos; sin embargo, para las 5
drogas restantes, no existe diferencia estadisticamente significativa entre los dos tipos de rellenos,
por lo que cualquiera de ellos seria valido para la determinacion de esos farmacos en

concentraciones traza en agua de rio.

No obstante, si se comparan visualmente las recuperaciones obtenidas con los dos rellenos
sobre la muestra de agua de rio se comprueba que las recuperaciones de piroxicam y alprazolam
son mayores cuando se emplean los cartuchos Oasis HLB, motivo por el que se selecciond esta
fase estacionaria para estos dos compuestos. Mediante una prueba de t sélo se confirmaba que
los cartuchos Oasis eran mas adecuados que los EBH para la extraccién de piroxicam a

concentracion baja.

En el caso de la clorpromazina la eleccidn de un cartucho sobre el otro atendiendo a la
recuperacion media no es facil porque segun el nivel de concentracién es preferible un cartucho u

otro: finalmente se utilizaron igualmente los cartuchos Oasis HLB (Tabla 22).

Las recuperaciones medias de indometacina y celecoxib sobre agua de rio eran muy similares
con ambos cartuchos, y también a ambas concentraciones; para estos compuestos se ha usado el
cartucho EBH para llevar a cabo la experimentacién que se describe seguidamente en esta
memoria, relativa a la robustez del método para determinar residuos a nivel de trazas y estimar la

degradacién y persistencia de las drogas.

Por otra parte, para cada combinacién compuesto-cartucho se ha estimado
experimentalmente el limite de deteccién del método de analisis. A tal fin se doparon muestras de
1 L de agua de rio con cantidades muy pequeias de los analitos y se les aplicé el procedimiento de
preparacion de muestra. La Tabla 22 muestra los limites de deteccién estimados a partir de una
relacién sefial/ruido de 3, expresados como concentracién en agua de rio (ng-L?); éstos son

inferioresa 1 ng-L'1 y varian entre 0.2 ng-L'1 para clorpromazinay 0.6 ng-L'1 para la indometacina.
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Los limites de deteccidn tedricos se podrian calcular a partir de los LOD estimados en la
inyeccion de patrones disueltos en metanol teniendo en cuenta el factor de concentracion del
método de andlisis (2000 veces). Si éstos limites tedricos se comparan con los limites de deteccién
estimados experimentalmente se comprueba que los Ultimos son aproximadamente 2-4 veces

mayores que los tedricos.

Tabla 22: Cartuchos empleados para cada compuesto en las siguientes experiencias recogidas
en la memoria. Estimacién de los limites de deteccidén alcanzables mediante el método de analisis
de residuos (ng-L?).

Compuesto Cartucho LOD (ng-L?Y)
Tenoxicam Oasis HLB 0.4
Piroxicam Oasis HLB 0.4
Alprazolam Oasis HLB 0.3
Clorpromazina Oasis HLB 0.2
Meloxicam Oasis HLB 0.4
Indometacina EBH 0.6
Celecoxib EBH 0.5

3. ROBUSTEZ, PRINCIPIOS ACTIVOS

La robustez de un método de andlisis evalua la capacidad del mismo para permanecer inalterado
cuando se introducen pequefias variaciones en los pardmetros de operacidon. La robustez
proporciona una estimacion de la fiabilidad del método y de la influencia de ciertos parametros

durante la operacidn de rutina.

Se identificaron cuatro pardmetros de operacién de la preparacién de muestra que podrian
afectar a las areas de pico y consecuentemente a la concentracién medida en el extracto. Estos eran
el pH de la muestra de agua, el volumen de metanol usado para eluir los cartuchos, el volumen de
disolucién de lavado de los cartuchos y el tiempo de evaporacién a 40°C. La variacidon del pH se
incluyé en este estudio para tener en cuenta la posible modificacion de éste, en un rango estrecho,
en el agua de rio. Respecto al tiempo de evaporacidn, se ha considerado el aumento del mismo en

la evaporadora centrifuga para verificar la estabilidad térmica de los analitos.

La robustez se ha evaluado mediante un disefio de Plackett-Burman. Este es un disefio factorial
fraccional a dos niveles, donde se estudian n-1 variables, en n ensayos, siendo n un multiplo de 4.
En este caso, se han planteado 8 ensayos para estudiar 7 factores de los cuales 3 son factores
simulados (dummys) [184, 185]. La Tabla 23 muestra el valor nominal de las 4 variables estudiadas

y su valor para los niveles alto y bajo del diseifio de experimentos.
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Tabla 23: Factores y niveles seleccionados para evaluar la robustez mediante un disefio de
experimentos Plackett-Burman.

Factor Valor nominal Nivel alto Nivel bajo
F1: pH 7.8 9.0 7.0
F2: Volumen de metanol (mL) 4.0 4.1 3.9
F3: Volumen de lavado (mL) 3.0 3.3 2.7
F4:Tiempo de evaporacion (min) 30 40 30

La matriz de experimentos del disefio Plackett-Burman se muestra en la Tabla 24. También se
muestran las areas de pico obtenidas en cada experimento para cada uno de los analitos. Para la
realizacion de los experimentos se ha eluido 1 L de agua de rio (al pH adecuado) dopado con los 7
compuestos sobre un determinado tipo de cartucho segln la asignacion cartucho-analito de la
Tabla 22. Las concentraciones de los analitos en la muestra de agua dopada eran las siguientes:
tenoxicam 6.0 ng-Ll, piroxicam 6.0 ng-Ll, alprazolam 7.3 ng-'l?, clorpromazina 7.0 ng-l?,
meloxican 6.0 ng-L?, indometacina 15.6 ng-L y celecoxib 16.2 ng:L. El orden de los ensayos fue

aleatorizado.

El efecto que tiene cada factor, se estima como la diferencia entre el valor medio de la
respuesta al nivel alto (+) y el valor medio a nivel bajo (-). Por lo tanto, el efecto E de cada uno de
los factores, real o simulado, se evalta con la Ecuacidn 2, donde A (+) representa las areas de pico
obtenidas en las experiencias a nivel alto y A (-) las obtenidas en aquellas realizadas a nivel bajo

_ AW _TAG)

E
4 4

(2)

El efecto de un factor simulado se considera que es debido al error experimental. El error
estandar, SE, de los efectos, se estima a través de la raiz cuadrada de la varianza de los factores

simulados como se aprecia en la Ecuacién 3, donde n es el nimero de efectos simulados.

2(Eq)?
SE = |——— 3
. 3)
La existencia de diferencias significativas se comprueba mediante la comparacién del efecto
de cada una de las variables, con un efecto critico, Ec, que se calcula multiplicando el valor del
error estandar, SE, por un valor de t critico (Ecuacion 4). El valor de t critico se encuentra tabulado;

para un nivel de significacion de 0.05 y con un nimero de grados de libertad de 3 (coincide con el

numero de factores simulados) su valor es 3.182.

E¢ = tepitico X SE = 3.182 x SE 4)
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Tabla 24: Matriz de experimentos del disefio Plackett-Burman y areas de pico obtenidas en la experimentacion. Nivel alto (+), nivel bajo (-)

Factores Areas de pico

F1 | F2 | F3 | F4 | Dummy | Dummy | Dummy | Tenoxicam | Piroxicam |Alprazolam | Clorpromazina | Meloxicam | Indometacina | Celecoxib
1|+ | + | + | + + + + 18805 27792 82091 109604 19433 31365 221914
2 | - -+ |+ - + - 13547 21424 60319 118991 13379 22843 188768
3|+ | - - |+ - - + 13942 19592 70367 92502 15558 33666 144067
4 | - | + | - | + - - + 17573 29423 76098 107780 22937 38142 177469
51+ |+ | + | - - - - 16365 27238 95391 91103 22300 35469 165067
6 | - -+ | - + - + 15165 28135 90332 131060 21403 38097 264795
7+ | - - - - + + 19831 34509 145811 132162 28968 40094 208755
8| - | + | - - + + - 17532 24567 83417 112513 18094 36001 216154

uoisnasip A soppinsay
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En la Tabla 25 se muestran los valores de los efectos criticos (E.) y de cada una de las cuatro

variables (E,) estudiadas, para los 7 analitos.

Tabla 25: Efectos de las variables y efecto critico.

Compuesto E. E (F1) E (F2) E (F3) E (F4)
Tenoxicam 5583 1281.5 1947.5 -1249 -1256.5
Piroxicam 13801 1395.5 1340 -875 -4054
Alprazolam 49051 20863 - 7468 - 11900 - 31509
Clorpromazina 38134 -11243 - 13429 1450 -9490
Meloxicam 12368 2611.5 864 -2260.5 -4864.5
Indometacina 11462 1378 1569 -5032 -5911
Celecoxib 96081 - 26846 - 6445 23525 -30638

Al comparar los efectos de cada uno de los cuatro factores, en valor absoluto, con el efecto
critico para cada compuesto, se observa que los efectos de los factores son siempre menores que el
efecto critico, lo que indica que no existen diferencias significativas cuando se introducen pequenas

variaciones en las condiciones de operacion de la preparacion de la muestra.

4. ESTUDIOS DE DEGRADACION E INDENTIFICACION DE PRODUCTOS DE
DEGRADACION

Los resultados se presentan y discuten para cada compuesto, y en el caso de los oxicanes

conjuntamente, en los articulos de investigacién que se presentan a continuacion.
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toxicity of the degradation products in aquatic ecosystems suggests that some of them have toxicities
similar, or even higher, than chlorpromazine.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Chlorpromazine (CP) is a lipophilic phenothiazine drug with
antipsychotic and neuroleptic activity prescribed for the treatment
of mental and behavioral disorders. It was introduced into psychi-
atry in the early 1950s, and nowadays, it is included in the World
Health Organization's List of Essential Medicines which compiles
the drugs needed in a basic health system. It has some veterinary
uses, too.

There is some concern for the influence of the CP residues in the
environment. Toxic and allergic effects on biomolecules, bacteria
and protozoans have been observed in presence of CP residues and
attributed to photochemical reactions involving the parent com-
pound and its transformation products, whose composition is
generally not well known (Nalecz et al., 2008; Viola and Dall'Acqua,
2006; Chignell et al., 1985; Trautwein and Kiimmerer, 2012).
Harmful effects on Daphnia magna, a biomarker of the health of the
aquatic ecosystems, have also been reported (Oliveira et al., 2015)
while the alteration of the microbial function of soil has been
described (Gielen et al., 2011), too. Furthermore, a study of bio-
logical degradation of CP in water concluded that CP had to be
classified as a non-biodegradable compound (Trautwein and
Kiimmerer, 2012).

Pharmaceutical compounds can reach the surface waters by
different ways although the discharges from the wastewater
treatment plants are usually the main introduction way. As regards
CP only a manuscript has considered its analysis in wastewater
effluents, it was not detected after the monitoring of effluents from
five treatment plants (Borova et al., 2014). There are not data about
its occurrence in surface waters.

In this context, some experiments have been conducted to
estimate the degradation-rate of CP in river water and know its
degradation products over time. Solutions of CP in river water
were subjected to high temperature, and sunlight irradiation
without any limitation, to force the degradation. Non-forced
degradation involved the monitoring of residues in river water
kept in glass container at room temperature, with or without
added aquatic sediment; since glass absorbs partially UV radia-
tion, the behavior of CP is thus comparable to that in a mass of
water where the penetration of solar UV radiation is diminished
with depth. Extracts of water samples were injected in an ultra-
pressure liquid chromatographic system and the structure of the
detected degradation products was tentatively elucidated from
the molecular formulae estimated by high-resolution mass
spectrometry (MS) and the interpretation of the fragments
observed in high-resolution tandem mass spectrometry (MS/MS),
proposing a degradation pathway. Furthermore, since a strong
capacity of sorption of CP on sediment was observed, a sorption
isotherm is presented while sorption coefficients for degradation
products are calculated on the supposition that peak areas vary
linearly with concentration. Finally, the possible toxicity of the
identified degradation products is predicted by the TEST software
(Toxicity Estimation Software Tool) developed by the US Envi-
ronmental Protection Agency (EPA).

2. Experimental
2.1. Material and reagents

Water samples were collected from the rivers Pisuerga (pH
value 7.8, chemical oxygen demand value 4.6 mg L~!), in the urban
area of the city of Valladolid, and Tuerto (pH value 7.4, chemical
oxygen demand value 3.9 mg L), in the rural area of the La Bafieza
(Ledn). A sediment sample (total organic carbon 1.2%; clay 11%, silt
44%, sand 45%) was collected from the river Pisuerga.

Cellulose nitrate disks, 0.20 and 0.45 pum pore size, to filter water
samples were obtained from Sartorious (Barcelona, Spain). Chlor-
promazine hydrochloride (99% purity) was obtained from Sigma-
Aldrich. LC-MS grade methanol, acetonitrile and formic acid were
supplied by Panreac (Barcelona, Spain) and ultrapure water was
obtained from a Milli-Q plus apparatus (Millipore, Milford, MA,
USA).

Sodium hydroxide, potassium dihydrogen phosphate and so-
dium azide were purchased from Panreac. Oasis HLB cartridges
(60 mg) were obtained from Waters and nitrogen for the LC-MS
system was supplied by a gas generator from Zefiro (Vigonza,
Italy). A vacuum centrifuge evaporator, Myvac model, was provided
by Genevac (Ipswich, UK) and PK120 centrifuge by ALC
(Winchester, VA, USA).

2.2. Degradation assays

Forced conditions are commonly applied to aqueous solutions to
estimate the stability of environmental contaminants and foresee
their degradation products in aquatic ecosystems. In addition to
this strategy a simpler, although slower, approach was also adopted
in this work to simulate the concurrent natural processes in a body
of water. So, river water filtered through a 0.45 pm pore-size cel-
lulose nitrate disk was placed in a transparent and sodium calcium
silicate glass container with air-tight seal, which was weekly open
to collect a sample aliquot and replace the air inside in contact with
the water surface. The container was placed within the laboratory
at 18—21 °C and exposed to sunlight under the natural day-night
cycle for 20 weeks, at which time the non-forced degradation
assay was ended.

A volume of 2500 mL of river water placed in glass container
was spiked with CP to achieve an initial concentration of 2 pg L' in
each degradation assay; aliquots of 25 mL were periodically
collected, subjected to SPE and injected in the chromatographic
system to follow the degradation of CP, look for degradation
products and monitor them. Degradation experiments were made
between the months of November and March with waters from the
rivers Pisuerga (W1 sample) and Tuerto (W2 sample), and between
January and May with water from the Pisuerga river (W3 sample).
Simultaneously, the degradation on W1 sample was also studied in
presence of sediment (SED sample), by adding river sediment to the
container in a sediment to solution ratio of 0.03 g mL’l, and in
absence of sunlight (DARK sample) by coating the container with
aluminum foil.

Furthermore, some degradation assays were done on W1
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sample at high temperature, 70 °C (HT sample), and under direct
sunlight irradiation (UV sample), in order to ascertain the origin of
the degradation products. Irradiation assay was carried out in the
month of January with CP solutions placed in quartz cuvettes.
Additional information about degradation studies is given as
supplementary material.

2.3. Sorption to river sediment

Experiments to investigate the capacity of sorption of CP and
degradation products were conducted. The sorption coefficient (Kq)
of CP into sediment (sieved through a 0.5 mm mesh) was deter-
mined using a batch approach. River water filtered through 0.20 um
pore-size cellulose nitrate and spiked with CP was added to sedi-
ment (2 g) to achieve a sediment to solution ratio of
0.000025 g mL~!; CP concentrations were 200, 400, 600, 800 and
1000 ng L. Control solutions without sediment were also pre-
pared. River water contained 0.02% sodium azide as a biocide to
minimize a possible microbial activity and pH (7.8) was controlled
with phosphate buffer (0.02 M). Flasks, protected from sunlight
with aluminum foil, were manually shaken for 1 min and left
standing at 20+1 °C for a period of 24 h. Afterwards, an aliquot of
10 mL, previously centrifuged to remove solids, was analyzed to
determine the concentration in equilibrium. Concentration adsor-
bed on the sediment was not directly measured.

Analytical standards were unavailable for most of the degrada-
tion products of CP, however an estimation of their K4 was carried
out for some of them on the assumption that there is a linear
relationship between peak area and concentration for each com-
pound. Experiments similar to the above-described were devised
by spiking water with a degraded CP solution containing the
degradation products and selecting an appropriate sediment to
solution ratio. So, the decrease percentage of peak area in water
was supposed to be the percentage of compound adsorbed onto
sediment (A%) and K4 was calculated by Eq. (1), which is valid if
adsorption equation is linear (OECD, 2000). Peak areas measured in
the sorption experiments were compared with those of control
solutions by a t-test (n = 5) to confirm the existence of differences
before applying the equation.

A%
log K; = log L ?OA%} —logR (1)
100.

2.4. Extraction of chlorpromazine residues from water

Water aliquots (10 or 25 mL) were eluted through Oasis car-
tridges, previously conditioned by successive elution of methanol
(6 mL) and water (6 mL). Cartridges were washed with 3 mL of
water-methanol (80:20, v/v) mixture after sample elution. Sta-
tionary phase was dried with air for 3 min and extract was eluted
with methanol (4 mL) by gravity. Then, extract was evaporated in
30 min by a vacuum centrifuge evaporator heated at 40 °C and the
dry residue was collected in 0.5 mL of methanol, which was filtered
through a 0.20 pm pore-size PTFE filter for its chromatographic
analysis.

2.5. Analysis by liquid chromatography — mass spectrometry

An Acquity ultra-pressure liquid chromatograph from Waters
coupled to a Maxis Impact quadrupole time-of-flight tandem mass
spectrometer from Bruker Daltonics was used to monitor CP and
degradation products in the extracts. Analyses were done with
electrospray ionization in positive mode.

The chromatograph was fitted with a Waters BEH ODS column
(50 mm x 2.1 mm, particle size 1.7 pm). The column was at room
temperature and the mobile phase flow rate was 0.5 mL min~ . The
mobile phase consisted of 0.1% formic acid in water (A) and 0.1%
formic acid in acetonitrile (B); a linear gradient was applied: from
5% B to 50% B in 4.5 min, and then 80% B in 1 min. Injection volume
was 5 L.

Mass spectrometer can record simple mass spectra (MS mode)
or be operated in the tandem mass spectrometry mode (MS/MS
mode) to acquire MS? spectra. The operation parameters of the
electrospray ionization source for MS and MS/MS experiments
were as follows: nebulizing gas pressure 0.4 bar, end plate offset
voltage —2500 V, capillary voltage — 3500 V, drying gas tempera-
ture 200 °C, dry gas flow 8 Lmin~ ., Nitrogen was used as drying and
nebulizing gas. Mass calibration adjustments were performed by
using a 10 mM sodium formate solution in 2-propanol/water.
Spectra acquisition was done via the Microtof software from Bruker,
the accurate masses and elemental compositions of the precursor
and product ions were calculated by using the data analysis soft-
ware incorporated in the instrument.

Quantitation of CP was done by linear calibration graphs based
on the measure of peak areas in the MS chromatograms extracted
for the protonated molecular ion [M+H]", with a mass range of
+0.01 Da. Similarly, peak areas of degradation products were in-
tegrated in the chromatograms extracted for the corresponding
[M-+H]" ions.

As regards the performance of the analytical method, mean
recovery of CP (2 pg L) was 95 and 96% with repeatabilities of 3.0
and 3.5% for W1 and W3 samples, respectively (n = 5). Re-
peatabilities in the determination of the degradation products
varied from 2.8 to 5.5% (n = 5).

2.6. Software to predict ecotoxicity

The TEST software, version 4.1 (EPA, 2008), was applied in order
to estimate the possible toxicity of the degradation products. This
software estimates the toxicity of an organic compound for an
ecotoxicological endpoint using quantitative structure activity re-
lationships (QSARs) methodologies; QSARs are mathematical
models used to predict measures of toxicity from the physical and
chemical characteristics of a target-compound. The software only
requires the introduction of the chemical structure of the com-
pound. In this study the toxicity estimation was calculated by the
consensus method, which provides the average value of different
calculation approaches, and after activating the fragment
constraint relaxation option. Three endpoints of concern for fresh
waters were selected: the 48-h Daphnia magna and 96-h fathead
minnow 50% lethal concentrations (LCsg) and the Tetrahymena
pyriformis 50% growth inhibition concentration (IGCsg).

3. Results and discussion
3.1. Degradation of chlorpromazine

Fig. 1 shows the variation of the CP concentration over time in
water samples, data are the average of two or three independent
experiments for each water matrix; individual data are shown in
supplementary material. CP exposed to sunlight without any re-
striction was completely degraded in less of 4 h while the degra-
dation at 70 °C in darkness was relatively slow. Degradation data
were fitted to first-order kinetics with half-lives of 53.7 min
(R? = 0.94) and 4.55 weeks (R = 0.98) for UV and HT samples,
respectively. Moreover, the degradation of CP in darkness at room
temperature (DARK sample) was almost negligible: half-life was
estimated at 87.3 weeks (R* = 0.98). These assays indicate a notable
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Fig. 1. Degradation of chlorpromazine in river water. Mean of two (W3, DARK, HT, UV)
or three (W1, W2) experiments.

importance of the photochemical reactions and a limited signifi-
cance of the non-photochemical reactions in the transformation of
CP in surface water.

CP was detected during 4 weeks in river water exposed to
sunlight under non-forced conditions, which are useful to assess
experimentally the fate of CP in a body of surface water. Its con-
centration decreased gradually until it reached the detection limit
of the method, which was estimated in 4 ng L~ Half-lives calcu-
lated from the fitting to first-order kinetics were now 0.44
(R? = 0.97), 0.46 (R*> = 0.99) and 0.49 (R? = 0.95) weeks for W1, W2
and W3 samples, respectively. The half-life of CP in these conditions
is very much higher, about 200 times, than that achieved after
direct exposure to sunlight. On the other hand, CP was not detected
when experimentation was done in presence of sediment, sug-
gesting a possible sorption to sediment.

3.2. Detection and identification of degradation products

The presence of compounds related to degradation of CP was
noted by the observation of new chromatographic peaks in the MS
chromatograms, which were present neither in the previous
chromatograms nor in blanks, and the gradual variation of their
peak areas throughout time. Sixteen degradation products were
detected in the degradation studies during the time period under
research. The [M+H]" ion of each degradation product, besides of
CP, was isolated and fragmented by collision induced dissociation to
obtain structural information. MS/MS spectra, commentaries about
the fragmentation patterns, the interpretation of the fragment-ions
and an explanation about the assignation of tentative structures to
the degradation products can be consulted in the supplementary
material. Table 1 shows the established molecular formulae, the
proposed identifications and abbreviations of the compounds. In
summary, CP can undergo oxidation of amine and sulfur groups,
dechlorination and hydroxylation of the benzene ring to form some
degradation products in which the promazine structure is kept. In
more advanced stages of degradation, the promazine structure is
broken and benzo[1,4]thiazin-6-ol derivatives are formed, being
also observed the demethylation of the terminal amine and some
hydroxylations. Well-defined structures are proposed for 13 out of
16 degradation products. The structures for DHBT MET, BZDIOL and
DHP SO were not unequivocally assigned because the position of
some substituents could not be delimited from the fragmentation
data.

Many degradation products of CP found in river water have not
been described till now; in particular, there is not any reference to

degradation products in which the rings of phenothiazine (char-
acteristic of the promazine-based drugs) are opened. The occur-
rence of CP NO and CP SO had already been reported in aqueous
solution after irradiation with UV light (Huang and Sands, 1964,
1967) and in biological matrixes (Yeung et al., 1993; Zhang et al.,
1996). In a previous work, the origin of CP SO, 2HP and 2HP SO
was attributed to the photolysis of CP in aqueous solution while
PRO was found in anaerobic conditions (Trautwein and Kiimmerer,
2012).

3.3. Occurrence of degradation products in river water

Peak areas of the degradation products were monitored during
the degradation studies; a value of 100 was assigned to the initial
peak area of CP (week 0) in each experiment, all other peak areas
were referred to this value. Fig. 2 resumes the evolution in non-
forced conditions. Data for all compounds and experiments are
provided as supplementary material. In the initial stages the main
degradation products resulted from the substitution of the chlorine
atom by a hydroxyl group, and from N-oxidation and S-oxidation
processes: so, the major degradation products found in W1, W2,
and W3 samples after 4 weeks were 2HP, 2HP SO, CP SO, PRO SO
NO, 2HP SO NO, PRO SO and CP SO NO. The occurrence of these
compounds decreased in the following weeks while the presence of
compounds in which the phenothiazine structure is broken
increased gradually. Many degradation products can be found
when CP was not already detected. After 20 weeks 9 degradation
products were still detected in W1 and W2 samples, and 8 com-
pounds in W3; the major products were BT MET, BT SO, DHBT MET
and BZDIOL, whereas the compounds detected in lower amount
were BT NH2, CP SO, CP SO NO, PRO SO and PRO SO NO.

The evolution profile of the compounds was similar in waters
from two rivers (W1 and W2). The profile for W3 was obtained in
other time period and it exhibited some differences, which mainly
affected the amount ratios between the degradation products. The
modification of the profile in W3 is mainly ascribed to radiation
intensity differences between the experimentation periods,
although the influence of the water composition cannot be dis-
carded. Anyway, it must be noted that the evolution profile of the
compounds in these water samples roughly resembles the evolu-
tion pattern observed in the UV sample regardless of the time scale.

The photochemical reactions induce the degradation of CP in
surface water and the formation of degradation products. In fact, all
degradation products found in the UV sample were also detected in
W1, W2 and W3 samples, excepting BT NH2, which was only
observed in the latter samples. Small amounts of CP SO, CP SO NO,
CP NO and PRO SO were found in DARK sample after 20 weeks, in
agreement with the study at 70 °C for 10 weeks, which showed the
thermal formation of CP SO and CP SO NO as major compounds and
of CP NO, PRO, PRO SO and PRO SO NO as minor compounds.

3.4. Degradation pathway

A main degradation pathway of CP in river water has been
outlined taking into account the evolution of the compounds over
time and the tentative structural elucidation. The bond lines in
Fig. 3 show the formation of the major compounds and their cor-
responding precursors. Obviously, other transformation routes
between different compounds are possible; for instance, PRO SO
could also come from the dechlorination of CP SO, which is more
abundant than PRO.

It is though that BT MET, the most prominent benzo[1,4]thia-
zine, derives from 2HP because 2HP is the most abundant, and
analogous structurally, degradation product in the first degradation
points of the UV sample, when BT MET begins to be detected. For
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Table 1
Retention times (RT), masses measured in the MS spectra for the [M+H]" ion, error in the determination of the exact masses, molecular formulae and number of rings and
double bonds (RDB) of the corresponding structure for the detected degradation products.

RT Molecular Exact mass Measured mass Error RDB Compound Abbreviation

(min)  formula (Da) (Da) (ppm)

041 Cy2H19N205S 271.1111 271.1110 0.3 4.5 3,4-dihydro-N-(3-methylaminopropyl)-S-oxide-benzo[1,4]thiazine-x,6- ~ DHBT MET
diol

0.88 Cy1H19N203S 259.1111 259.1111 0.1 3.5 3-(N-(3-(dimethylamino)propyl-N-hydroxyamino)-4-mercaptobenzene- BZDIOL
1,x-diol

1.32 Ci3H19N20,S 267.1162 267.1162 0.0 5.5 N-(3-dimethylaminopropyl)-S-oxide-benzol1,4]thiazin-6-ol BT SO

1.68 Cy1H15N20S8 223.0900 223.0900 -0.3 5.5 N-(3-aminopropyl)-benzo|[1,4]thiazin-6-ol BT NH2

1.71 Cy2H17N20S8 237.1056 237.1054 0.7 5.5 N-(3-methylaminopropyl)-benzo[1,4|thiazin-6-ol BT MET

1.81 Cy7H21N20,S 317.1318 317.1316 0.7 8.5 2-Hydroxypromazine sulfoxide 2HP SO

1.96 Ci7H21N205S 333.1267 333.1270 -0.7 8.5 2-Hydroxypromazine sulfoxide N-oxide 2HP SO NO

1.97 Cy17H21N,08 301.1369 301.1367 0.5 8.5 Promazine sulfoxide PRO SO

2.16 Cy7H21N20,S 317.1318 317.1319 -0.3 8.5 Promazine sulfoxide N-oxide PRO SO NO

2.40 Cy7H21N203S 333.1267 333.1266 0.3 8.5 2x-Dihydroxypromazine sulfoxide DHP SO

243 C17H20CIN,0S 335.0979 335.0981 -0.5 8.5 Chlorpromazine sulfoxide CP SO

2.58 Cy17H20CIN,0,S  351.0929 351.0927 0.6 8.5 Chlorpromazine sulfoxide N-oxide CP SO NO

2.89 Cy7H21N20S 301.1369 301.1369 0.1 8.5 2-Hydroxypromazine 2HP

2.98 Ci7H21N20,8 317.1318 317.1314 0.7 8.5 2-Hydroxypromazine N-oxide 2HP NO

3.38 Ci7H21NLS 285.1420 285.1419 04 8.5 Promazine PRO

3.85 Cy7H20CIN,S 319.1030 319.1035 -14 8.5 Chlorpromazine CcP

3.93 Ci7H20CIN,0S  335.0979 335.0972 2.1 8.5 Chlorpromazine N-oxide CP NO
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Fig. 2. Variation of peak areas of the degradation products in river water under non-forced conditions. Mean of two experiments.
similar reasons, BT SO could be formed from 2HP SO. PRO SO and PRO SO NO were now less abundant than in the ex-

periments without sediment; the proportion of the other com-
pounds was also different with respect to previous assays (Fig. 2).
Moreover, a sharp decay in the peak areas of the degradation
products was observed since the 9th and 10th weeks at the same
time that a smelly odor began to be perceived in the glass container,

3.5. Degradation in presence of sediment. Sorption coefficients

CP SO, 2HP SO and CP SO NO were the most abundant degra-
dation products for SED sample in the first weeks, 2HP, 2HP SO NO,
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Fig. 3. Main degradation pathway of chlorpromazine in river water. Bold lines are related to the possible predominance of the transformation process.

which suggests a possible growth of microorganisms in presence of
sediment and the subsequent biodegradation of the degradation
products by them. No compound was detected from the 14th week.
CP related compounds different from those already described were
not seen in these assays.

It was verified that CP is strongly adsorbed to sediment. Fig. 4

Concentration in sediment (ng Kg'1)
3.E+07 -
2.E407
26407
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50 150 250 350 450 550
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Fig. 4. Sorption isotherm of chlorpromazine (n = 2).

shows the sorption isotherm obtained for CP in the batch experi-
ments; Kq and K, (organic carbon normalized sorption coefficient)
values resulted to be 41 632 and 3 469 360 kg L~! (RSD 4.3%,
n = 10), respectively. They are very high, comparable for instance to
those for benzo(a)pyrene and other high molecular weight poly-
cyclic aromatic hydrocarbons (Delle-Site, 2001).

Sorption coefficients were also calculated for most of the
degradation products; their Kgq and Ky values can be consulted in
Table 2 (n = 5). Sorption coefficient of CP was also calculated by this
method and it was similar to the previous value. As it is shown in
Table 2, sorption coefficient of PRO was also relatively high, ten-fold
lower than that of CP, while the N and S-oxidations and the pres-
ence of hydroxyl in C2 decrease the capacity of sorption of the
corresponding compound. The lowest sorption coefficients corre-
spond to DHBT MET, BTSO and BZDIOL, in fact only an estimation of
Kq is given for the two latter compounds since their low sorption
capacity.

The calculated sorption coefficients are coherent with the
observed experimental behavior. So, PRO SO and PRO SO NO, less
prone to be adsorbed, were commonly detected in SED sample
while PRO was never detected. In the same way, 2HP SO NO was
found in the first week of degradation of SED sample but 2HP and
2HP SO were not detected. However, BT SO (low Kq) was commonly
detected in W1, W2 and W3, but not in SED sample.
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Table 2

Kq and K, mean values (RSDs in parenthesis). Mean adsorption percentages (A%) onto sediment and experimental sediment to water ratios (R), n = 5.

Compound Kq (Kg L) Koc (Kg L71) A% R(KgL™") Experimental t-value®
DHBT MET 0.24 20.5 (16.3%) 109 0.509 53
BZDIOL <0.22 <18 <10 0.509 0.3
BT SO <0.22 <18 <10 0.509 0.5
BT MET 6.4 530 (5.9%) 66.1 0.307 23.0
2HP SO 6.6 551 (8.1%) 46.4 0.131 22.1
2HP SO NO 25 205 (4.3%) 33.0 0.201 20.9
PRO SO 40.8 3401 (2.3%) 51.8 0.0263 17.6
PRO SO NO 34 287 (7.3%) 31.1 0.132 16.4
CP SO 46.2 3853 (9.9%) 54.8 0.0263 18.6
CP SO NO 354 2947 (6.5%) 46.4 0.123 19.0
2HP 89.9 7495 (6.4%) 69.4 0.0253 25.4
2HP NO 13.7 1142 (7.4%) 64.2 0.131 31.8
PRO 38 502 317 084 (10.2) 56.9 0.000349 14.6
CP 40 451 3 370 906 (7.5%) 50.2 0.000025 17.1

@ Critical t-value: 2.3.

3.6. Prediction of ecotoxicity

The ecotoxicity of CP and those degradation products with a
defined tentative structure has been predicted. Table 3 presents the
results for three endpoints. The LCsq for Daphnia magna of many
degradation products was similar, and even lower, than that of CP;
for instance, CP NO and 2HP are presumably more toxic that its
precursor CP, they had LCsq values of 0.7, 1.3 and 1.5 uM, respec-
tively. As regards the ecotoxicity towards fathead minnow three
major degradation products in the first weeks: 2HP, 2HP SO and CP
SO, besides other three compounds, are at least four-fold more toxic
than CP; in particular CP SO NO is 125-fold more toxic than CP.
Finally, growth inhibition concentrations instead of lethal concen-
trations were calculated for Tetrahymena pyriformis, for which the
degradation products were less toxic, excepting CP NO whose IGCsg
was the same that for CP.

The ecotoxicity values predicted by the software for some
degradation products of CP in surface water seems to confirm the
previously reported findings that describe undesirable effects of
the degradation products in certain biological systems; theoreti-
cally, toxicity would be higher for fathead minnow. However, it
must be remarked that the toxicity of a mixture of degradation
products has not been assessed and it is well known that the
toxicity of a mixture is different.

4. Conclusions

Chlorpromazine in water is degraded by exposure to UV

Table 3
Predicted 50% lethal concentrations (LCso, tM) and 50% growth inhibition concen-
trations (IGCsp, tM) of chlorpromazine and degradation products for different tests.

Daphnia magna Tetrahymena pyriformis ~ Fathead minnow

LCso (48 h) 1GCs LCso (96 h)
BT SO 26 398 40
BT NH2 1.0 100 79
BT MET 76 63 79
2 HP SO 50 132 6.3
2HPSONO 16 25 6.3
PRO SO 6.3 49 13
PROSONO 13 25 10
CP SO 2.0 32 6.3
CP SO NO 19 78 02
2 HP 13 20 32
2 HP NO 13 13 25
PRO 1.9 63 16
cp 15 40 25
CP NO 0.7 40 13

irradiation. The degradation rate decreases notably when the direct
exposure to sunlight is avoided. Non-photochemical reactions
affect scarcely to chlorpromazine at alkaline pH (7.8) and ambient
temperature. A relatively high number of degradation products can
be detected when chlorpromazine has been completely degraded
in non-forced conditions and some of them are detected after 20
weeks. The evolution pattern of the compounds over time is
essentially similar to that obtained under direct sunlight irradia-
tion, varying the transformation rate.

Degradation products, many of them not described before in
water, have been characterized by quadrupole/time-of-flight tan-
dem mass spectrometry, proposing their structures. The break-
down of the phenothiazine moiety in an environmental sample is
reported. N-oxidation and S-oxidation processes, substitution of
the chorine atom of the aromatic ring for a hydroxyl group or a
hydrogen atom, removing of the non-substituted benzene ring,
demethylation of the terminal amine and hydroxylation reactions
are the transformation routes of chlorpromazine.

Chlorpromazine is strongly adsorbed onto sediment, and so do
some of its degradation products. Adsorbed chlorpromazine is also
degraded; degradation products are less persistent in river water
kept in contact with sediment, likely as consequence of a biological
degradation. Harmful effects observed in diverse studies could be
ascribed to chlorpromazine or some degradation products ac-
cording to the ecotoxicities predicted from the elucidated chemical
structures.
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2.2. Degradation assays

Attenuation of UV radiation in non-forced experiments

Non-forced degradation experiments involved the monitoring of residues in river water kept
in a glass cylindrical container (20.5 cm length x 14.0 cm inner diameter). The containers were
placed near a window of the laboratory. The solar radiation must pass through the laboratory
window glass and the glass of the container to reach the body of water. As the two glasses absorb
UV radiation the behavior of CP in the container can simulate, in a greater or lesser extent, that
inside a mass of water because the penetration of solar UV radiation inside a mass of water is
diminished with depth. Radiation is partially reflected away when it reaches the surface of a
natural body of water, and once within the water, radiation may be scattered or absorbed by solid
particles: higher amounts of solid particles in water will decrease the depth of radiation

penetration.

The attenuation of radiation through the two glasses (container and window, together) has
been estimated in this work by transmittance measurements. Thus, the transmittance of radiation
through the glasses has been estimated at five wavelengths with the help an UV-visible
spectrophotometer, by placing pieces of the two types of glass in the sample holder. The

percentages of radiation transmitted through the two types of glass resulted to be:

Wavelength Measured transmittance
350 nm 40%
320 nm 1.3%
310 nm 0.02%
305 nm 0.0008%
290 nm 0.00008%

As it can be seen, the attenuation of incidental radiation is more pronounced at the shortest

wavelengths as it is expected to happen in a mass of water.

Forced photochemical degradation in quartz cuvettes

River water was placed in quartz parallelepiped cuvettes (inner dimensions: 44 x 10 x 10 mm),
which were closed and put on a window ledge, outside the laboratory and south-facing, to allow
the direct exposure of the water sample to sunlight. Aliquots of 0.3 mL were withdrawn at regular
time intervals for its analysis. Assay was done in the city of Valladolid, in one day, in the month of
January (between 9 and 13 h approximately, true solar time). Solar radiation data for the city of
Valladolid and the day in which the assay was carried out are shown below; they were achieved

from the AEMET (Spanish meteorological agency; Ministry of Agriculture, Food and Environment).
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2.5. Analysis by liquid chromatography — mass spectrometry.

Table: Repeatabilities (expressed as RSDs) achieved in the determination of chlorpromazine
degradation products in two different river water samples by the applied analytical method (n=5).
See section 3.2 for compound identification.

Sample 1 Sample 2

RSD (%) RSD (%)

DHBT MET 5.4 5.0
BZDIOL 4.8 4.2
BT SO 3.1 4.0
BT NH2 3.5 3.7
BT MET 4.0 4.5
2HP SO 4.1 3.8
2HP SO NO 3.6 3.2
PRO SO 4.2 4.2
PRO SO NO 3.6 2.8
DHP SO 4.6 5.0
CP SO 3.3 3.7
CP SO NO 3.7 2.8
2HP 4.1 4.2
2HP NO 53 4.8
PRO 4.6 4.2

CP NO 5.3 5.5
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3.1. Degradation of chlorpromazine.

Table: Degradation of chlorpromazine in water (W1, W2, W3 samples) under non-forced
conditions. Individual data of each assay.

W1 W2 W3
Concentrations (pg L) Concentrations (ug L) | Concentrations (ug L?)
Week Assay 1 | Assay 2 | Assay 3 | Assay 1 | Assay 2 | Assay 3 | Assayl Assay 2

0 2.00 2.01 2.03 2.00 2.03 2.04 1.98 1.99

1 0.51 0.58 0.60 0.75 0.78 0.93 0.65 0.62

2 0.048 0.048 0.062 0.11 0.13 0.015 0.056 0.054

3 0.025 0.033 0.031 0.033 0.040 0.072 0.032 0.040

4 0.005 0.007 0.008 0.009 0.010 0.013 0.015 0.011

R2 0.96 0.96 0.98 0.99 0.99 0.98 0.94 0.95

k (week) 1.48 1.43 1.40 1.39 1.37 1.27 1.28 1.31
t1/2 (weeks) 0.43 0.45 0.46 0.46 0.47 0.50 0.50 0.49

R%: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.
k: kinetic constant.
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Table: Degradation of chlorpromazine in water samples at room (DARK) or 70 °C (HT) temperature
without sunlight irradiation, and in quartz cuvettes under sunlight irradiation (UV sample).
Individual data of each assay.

DARK HT uv
Concentrations (ug L) | Concentrations (ug L) Concentrations (ug L)
Week Assay 1 Assay 2 Assay 1 Assay 2 min Assay 1 | Assay 2

0 1.99 2.01 2.04 2.02 0 2.01 2.01

1 1.97 1.98 1.58 1.58 60 1.12 1.11

2 1.96 1.95 1.51 1.42 115 0.76 0.77

3 1.95 1.94 1.20 1.10 180 0.22 0.20

4 1.94 1.93 1.10 0.88

5 1.93 1.92 0.88 0.81

6 1.92 1.91 0.81 0.78

7 1.91 1.90 0.72 0.70

8 1.90 1.89 0.59 0.62

9 1.89 1.88 0.53 0.52

10 1.88 1.87 0.49 0.47

11 1.86 1.85 -- --

12 1.85 1.83 -- --

13 1.84 1.81 - --

14 1.83 1.80 -- --

15 1.81 1.79 -- --

16 1.79 1.78 -- --

17 1.77 1.76 -- --

18 1.75 1.74 -- --

19 1.72 1.73 -- --

20 1.70 1.71 -- --

R2 0.97 0.99 0.99 0.97 R2 0.95 0.94
k (week?) 0.0072 0.0074 0.14 0.14 k (min?)| 0.012 0.012
t1/2 (weeks) 88.5 86.0 4.49 4.60 ti2(min)| 53.7 53.3

R2: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.

k: kinetic constant.

-- : without data.

3.2. Detection and identification of degradation products.

3.2.1 MS/MS spectra: General commentaries and fragmentation patterns.

MS spectra were simple, the corresponding protonated molecular ion [M+H]" was the base
peak and fragmentation was not observed. Structural information about the detected
chlorpromazine-related compounds was obtained by MS/MS experiments. The corresponding
[M+H]* ion was isolated and then fragmented by collision induced dissociation with nitrogen gas at
different collision energies. The molecular formulae of the most abundant fragment-ions in each
MS/MS spectrum, and some of the lesser abundant ones, were established and the composition
differences with respect to the precursor ion were obtained in order to propose a tentative

structure for the unknown compound.
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Many fragmentations affected to the amine alkyl chain bonded to the phenothiazine; the
neutral losses C;H;N, C4H11N, CsH1;N and others were frequent. The generally abundant fragment
ion at m/z 86 (CsH12N*) was characteristic of the amine alkyl chain, too. The presence of an N-oxide
group in the triaalkylamine moiety of the structure was easily distinguished in the MS/MS spectra
by the formation of an ion at m/z 102 (CsH;2NO*) instead of the CsH1;N* ion, characteristic of the

promazine (phenothiazine bonded to the amine alkyl chain).

However, the fragment CsH1,NO* could also be assigned to another possible moiety; it is
usual that the methyl group in terminal position is oxidized, microbial way, to a primary alcohol. In
order to discard this last possibility a water aliquot with chlorpromazine residues was treated with
H,0, and extracted. The formation of sulfoxides was relatively fast whereas the production of N-
oxides was slower, after two days it was verified that peak area of the degradation products
identified as N-oxides increased. As the retention times of these compounds were not modified
and any more susceptible chromatographic peak was found it was deduced that the assignment

was likely correct.

The electron configuration of the molecule can be deduced from the number of rings and
double bonds (RDB) calculated with the ion formula. So, some radical ions were also ascertained in
the spectra. Many times, these radical ions were due to the presence of a sulfoxide group in the
structure in whose case these fragment ions were generated by the loss of oxygen and a terminal
methyl group or hydrogen atom from the amine. The simultaneous losses of oxygen from the
sulfoxide group and alkyl amines from the amine alkyl chain were often, too. The loss of SO
together with other cleavages was also observed, the exclusive loss of SO generated fragment ions
of low abundance, below 1%. Furthermore, the loss of Cl or OH in the structures of many

degradation products also provided radical ions.

In advanced stages of fragmentation the MS/MS spectra of the transformation products that
kept the phenothiazine structure showed several ions related to the aromatic ring, such as m/z
117 (CoHs*), 133 (CoHoO*), 149 (CoHs0,*) and 167 (CsHsClO*), which were presumably formed by

rearrangement reactions and indicated the presence of oxygen.

The elemental composition and number of RDB of diverse structures suggest the formation of
benzo[1,4]thiazin-6-ol derivatives. As in previous cases, the positions of the hydroxyl substituent
and alkyl chain cannot be known exactly from the spectrum but it is assumed that the initial

configuration of the phenothiazine is kept.

On the other hand, some rules can be inferred as regards the chromatographic behaviour of
the compounds that kept the phenothiazine structure. The introduction of a sulfoxide group in the
molecule implies a decrease of the retention time with respect to the non-oxidized compound
whereas the n-oxides have a retention time slightly higher in comparison with those compounds

for which the tertiary amine was preserved.
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3.2.2 Identification of degradation products. Detailed discussion and MS/MS spectra.

The fragment-ions in the MS/MS spectrum of CP (C17H20CIN,S*, Fig. SM1) arise mainly from
the cleavage of the amine alkyl chain bonded to the phenothiazine due to losses of alkylamines
such as C,H7N, C4H11N or CsHi;N. The most intense ion at m/z 86 (CsH1:N*) was characteristic of the
amine alkyl chain. Some radical ions were also ascertained in the spectrum and attributed to the

loss of chlorine.

CP SO (C17H20CIN,OS™) was identified as the sulfoxide derivative of CP (Fig. SM2). The alkyl
chain was intact as deduced from the observation of the CsH;;N* ion and some alkylamines were
lost, too. Fragments involving the loss of SO (Ci3H9CIN*, CisHisN®**, CisH12CIN,*) confirmed the
identification. Radical ions attributed to the loss of oxygen and a terminal methyl group
(C16H17CIN>S**), or hydrogen (C17H19CIN>S**), from the amine were associated to the existence of a
sulfoxide group in the molecule. It is required to point out that in various degradation products the
structure postulated for some fragments could be slightly modified and match properly the
elemental composition of the ion. For instance, in the fragments at m/z 273 and 290 of the CP SO
MS/MS spectrum the position of the double bond in the alkyl chain could be different; in these
cases, when a comparison is feasible, the criterion followed in the reference “Trautwein and

Kummerer, 2012” has been adopted to allow a better comparison with the reported spectra.

The elemental composition of 2HP (C17H20N20S", Fig. SM3) differed from that of CP in the loss
of chlorine and the addition of hydroxyl. 2HP was identified as 2-hydroxypromazine, a primary
degradation product of CP in which the chlorine atom from the aromatic ring is substituted for a
hydroxyl group. The interpretation of the fragments agrees with this assumption, and the general
fragmentation pattern exposed for the above-mentioned promazine derivatives is repeated: loss

of alkylamines and notable CsHi;N* ion.

2HP SO (C317H2:N,0,S", Fig. SM4) was identified as 2-hydroxypromazine sulfoxide owing to the
formation of radical ions similar to those observed for CP SO. The molecular formula of PRO
(C17H20N2S*, Fig. SM5) indicated the substitution of the chlorine atom of CP for a hydrogen atom
while PRO SO (C;7H,1N>0,S*, Fig. SM6) was identified as the corresponding S-oxidation product of
PRO. The fragmentation patterns for all these compounds are similar to those exposed. It must be
noted that the introduction of oxygen in the molecule gives MS/MS spectra with more profuse
fragmentation although this aspect is also depending on the intensity of the chromatographic
peaks. Otherwise, in advanced stages of fragmentation, the MS/MS spectra of the oxygenated
transformation products show several ions related to the aromatic ring, such as 117 (CsHq*), 133
(CsHsO"), 149 (CoHs0O7") and 167 (CoHsClO*), which are presumably formed by rearrangement

reactions that involve the oxygen atom.

As regards the elucidation of DHP SO (C;7H2:N,03S%, Fig. SM7), the molecular formula and the
interpreted fragment-ions suggest that it was a dihydroxylated compound. In addition, the
number of RDB of the protonated molecular ion was kept unchanged as happens for the above-

described compounds in which the phenothiazine moiety is unaltered. As it can be seen in the
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spectrum the elemental composition of the fragment at m/z 244 differs in CO with respect to ion
at m/z 216, and the composition of this later also varies in CO in relation to ion at m/z 188; the loss
of CO from a phenolic group is frequent. Assuming that this compound derives from 2HP SO the
position of the new hydroxyl group in the structure could not be reliably assigned. Nevertheless, it
is supposed that each hydroxyl is bonded in different benzene rings because the loss of H,0, usual
for adjacent diols, has not been observed. Moreover, assuming that DHP SO is originated from a
photochemistry process involving free hydroxyl radicals, the ortho (C1 and C8) and para (C3 and

C6) positions related to the phenylamine group are more prone to hydroxylation.

The structure of CP SO NO (Ci7H20CIN20,S*, Fig. SM8) maintained the chlorine atom and had
two additional oxygens compared with the CP composition; it has been postulated as
chlorpromazine sulfoxide N-oxide. The ion at m/z 86 (CsH1:N*) is not present in the spectra where
is now detected an ion at m/z 102 (CsH1oNO*), which was attributed to a cleavage in the alkyl chain
bonded to the N-oxide, similar to the former. The presence of a sulfoxide group in the molecule

was denoted by the loss of oxygen or SO in some fragmentations.

The structures of the N-oxides 2HP SO NO (Cy7H21N,03S*, Fig. SM9), PRO SO NO (C17H»1N>0,S%,
Fig. SM10), 2HP NO (C37H2:N,0,S, Fig. SM11) and CP NO (C37H20CIN,OS", Fig. SM12) were assigned

according to the stated fragmentation patterns.

The number of RDB, the observation of CsHi;,N* and the loss of alkylamines suggest that BT
SO (Ci3Hi9N20,S*, Fig. SM13) is a N-dimethylaminopropyl-S-oxide- benzo[1,4]thiazin-6-ol
derivative; the presence of sulfoxide and phenolic groups is deduced from the loss of oxygen in the
interpreted fragmentations (ion at m/z 206 compared with m/z 222 ion) and the loss of CO in
some cases (ions at m/z 136 and 138), respectively. The positions of the hydroxyl and alkyl chain
cannot be known exactly from the spectrum but it is assumed that the initial arrangement of the

parent compound is kept.

The spectra for BT MET (Ci12H17N,0S*, Fig. SM14) and BT NH2 (Ci:H1sN,OS*, Fig. SM15) had
scarce fragmentation but the elemental compositions, number of RDB, and the similarity of
fragments and neutral losses with respect to BT SO allowed to provide structures similar to BT SO,

which differ mainly in the composition of the alkylamine chain.

Several structures can be attributed to the fragmentations and molecular formula calculated
for DHBT MET (C12H19N>05S*, Fig. SM16); among them, the most coherent with the previous
structures is shown. It was identified as a 3,4-dihydro-N-(methylaminopropyl)-S-oxide-
benzo[1,4]thiazinediol. The position of a hydroxyl group cannot be fixed with precision but the
losses of H,O (ions at m/z 162, 180 and 237) suggest the link of hydroxyl to the heterocyclic ring. In
addition, the losses of CO (ions at m/z 132, 136, 162 and 180) and oxygen (see ions at m/z 237,

226 and 210) corroborate the presence of phenolic and sulfoxide groups, respectively.

Finally, the structure of the last degradation product, BZDIOL (C;1H19N,03S*, Fig. SM17), was
thought to correspond to an N-hydroxyaminobenzenediol in which the position of the substituents

is not clear. The number of RDB calculated for its molecular formula and the observed fragment-
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ions indicate the existence of a benzene ring, and the ion CsH;N* (m/z 86) suggest the whole
preservation of the alkylamine chain of CP. The inclusion of a hydroxylamine group instead of
considering a benzenetriol is based on the disputable fact that low and middle m/z ions seems to
contain a relatively small number of oxygen atoms. As regards the positions of the hydroxyls in the
aromatic ring, only one of them is unequivocally ascertained in agreement with the structure of

the parent compound.
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Figure SM17: MS/MS spectrum of BZDIOL. Collision energy: 32 eV. Exact mass and experimental

error in its measurement.
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3.3. Occurrence of degradation products in river water.

140 Relative
peak area W1 sam ple ACP SO
120 > x<2HP SO
Assay 1 +*2HP SO NO
100 BTMET
H2HP
>
80 = PRO SO NO
+«CP SONO
60
>
40
7 Relative
peak area A DHBTMET
W1 sample 2 PRO SO
6 ~ BT SO
>
Assay 1 .  BZ DIOL
5 - ha DHP SO
- L s 2HP NO
4 - - ©PRO
| w0 > +« CP NO
3 < BT NH2
&
= > &%
m & S ] . >A§ &>A|.<>K
2 s ’é’-—z. A
So o gX X a % ms X
2as ok i
$§>|</n\ - S © <><><> || -
0o FxXtes. —© . .
0 5 10 15 Week 20

Figure: Variation of peak areas of the degradation products in the W1 sample (room conditions).
Peak areas are referred to the initial peak area of CP in each experiment, to which a value of 100
was assigned. Assay 1.
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Figure: Variation of peak areas of the degradation products in the W1 sample (room conditions).
Peak areas are referred to the initial peak area of CP in each experiment, to which a value of 100
was assigned. Assay 2.
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Figure: Variation of peak areas of the degradation products in the W2 sample (room conditions).
Peak areas are referred to the initial peak area of CP in each experiment, to which a value of 100
was assigned. Assay 1.
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Figure: Variation of peak areas of the degradation products in the W2 sample (room conditions).
Peak areas are referred to the initial peak area of CP in each experiment, to which a value of 100
was assigned. Assay 2.
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Figure: Variation of peak areas of the degradation products in the W3 sample (room conditions).
Peak areas are referred to the initial peak area of CP in each experiment, to which a value of 100
was assigned. Assay 1.
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The pharmaceutical compound indomethacin is not totally removed in wastewater treatment
plants, whose effluents flow into aquatic environments; concentrations in the 0.1-100 ng/L
range are commonly found in surface waters, and its fate is unknown. Here, biological,
photochemical and thermal degradation assays were conducted under stress and non-stress
conditions to estimate its degradation rate in river water and establish its degradation products
over time. The results revealed that direct sunlight irradiation promoted the complete
degradation of indomethacin (2 pg/L) in less than 6 hr, but indomethacin was detected over a
period of 4 months when water was kept under the natural day-night cycle and the exposure to
sunlight was partially limited, as occurs inside a body of water. The biological degradation in
water was negligible, while the hydrolysis at pH 7.8 was slow. Residues were monitored
by ultra-pressure liquid chromatography/quadrupole time-of-flight/mass spectrometry after
solid-phase extraction, and six degradation products were found; their structures were
proposed based on the molecular formulae and fragmentation observed in high-resolution
tandem mass spectra. 4-Chlorobenzoic and 2-acetamido-5-methoxybenzoic acids were the
long-term transformation products, persisting for at least 30 weeks in water kept under
non-stress conditions. Furthermore, the degradation in the presence of sediment was also
monitored over time, with some differences being noted. The adsorption coefficients of
indomethacin and degradation products on river sediment were calculated; long-term
degradation products did not have significant adsorption to sediment.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

The presence of pharmaceutical compounds in the environ-
ment is a matter of increasing concern because they impact
negatively on the environment. The effluents discharged from

wastewater treatment plants (WWTPs) are the main intro-
duction source of pharmaceuticals in surface waters. These
compounds are found in the influents of the WWTPs mainly
as a result of the inappropriate domestic disposal of unused
medicinal products. Indomethacin (INDO) is a non-steroid
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anti-inflammatory drug detected in the primary influents that
reach the WWTPs in concentrations, generally, of 20-100 ng/L,
although concentrations of about 1 pg/L have also been
reported (Sui et al., 2009; Radjenovic et al., 2009). Concentra-
tions of about 10-20 ng/L have been found in depurated
effluents (Zhou et al., 2009). In river water, INDO concentra-
tions between 0.1 and 100 ng/L are frequent (Kim et al., 2009;
Lewandowski et al., 2011; Yamamoto et al., 2009; Zhou et al.,
2009). Concerning the efficiency of WWTPs at removing INDO,
there are contradictory data; some authors have concluded
that its removal in the global process is non-existent or slight
(Radjenovic et al., 2009; Rosal et al., 2010; Sui et al., 2009; Tran
et al., 2014), while other authors find that the removal rates are
about 40%-100% (Huang et al., 2011; Matsuo et al., 2011; Zhou
etal., 2009). Moreover, it has been stated that INDO infiltrates to
subsurface waters (1 m depth) from surface waters, as has
occurred for other pharmaceuticals (Lewandowski et al., 2011).

The frequent detection of INDO in surface waters and
WWTP effluents discharged into rivers advises us not only to
evaluate its persistence in the environment, but also to
determine the possible transformation products in order to
obtain an overall perspective and to assess possible risks,
because the effects resulting from exposure to the parent
pharmaceutical and the degradation products can be different
(Celiz et al., 2009). So, INDO dissolved in different media has
been subjected to degradation studies under stress conditions
that indicate its photolability, and some degradation products
generated in these conditions have been described (Temussi
et al,, 2011; Yamamoto et al., 2009), but there is no reliable
information about its behavior in surface water and especially
about its long-term fate in non-stress conditions.

In this context, river water spiked with INDO at trace levels
was subjected to degradation studies in this work to ascertain
the importance of the chemical, photochemical and biological
processes in its degradation in surface water. In addition to
assays under stress conditions, non-stress conditions were
also applied to INDO in aqueous solution in order to simulate its
behavior inside a body of water. Water aliquots were analyzed by
ultra-pressure liquid chromatography/quadrupole time-of-flight/
mass spectrometry, and the structures of the degradation
products found were tentatively elucidated from the molecular
formulae and fragmentation observed in high-resolution tan-
dem mass spectra. The evolution of the degradation products
was also monitored over time to estimate their occurrence, and
a degradation pathway was outlined. In addition, the adsorp-
tion capacity of sediment for INDO and its degradation products
was evaluated by calculating the corresponding adsorption
coefficients.

1. Experimental
1.1. Materials and reagents

Water samples were collected from the rivers Pisuerga (pH
value 7.8, chemical oxygen demand value 4.6 mg/L), in the
urban area of the city of Valladolid, and Tuerto (pH value 7.4,
chemical oxygen demand value 3.9 mg/L), in the rural area of
the La Bafleza, province of Leén; chemical oxygen demand
was determined by the potassium dichromate method. A

sediment sample (total organic carbon 1.2%; clay 11%, silt 44%,
sand 45%) was collected from the river Pisuerga. Total organic
carbon was measured by a combustion method with a LECO
CS-225 elemental analyzer (St. Joseph, MI, USA). Sediment
particle size analysis was based on the Bouyoucos hydrometer
method; soil aggregates were dispersed by chemical means.

Cellulose nitrate disks from Sartorius (Barcelona, Spain)
were used: river water was filtered through 0.2 pm pore-size
disks for the estimation of adsorption coefficients, through
3 um pore-size disks to carry out biodegradation experiments,
and through 0.45 um pore-size disks for other degradation
experiments.

Indomethacin (99% purity) was obtained from Sigma-
Aldrich (St. Louis, MO, USA). LC-MS grade methanol, acetonitrile
and formic acid were supplied by Panreac (Barcelona, Spain)
and ultrapure water was obtained from a Milli-Q plus apparatus
(Millipore, Milford, MA, USA). Analysis-grade sodium hydroxide,
potassium dihydrogen phosphate and sodium azide were
purchased from Panreac. EBH cartridges (60 mg) for solid-
phase extraction (SPE) and PTFE disposable syringe filter units,
0.20 pm pore size, were obtained from Scharlab (Barcelona,
Spain). Tryptone soya broth (TSB), a highly nutrient liquid
culture medium for general purpose use, was purchased from
Scharlab; its composition can be seen in the supplementary
material (Appendix A Table S1). A vacuum centrifuge evapora-
tor, Myvac model, was provided by Genevac (Ipswich, UK), a
PK120 centrifuge by ALC (Winchester, VA, USA) and a Promax
2020 reciprocating platform shaker by Heidolph (Germany).

1.2. Biological degradation

1.2.1. Aerobic degradation

Biological degradation assays were carried out with water
from the river Pisuerga (pH 7.8) which was spiked with INDO
to achieve a concentration of 2 ug/L. A volume of 50 mL of
river water was transferred into a 100 mL Erlenmeyer flask,
which was then coated with aluminum foil to avoid exposure
to sunlight but allowing the exchange of air with the
atmosphere. An INDO control solution was similarly prepared
in ultrapure water (pH 7.8 adjusted with NaOH) containing
0.02% (W/V) sodium azide as a biocide. Water blanks were
prepared as well. Samples were run in parallel; flasks
were shaken in a reciprocating shaker at a rotation speed of
130 r/min for 5 weeks, within a temperature range of 18-21°C.
Aliquots of 5 mL were collected each week and subjected
to analysis. Evaporation water losses were periodically
restored by addition of water of the same type. All biological
experiments were carried out in duplicate.

1.2.2. Anaerobic degradation

River water (pH 7.8) spiked at 2 ug/L was placed in 15 mL vials,
completely filled to avoid the presence of air in the headspace.
The vials were closed, protected from light by coating them
with aluminum foil and kept in a temperature range of 18-
21°C during experimentation. Control solutions with INDO in
ultrapure water (pH 7.8 adjusted) containing 0.02% sodium
azide, and the corresponding blanks, were also run in parallel.
A batch of vials was assembled to withdraw weekly samples
over a period of 5 weeks; a volume of 5mL from each
withdrawn vial was collected for analysis.
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1.2.3. Degradation in culture medium

A 20/80 (V/V) mixture of TSB culture medium and river water
was spiked with INDO at 2 pg/L, and 100 mL of the mixture was
placed in a 250 mL glass container. A control solution in
ultrapure water (pH 7.8 adjusted) containing 0.02% sodium
azide and INDO, and a blank of the medium-water mixture,
were also prepared and run in parallel. Closed vessels were
heated at 35°C in darkness for 5 weeks. Aliquots of 10 mL were
sampled weekly and filtered through 0.45 um pore-size cellu-
lose nitrate; 5 mL samples of filtrate were collected for analysis.

1.3. Photochemical and thermal degradation

River water (pH = 7.8) spiked with INDO (2 ng/L) was placed in
a quartz cuvette, which was closed and placed on the outer
edge of a window, south-facing, to allow its direct exposure to
sunlight. The assay was performed in the city of Valladolid
(latitude: 41°38’15"N, longitude: 4°44'17"W) in one day, in the
month of January. Aliquots of 0.3 mL were withdrawn at
regular time intervals and injected into the chromatographic
system. Control samples of INDO in river water, protected
from sunlight with aluminum foil, were prepared as well.

For thermal degradation, a volume of 100 mL of spiked
river water (2 pg/L) was placed in a closed 250 mL glass flask.
This was coated with aluminum foil and placed in an oven at
70 °C. Aliquots of 5 mL were collected hourly and subjected to
analysis. All experiments were done in duplicate.

1.4. Non-stress degradation assays

A simple, although slow, approach was adopted in this work to
simulate the concurrent natural process in a body of water.
River water was placed in a transparent sodium calcium silicate
glass container with air-tight seal, which was opened weekly to
collect a sample aliquot and replace the air inside in contact
with the water surface. The container was kept at laboratory
temperature (18-21°C) under the natural day-night cycle and
directly exposed to sunlight for 30 weeks, at which time the
degradation assay was ended. In these conditions, the solar
radiation must pass through the laboratory window glass and
the glass of the container to reach the body of water; the glass
absorbs UV radiation and the behavior of INDO in the glass
container simulates, in a greater or lesser extent, that in a mass
of water where the penetration of solar UV radiation is
diminished with depth. The attenuation of the radiation was
estimated by measurements of transmittance through the two
types of glass (container and window), the UV-visible absorp-
tion spectra of the glasses were recorded; so, it was quantified
that the percentages of radiation transmitted to the body of
water were 40%, 1.3%, 0.02%, 8 x 107*% and 8 x 107°% at
wavelengths of 350, 320, 310, 305 and 290 nm, respectively.

A volume of 2500 mL of river water placed in glass container
was spiked with INDO to achieve an initial concentration of
2 ug/L in each degradation assay. Aliquots of 25 mL were
collected periodically and subjected to SPE; extracts were
injected in the chromatographic system to follow the degrada-
tion of INDO, identify degradation products and monitor them.
Degradation experiments were carried out between the months
of November and June with waters from the rivers Pisuerga
(W1 sample) and Tuerto (W2 sample). Simultaneously, the

degradation of the W1 sample was also studied in the presence
of sediment by adding river sediment to the container in a
sediment-to-solution ratio of 0.3 g/mL (SED sample), in the
absence of sunlight by coating the container with aluminum foil
(DARK sample), and in the presence of nutrients by adding
culture medium at the percentage of 1% (BIO sample).

It was verified that the W1 and W2 river water samples
were free of INDO residues. First, water blanks were subjected
to analysis to test for the absence of the parent compound.
Once the degradation products yielded in the stress assays
were known, tests were also performed to verify that they
were not present in the water extracts. Similarly, the absence
of residues in the sediment sample was confirmed; to this
aim, sediment was extracted with methanol by mechanical
shaking and the extract was concentrated for analysis.

1.5. Study of adsorption to sediment

Experiments were conducted to investigate the adsorption
capacity of the sediment for INDO and its degradation
products. The adsorption coefficient (K4) of INDO to sediment
(sieved through a 0.5 mm mesh) was determined by using a
batch approach. River water (100 mL) spiked with INDO was
added to sediment (20 g) to achieve a sediment-to-solution
ratio of 0.20 g/mL; INDO concentrations were 200, 400, 600, 800
and 1000 ng/L. River water contained 0.02% sodium azide as a
biocide to minimize any possible microbial activity and pH (7.8)
was controlled with phosphate buffer (0.02 mol/L). Control
solutions without sediment were prepared as well. The flasks,
protected from sunlight with aluminum foil, were manually
shaken for 1 min and left standing at 20 + 1°C for a period of
24 hr. Afterwards, an aliquot of 10 mL, previously centrifuged to
remove solids, was collected to determine the INDO concentra-
tion at equilibrium. An adsorption isotherm was drawn in
duplicate. The concentration adsorbed on the sediment was not
directly measured.

Analytical standards are unavailable for most of the degrada-
tion products, however their K4 were estimated based on the
assumption that there is a linear relationship between peak
area and concentration for each compound. Experiments
similar to the above-described were devised by spiking water
with a solution containing the degradation products and an
appropriate sediment-to-solution ratio. The decrease percent-
age of peak area in water was assumed to be the percentage of
compound adsorbed onto sediment (A%), and K4 was calculated
by Eq. (1), which is valid if the adsorption equation is linear
(OECD, 2000). Peak areas of the adsorption experiments were
compared with those of control solutions by a t-test (n = 5) to
confirm the existence of significant differences before applying
the equation.

A%
10_ | -logR (1)

1A% /
100

1.6. Sample preparation

logK4 = log

Except for the photochemical degradation study, river water
aliquots were eluted through EBH cartridges previously
conditioned by successive elution of methanol (6 mL) and
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water (6 mL). The cartridges were washed with 3 mL of a fedomethncin (x2l)
water-methanol (80:20, V/V) mixture after sample elution. 204 b L4 . t &
The stationary phase was dried with air for 3 min and the . a
target compounds were eluted with methanol (4 mL) by L5 ¢
gravity. Then, the extract was evaporated in 30 min by a .
vacuum centrifuge evaporator heated at 40 °C, and the dry 1.0 | .
residue was re-dissolved in 0.5 mL of methanol, which was
filtered through a 0.20 um pore-size PTFE filter for chromato- 05 L ¢ Aerobic ) o
graphic analysis. = Anaerobic
» Culture medium

1.7. Determination by liquid chromatography — mass
spectrometry

An Acquity ultra-pressure liquid chromatograph from Waters
(Milford, MA, USA) coupled to a Maxis Impact quadrupole
time-of-flight tandem mass spectrometer from Bruker Daltonics
(Bremen, Germany) was used. Analyses were performed with
electrospray ionization in negative mode. The chromatograph
was fitted with a Waters BEH ODS column (50 mm x 2.1 mm,
1.7 pm particle size). The mobile phase flow rate was 0.5 mL/min
and consisted of 0.1% formic acid in water (A) and 0.1% formic
acid in acetonitrile (B); assays were performed under gradient
conditions: from 20% B to 55% B in 4.5 min, and then 60% B in
1 min. Re-equilibration time was 1 min. Injection volume was
7 uL.

The operating parameters of the electrospray ionization
source for the MS and MS/MS experiments were as follows:
nebulizing gas pressure, 2 bar; end plate offset voltage,
1000 V; capillary voltage, 4500 V; drying gas temperature,
200°C; dry gas flow, 6 L/min. Nitrogen was used as drying
and nebulizing gas. Mass calibration adjustments were
performed by using a 10 mmol/L sodium formate solution in
2-propanol/water. MS/MS experiments based on collision-
induced dissociation with nitrogen gas were performed. The
quantitation of INDO was accomplished using linear calibra-
tion graphs based on the measurement of peak areas in the
chromatograms extracted for the fragment-ion [M-H-CO,|”
generated in the electrospray source by MS experiments, with
a mass range of £0.01 Da. Similarly, peak areas of degradation
products were integrated in the chromatograms extracted for
the corresponding [M-H] ions.

As regards the performance of the analytical method, the
mean recovery of INDO (2 pg/L) was about 95% with a
repeatability of 1.8% for W1 sample (n = 5). The repeatability
in the determination of the degradation products varied from
1.6% to 5.5% (n = 5, Appendix A Table S2).

2. Results and discussion
2.1. Degradation of indomethacin

Fig. 1 shows the variation of the INDO concentration over time
in biological and stress assays; data are the average of two
independent experiments, and individual data are shown in
Appendix A Tables S3 and S4. After 5 weeks, the degradation
of INDO in river water was negligible under aerobic and
anaerobic conditions at room temperature, but when a
nutrient was added to river water and the mixture was
incubated at 35°C, the concentration of INDO decreased by

0
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Time (week)

Indomethacin (ng/L)
2.0 %
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A
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X
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Time (hr)

Fig. 1 - Degradation of indomethacin in river water according
to biological (a) or stress (b) assays. Data are the mean of two
experiments.

about 68%. A 1 week lag period was observed in this last
experiment; if the initial concentration (time O weeks) was
excluded, the variation of the remaining experimental
concentrations with time could be fitted to a linear equation
(R? = 0.98), from which a half-life of 3.70 weeks was calculat-
ed. On the other hand, heating at 70°C and UV radiation from
the sunlight promoted faster degradation of INDO in river
water; it could be detected for only 11 and 5 hr, respectively.
Degradation data were fitted to a first-order kinetics equation
with half-lives of 1.97 h (R? = 0.97) and 1.60 h (R? = 0.97) for the
heating and direct irradiation assays, respectively. The UV
radiation is the main factor that boosts the degradation of
INDO.

The evolution of the INDO concentration over weeks in the
non-stress assays can be seen in Fig. 2 and Appendix A Table
S5. INDO was detected for 16 and 15 weeks in water from the
two rivers (W1 and W2 samples); the concentration decreased
gradually until it was less than the detection limit achieved by
the method, which was estimated to be about 10 ng/L.
Experimental data were also well fitted to first-order kinetics;
half-lives were 2.57 (R® = 0.97) and 2.47 weeks (R® = 0.94) for
W1 and W2 samples, respectively. The degradation of INDO in
river water at room temperature and in the absence of
sunlight (DARK sample) was slower (half-life: 5.12 weeks,
R? = 0.98), being detected throughout the 30 weeks of exper-
imentation. These assays indicate that solar radiation is a
notable factor in the behavior of INDO inside a body of water
even though the transmission of UV radiation is attenuated.
However, the photochemical reactions should not be the only
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Fig. 2 - Degradation of indomethacin in river water under
non-stress conditions. Data are the mean of two
experiments.

factor considered because the degradation of INDO in dark-
ness is not negligible.

INDO seems to be a non-biodegradable compound in
unmodified river water. However, the degradation study over
time in water whose nutrient content was enhanced (BIO
sample) revealed that the degradation rate was slightly higher
in comparison with that of the W1 sample. The half-life was
now estimated to be 2.04 weeks (R® = 0.98, first-order kinetics).
Otherwise, in the presence of aquatic sediment (SED sample)
the half-life was higher, 3.39 weeks (R*>=0.96, first-order
kinetics); INDO was found in the aqueous phase for 24 weeks.
The measured initial concentrations in the SED sample were
lower with regard to the previous assays, which suggested
possible adsorption of INDO to sediment. This adsorption
phenomenon could help protect INDO from sunlight exposure
and increase its stability in water samples.

2.2. Detection and identification of degradation products

The presence of compounds related to degradation of INDO was
established by the observation of new chromatographic peaks
in the MS chromatograms, which were present neither in the
previous chromatograms nor in blanks, and the gradual
variation of their peak areas over time. In this way, six degrada-
tion products of INDO were found in the extracts. The [M-H]~
ion of each degradation product, besides INDO, was isolated
and fragmented by collision-induced dissociation to obtain
structural information. MS/MS spectra (Appendix A Figs. S1-S7),

discussion of the fragmentation patterns, interpretation of the
fragment-ions and a brief explanation on the assignment of
tentative structures to the degradation products can be found in
the supplementary material. Table 1 shows the molecular
formulae established and the identifications proposed for the
compounds.

The compounds 5-methoxy-2-methyl-1H-indole-3-acetic
acid (MMIA) and 4-chlorobenzoic acid (CBA) were unequivocally
identified. They were the two basic constituent moieties of
INDO. An unknown degradation product was identified as acid
(DHINDO), a derivative of INDO hydroxylated at the C6 and C7
sites of the indole moiety, while the other unknown compound
was thought to be 2-(4-chlorobenzamido)-5-methoxybenzoic
acid (CMBA), which arose from the cleavage of the indole
structure. The other two degradation products were identified
as 5-methoxy-2-methyl-1H-indole-3-carbaldehyde (MMIC) and
2-acetamido-5-methoxybenzoic acid (AMBA) in agreement with
two described photodegradation compounds (Temussi et al.,
2011). Thus, a structure was ascribed to each compound con-
sidering spectral and bibliographic data.

2.3. Occurrence of degradation products in river water

The peak areas of the degradation products were monitored
during the degradation studies; a value of 100 was assigned to
the initial peak area of INDO (week 0) in each experiment, and
all other peak areas were referred to this value. Fig. 3
illustrates the evolution of compounds in non-stress condi-
tions. Data for all compounds and experiments are provided
as Supplementary material. Four compounds were found in
W1 and W2 samples (Appendix A Figs. S8 and S9), whose
degradation conditions were intended to simulate the behav-
ior of INDO inside a body of water; CBA, AMBA and MMIA were
the major degradation products in the first 15 weeks, while
CBA together with AMBA were the only compounds detected
after 30 weeks. CBA was the most abundant degradation
product in terms of peak area; its amount increased gradually
until about the 10th week, and then decreased slowly. AMBA
was a minor degradation product that seemed to persist over
time. DHINDO was also a minor compound that reached its
maximum occurrence at about the 9th-10th week; like MMIA,
DHINDO was not detected after the 19th week. The evolution
profile of the compounds was basically similar in waters from
the two rivers (W1 and W2). The joint presence of CBA and

Table 1 - Retention times (RT), masses measured in the mass spectra for the [M-H]  ion, errors in the determination of exact

masses, molecular formulae and number of rings and double bonds (rdb) of the corresponding structures for the detected
degradation products.

RT  Molecular Exact Measured Error rdb Compound Abbreviation
(min) formula mass (Da) mass (Da) (ppm)

0.89  Cy1oH10NO4 208.0615 208.0616 -0.5 6.5 2-acetamido-5-methoxybenzoic acid AMBA

1.15 C13H1oNO, 188.0717 188.0724 -23 7.5 5-methoxy-2-methyl-1H-indole-3-carbaldehyde MMIC

1.26  Cq15H15NO3 218.0823 218.0824 -0.5 7.5 5-methoxy-2-methyl-1H-indole-3-acetic acid MMIA

2.04 C;H4CIO, 154.9905 154.9905 0.0 5.5  4-chlorobenzoic acid CBA

282 Cy9Hy7CINOg  390.0750 390.0746 1.0 11.5 1-(4-chlorobenzoyl)-6,7-dihydro-6,7-dihydroxy-5-methoxy- DHINDO

2-methyl-1H-indole-3-acetic acid
3.80 Cy5H..CINO,  304.0382 304.0378 -13 10.5 2-(4-chlorobenzamido)-5-methoxybenzoic acid CMBA
425 CyoHysCINO,  356.0695 356.0696 -0.3 125 1-(4-chlorobenzoyl)-5-methoxy-2-methyl-1H-indole-3-acetic INDO

acid
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Fig. 3 - Variation of peak areas of the degradation products in
river water under non-stress conditions. Mean of two
experiments.
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AMBA in surface water can constitute an indicator of the
earlier presence of INDO in that body of water.

The evolution of the degradation products when the
amount of nutrients in river water was increased to favor
the growth of microorganisms (BIO sample) followed the
pattern described for W1 and W2 samples, with the difference
that the transformation rate of the compounds increased
somewhat, as was previously stated for the degradation of
INDO (Appendix A Fig. S10). Excepting CBA, all degradation
products were detected during a smaller number of weeks;
even AMBA was now fully degraded in 23 weeks.

Finally, the transformation products found in the SED
sample (Appendix A Fig. S11) were the same as those in the
W1 and W2 samples, although the evolution profile was
clearly different. Regardless of the lower degradation rate of
INDO, MMIA was detected only in extracts for 10 weeks, and
its peak areas were lower in relation to assays without
sediment. Moreover, DHINDO was present in higher relative
amounts, which was attributed not only to the lower initial
peak area of INDO, but also to the higher occurrence of
DHINDO, whose formation was enhanced in the presence of
sediment. Furthermore, the persistence of DHINDO also
increased, being detected in water for 28 weeks. However,
CBA and AMBA remained as the only compounds detected
after 30 weeks.

As regards the origin of the degradation products, CBA and
MMIA were the only degradation products detected in the
stress assay at 70°C (Appendix A Fig. S12), the DARK sample
(Appendix A Fig. S13), and the water sample incubated at 35°C
with added culture medium (Appendix A Fig. S14). Their
occurrence in the two first samples, in addition to W1 and W2,
could be easily explained by chemical hydrolysis, while
biochemical hydrolysis in the water containing nutrients
could not be discarded. On the other hand, the peak areas of
CBA and MMIA in the DARK sample after 30 weeks were not
very different between them, in contrast to W1 and W2
samples, where the amount of MMIA was clearly lower than
that of CBA at the end of the monitoring; this suggested that
MMIA is a relatively stable compound in the absence of
sunlight.

Five degradation products were yielded by photochemical
reactions. They were found when river water was directly
exposed to sunlight, without passing through the glass, which
absorbs UV radiation (Appendix A Fig. S15). DHINDO was the
predominant product in terms of peak area, which was
two-fold higher than that of INDO after 6 hr of exposure (see
Supplementary material). CBA and AMBA were also detected,
but not MMIA. Two other photo-induced degradation prod-
ucts that resulted were MMIC and CMBA, which were not
noted in the samples under non-stress conditions, likely as a
consequence of the attenuation of the UV radiation. It is
plausible that the amount of DHINDO could be higher in a
body of water if the UV radiation was less attenuated with
depth.

The described photodegradation compounds can be yielded
by direct or indirect photolysis; data to differentiate and discuss
the two photolysis mechanisms in the degradation of INDO are
not available. In direct photolysis, the molecule of INDO in the
excited state (after absorbing a photon) would be unstable and
would break down. In indirect photolysis, the radiation is
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absorbed for one or more chemical species in the water solution
(for instance, the dissolved organic matter), which could then
decompose INDO by direct reaction with it or through new
chemical species derived from those excited compounds.

2.4. Distribution between water and sediment. Adsorption
coefficients

Fig. 4 shows the adsorption isotherm obtained for INDO in the
batch experiments; the resulting K4 and Ko (organic carbon
normalized adsorption coefficient) values were 1.79 and
149 kg/L. (RSD 5.0%, n = 10), respectively. The K4 value was
comparable to that already described in the literature
(Yamamoto et al., 2009). Adsorption coefficients were also
calculated for the degradation products from the experimen-
tal adsorption percentages; the K4 and K, values and the
sediment-to-water ratios used are given in Table 2. The
adsorption coefficient of INDO was also calculated by this
method and was found to be similar to the previous value.
CBA, and particularly AMBA and DHINDO, had a lower
capacity for adsorption than INDO. In fact, the low adsorption
percentages (<10%) of the latter two degradation compounds
resulted in a worse precision (28%) in the determination
performed for DHINDO, and only a rough estimate of K4 for
AMBA. On the other hand, the adsorption coefficients of
MMIA and MMIC were relatively high, about 18-fold higher
than that of INDO, which was consistent with the low peak
areas observed for MMIA in the SED sample. After checking
the structures of the compounds, the notable capacity for
adsorption of MMIA and MMIC to sediment would be related
to the presence of a N-H bond in the indole moiety, because
higher adsorption coefficients have been reported in amine
compounds (Yamamoto et al., 2009). It should be noted that
the water-sediment interaction is not simple and that the
adsorption coefficients were estimated for only a sample of
water and sediment; consequently, the data provided in this
work should be considered preliminary.

2.5. Degradation pathway

A main degradation pathway of INDO in river water was
outlined (Fig. 5). First, the amide group of INDO is hydrolyzed
to give its two constituent moieties: MMIA and CBA, whose
presence would be expected (Krzek and Starek, 2001). Simul-
taneously, INDO undergoes a secondary degradation reaction
in which the diol derivative DHINDO is formed through a
photochemical reaction; it is thought that DHINDO could

Content in sediment (ng/kg)
1400

1200 =
1000} /

800+
600 o

400 7

200 : : . . ' ‘ :
100 200 300 400 500 60O 700 800

Concentration in water (ng/L)

Fig. 4 - Adsorption isotherm of indomethacin (n = 2).

Table 2-K, and K, mean values (RSDs in parenthesis)
calculated for the degradation products. Mean adsorption

percentages (A%) onto sediment and experimental
sediment to water ratios (R), n = 5.

Compound K4 Koc A% R Experimental
(kg/L) (kg/L) (kg/L) t-value*

AMBA <010 <8.7() <5  0.507 0.6
MMIC 35 2938 (6.0%) 54.0 0.0333 10.8
MMIA 33 2756 (6.7%) 52.2 0.0331 18.2
CBA 1.1 89 (8.6%) 30.5 0.409 10.1
DHINDO 0.15 12.3 (28%) 7.0 0.509 2.57
CMBA 1.8 150 (8.1) 27.4 0.210 15.2
INDO 1.8 150 (7.8%) 27.0 0.206 16.9

* Critical t-value: 2.3; —: without data.

undergo a similar hydrolysis reaction, but its corresponding
indole moiety was not found in this work.

It has been reported that AMBA arises from INDO through a
photodegradation process involving the non-prominent in-
termediate MMIC (Temussi et al., 2011), however it seems
quite possible that MMIA is transformed into AMBA by
photo-induced reactions as well. In fact, the amount of
MMIA remained high and relatively constant in the DARK
sample, as already noted above. In order to verify the
conversion of MMIA in AMBA, an INDO aliquot was subjected
to hydrolysis by heating at 70°C to yield CBA and MMIA, and
then was placed in a quartz cuvette for direct exposure to
sunlight. It was observed that MMIA was completely removed
in about 4 hr, that MMIC was very abundant after 2 hr,
decreasing quickly afterwards, and that AMBA was effectively
a photoproduct arising from MMIA (Appendix A Fig. S16); the
CBA amount remained virtually constant in this assay.
Finally, there were no data to ascertain the fate of CMBA,
however it is reasonable to hypothesize its transformation to
CBA by hydrolysis.

MMIC H
CMBA OTQ/ <
e Y@” °
p{& /”
N
Indomethacin l ¢
MMIA

/ “T/@} A_\IBA
. ﬁm{&u \‘*-«a

Fig. 5 - Degradation pathway of indomethacin in river
water. Bold lines denote the possible predominance of the
transformation process.
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3. Conclusions

The hydrolysis of indomethacin into its two constituent
moieties and the photochemical reactions undergone by the
indole moiety were the main degradation pathways in river
water. A relatively slow biological degradation took place only in
the presence of high contents of nutrients. The degradation rate
decreased notably when photochemical stress was avoided.
The capability of the chemical and photochemical stress assays
to properly predict the degradation products of indomethacin,
or their relative amounts, inside a body of water was limited.

Four degradation products were found in river water under
non-stress conditions and two of them, 4-chlorobenzoic
acid and 2-acetamido-5-methoxy benzoic acid, were the only
and persistent degradation products detected after 30 weeks.
The half-life of indomethacin in river water under these
conditions was estimated to be about 2.5 weeks. Two new
degradation compounds of indomethacin were reported: acid
and 2-(4-chlorobenzamido)-5-methoxybenzoic acid.

Indomethacin was partially adsorbed onto sediment and a
degradation product, 5-methoxy-2-methyl-1H-indole-3-acetic
acid, showed higher adsorption capacity. The degradation
rate in contact with sediment was slower, likely as conse-
quence of the protection supplied by the sediment against
sunlight irradiation.
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1.1. Material and reagents

Table S1: Composition of the culture medium in agreement with the technical data sheet from

the supplier.
Compound: g/L
Peptone from casein 17.0
Soya peptone 3.0
Sodium chloride 5.0
Dipotassium phosphate 2.5
D(+) Glucose 2.5
pH 7.3+0.2

1.7. Determination by liquid chromatography — mass spectrometry

Table S2: Repeatabilities (expressed as RSDs) achieved in the determination of indomethacin
degradation products in a river water sample by the applied analytical method (n=5). See
section 3.2 for compound identification.

Sample Volume: 5mL 25mL
RSD (%) RSD (%)
AMBA 2.2 1.8
MMIC 1.9 3.1
MMIA 2.4 3.7
CBA 5.5 4.3
DHINDO 1.6 2.3
INDO 2.1 1.4

2.1. Degradation of indomethacin

Table S3: Biological degradation of indomethacin in river water under aerobic and anaerobic
conditions, and in a mixture with culture medium. Individual data of each assay.

Anaerobic Aerobic Culture medium
Concentration (pg-L?) Concentration (ug-L?) Concentration (ug-L?)
Time (week) | Assay 1 Assay 1 Assay 2 Assay 2 Assay 2 Assay 2
0 2.02 2.01 2.02 1.99 1.98 1.99
1 1.98 2.03 2.00 1.98 1.94 1.96
2 1.95 1.94 1.96 2.02 1.72 1.68
3 2.00 1.98 1.99 1.97 1.14 1.21
4 1.97 1.98 2.04 1.98 0.91 0.78
5 1.95 1.96 1.97 1.99 0.57 0.52
R? - - - - 0.97 0.99
t1/2 (week) -- -- -- -- 3.75 3.62

R%: Coefficient of regression of the linear fitting after excluding the first point (week 0).
t1/2: Half-life time estimated from the linear fitting equation.
-- : without data.
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assay.

Table S4: Degradation of indomethacin in river water at high temperature (70 °C) without
sunlight irradiation, and in quartz cuvettes under sunlight irradiation. Individual data of each

High temperature Sunlight
Concentration (pg-L?) Concentration (pg:L?)
Time (h) Assay 1 Assay 1 Assay 2 Assay 2
0 2.03 2.02 2.01 1.98
1 1.54 1.57 1.38 1.40
2 1.11 1.08 1.08 1.02
3 0.92 0.89 0.70 0.69
4 0.70 0.67 0.51 0.52
5 0.45 0.47 0.23 0.25
6 0.37 0.35 - -
7 0.25 0.29 - -
8 0.16 0.14 - -
9 0.12 0.13 - -
10 0.061 0.083 -- --
11 0.025 0.030 - -
R? 0.97 0.97 0.97 0.98
t1/2 (h) 1.74 1.83 1.57 1.63

R%: Coefficient of regression of the fitting; kinetics of first-order reactions.

t1/2: Half-life time.

-- : not detected.
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Table S5: Degradation of indomethacin in river water under non-stress conditions: W1, W2,
DARK, SED and BIO samples. Individual data of each assay.

w1 W2 DARK SED BIO
Concentration | Concentration | Concentration | Concentration | Concentration
(ug:L?) (ug:Ll™) (HeL?) (ug:L?) (ug-L?)
Week | Assay 1 |Assay 2 | Assay 1| Assay 2 | Assay 1| Assay 2| Assay 1 |Assay 2 | Assay 1| Assay 2
0 2.04 2.00 2.03 2.02 1.99 1.99 1.34 1.37 2.00 2.00
1 1.82 1.81 1.81 1.72 1.68 1.69 1.14 1.12 1.76 1.62
2 1.34 1.44 1.69 1.54 1.48 1.50 1.02 1.01 1.32 1.23
3 1.25 1.14 1.32 1.25 1.31 1.34 0.91 0.89 0.95 0.98
4 1.08 0.96 1.06 1.04 1.05 1.07 0.87 0.85 0.54 0.57
5 0.82 0.85 0.86 0.84 0.87 0.89 0.83 0.81 0.38 0.42
6 0.68 0.60 0.66 0.71 0.75 0.76 0.74 0.75 0.29 0.33
7 0.58 0.84 0.62 0.61 0.66 0.66 0.65 0.66 0.26 0.27
8 0.46 0.44 0.54 0.56 0.56 0.57 0.56 0.58 0.20 0.21
9 0.42 0.39 0.52 0.48 0.48 0.47 0.42 0.41 0.17 0.16
10 0.37 0.35 0.41 0.38 0.37 0.37 0.36 0.35 0.14 0.13
11 0.23 0.20 0.24 0.21 0.32 0.33 0.29 0.30 | 0.090 | 0.060
12 0.12 | 0.098 | 0.090 | 0.11 0.29 0.29 0.24 0.26 | 0.048 | 0.058
13 0.10 | 0.080 | 0.071 | 0.069 | 0.24 0.23 0.21 0.22 | 0.023 | 0.024
14 0.072 | 0.071 | 0.058 | 0.051 | 0.22 0.22 0.17 0.17 -- --
15 0.055 | 0.052 | 0.041 | 0.044 | 0.20 0.21 0.14 0.15 -- --
16 0.040 | 0.038 -- -- 0.19 0.19 0.12 0.12 -- --
17 -- -- -- -- 0.18 0.18 0.11 0.11 -- --
18 -- -- -- -- 0.17 0.17 | 0.085 | 0.084 -- --
19 -- -- -- -- 0.17 0.16 | 0.065 | 0.059 -- --
20 -- -- -- -- 0.16 0.15 | 0.044 | 0.043 -- --
21 -- -- -- -- 0.14 0.14 | 0.032 | 0.032 -- --
22 -- -- -- -- 0.13 0.13 | 0.024 | 0.023 -- --
23 -- - -- -- 0.11 0.11 | 0.015 | 0.016 -- --
24 -- - -- -- 0.10 0.10 | 0.011 | 0.012 -- --
25 -- - -- -- 0.089 | 0.091 -- -- -- --
26 -- - -- -- 0.080 | 0.070 -- -- -- --
27 -- - -- -- 0.066 | 0.062 -- -- -- --
28 -- - -- -- 0.049 | 0.046 -- -- -- --
29 -- - -- -- 0.037 | 0.039 -- -- -- --
30 -- - -- -- 0.027 | 0.029 -- -- -- --
R? 0.97 0.97 0.93 0.94 0.97 0.98 0.96 0.96 0.97 0.98
ti2 2.59 2.54 2.45 2.47 5.14 5.10 3.37 3.39 2.03 2.02
(weeks)

RZ: Coefficient of regression of the fitting; kinetics of first-order reactions.

t1/2: Half-life time.
-- : not detected.
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2.2. Detection and Identification of degradation products

MS spectra of indomethacin and some related compounds showed the loss of CO,, typical
from the carboxylic compounds, as well as the [M-H]" ion and some minor adducts
(abundance<0.3%) with components of the mobile phase. The additional loss of a methyl group

yielded fragment-ions in those degradation products that kept the indoleacetic acid structure.

The [M-H] ion of each degradation product, besides of indomethacin, was isolated and
fragmented by collision with nitrogen gas at a given collision energy to generate MS/MS spectra.
The molecular formulae of the ions considered as correct were generally those whose
experimental error in the exact mass measurement was lower in the list of possible formulae
supplied by the software. The molecular formulae of each fragment and the corresponding
composition differences with respect to the precursor ion were established. The losses of CHjs
were common in the MS/MS spectra and they were mainly attributed to the cleavage of the CHs-
cycle bond in the C2 carbon atom of the indole ring of the indomethacin and related compounds,
providing a methyl radical and the subsequent radical ion; they were also ascribed to the cleavage
of the CHs-O bond in the methoxy group linked to the C5 atom in the indole ring, which resulted in
the formation of a conjugated carbonyl in the ring. The breakdown of the pyrrole ring was only
seen in the MS/MS spectrum of indomethacin (Fig. S1) while the loss of CO from the chlorobenzoyl
structure was observed in indomethacin and DHINDO. The loss of CO, was the only fragmentation
in the MS/MS spectrum of CBA.

The structures of MMIA (Fig. S2) and CBA (Fig. S3) were unequivocally assigned to the two
basic moieties of indomethacin; their origin in water is due to the hydrolysis of the parent
compound and they are decomposition products commonly found in pharmaceutical formulations
(Krzek and Starek, 2001). The MS/MS spectrum of DHINDO (Fig. S4) showed the loss of water
together with other cleavages, which suggested that it was presumably a dihydroxylated
compound in which the hydroxyl groups are reasonably bonded to the C6 and C7 carbon atoms in
the indole moiety; this assumption is coherent with the number of rings and double bonds and the

structures elucidated for the fragment-ions in its spectrum.

The structures of MMIC (Fig. S6) and AMBA (Fig. S7) had already been described in a study
about the photodegradation of indomethacin (Temussi et al., 2011). As regards the identification
of MMIC, its MS/MS spectrum only supplied two ions: the [M-H] and [M-H-CHs] ones. However, it
is quite possible that the proposed structure corresponds to that previously characterized due
to the importance of the photolysis reactions in which the indomethacin residues are

involved.

Finally, CMBA (Fig. S5) is thought to be similar to AMBA by replacing the acetyl substituent
linked to the nitrogen atom for a chlorobenzoyl substituent. The fragmentation observed in the
spectrum suggested that the methoxy and carboxyl groups were bonded to the benzene ring, in

addition to the breakdown of the pyrrole ring.
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Fig. S1: MS/MS spectrum of indomethacin (INDO). Collision energy: 20 eV. Exact mass and
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Fig. S2: MS/MS spectrum of 5-metoxhy-2-methyl-1H-indole-3-acetic acid (MMIA). Collision

energy: 13 eV. Exact mass and experimental error in the measurement.
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Fig. S3: MS/MS spectrum of 4-chlorobenzoic acid (CBA). Collision energy: 17 eV. Exact mass and

experimental error in the measurement.
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Fig. S5: MS/MS spectrum of 5-metoxhy-2-methyl-1H-indole-3-carbaldehyde (MMIC). Collision

energy: 13 eV. Exact mass and experimental error in the measurement.
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2.3. Occurrence of degradation products in river water
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Fig. $8: Variation of peak areas of the degradation products in the W1 sample (room conditions).
Peak areas are referred to the initial peak area of INDO in each experiment, to which a value of

100 was assigned. Assays 1 and 2.
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Fig. S9: Variation of peak areas of the degradation products in the W2 sample (room conditions).

Peak areas are referred to the initial peak area of INDO in each experiment, to which a value of

100 was assigned. Assays 1 and 2.
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Fig. S10: Variation of peak areas of the degradation products in the BIO sample (room conditions).
Peak areas are referred to the initial peak area of INDO in each experiment, to which a value of 100

was assigned. Assays 1 and 2.
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Fig. S11: Variation of peak areas of the degradation products in the SED sample (room conditions).
Peak areas are referred to the initial peak area of INDO in each experiment, to which a value of
100 was assigned. Assays 1 and 2.
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Fig. S12: Variation of peak areas of the degradation products in sample kept at 70 °C. Peak areas
are referred to the initial peak area of INDO in each experiment, to which a value of 100 was

assigned. Assays 1 and 2
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Fig. S13: Variation of peak areas of the degradation products in the DARK sample (room

conditions). Peak areas are referred to the initial peak area of INDO in each experiment, to which a

value of 100 was assigned. Assays 1 and 2.
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Fig. S14: Variation of peak areas of the degradation products in sample subjected to biological
degradation in presence of culture medium. Peak areas are referred to the initial peak area of

INDO in each experiment, to which a value of 100 was assigned. Assays 1 and 2.
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Fig. S15: Variation of peak areas of the degradation products in sample subjected to sunlight
irradiation (quartz cuvette). Peak areas are referred to the initial peak area of INDO in each

experiment, to which a value of 100 was assigned. Assays 1 and 2.
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2.5. Degradation pathway
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Fig. S16: Variation of peak areas of MMIA and CBA (yielded by heating at 70 °C for 24 h) when
exposed to sunlight irradiation (quartz cuvette). Peak areas are referred to the initial peak area of

MMIA in each experiment, to which a value of 100 was assigned. Assays 1 and 2.
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2.6. Prediction of ecotoxicity.

The possible toxicity of indomethacin and its degradation products at three ecotoxicological

endpoints has been estimated by the TEST software (Toxicological Estimation Software Tool),

version 4.2, developed by the US Environmental Protection Agency.

Table S6: Predicted 50% lethal concentrations (LCso, uM) and 50% growth inhibition
concentrations (IGCso, UM) of indomethacin and degradation products for different tests.

Daphnia magna Tetrahymena pyriformis Fathead minnow
LCso (48 hr) IGCso LCso (96 hr)
AMBA 794 1862 331
MMIC 51 214 34
MMIA 95 339 34
CBA 661 1585 407
DHINDO 144 144 0.2
CMBA 52 52 3.5
Indomethacin 19 14 1.1

Indomethacin seems more toxic for fathead minnow than Daphnia magna and Tetrahymena
pyriformis. As regards the degradation products, these seem less toxic than the parent compound,

with the exception of DHINDO for fathead minnow, which is five-fold more toxic than

indomethacin.
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Persistence of alprazolam in river water
according to forced and non-forced
degradation assays: adsorption to sediment
and long-term degradation products

a,b*

Juan J. Jiménez, Maria l. Sinchez, Beatriz E. Muihoz® and Rafael Pardo®

Alprazolam is a pharmaceutical compound that it is detected in surface waters. Some degradation studies in aqueous solutions and
pharmaceutical products are available, but there is no reliable information about its stability in river water. Here, assays have been
conducted under forced biological, photochemical, and thermal conditions, and under non-forced conditions, to estimate the fate
of alprazolam in river water and know its degradation products. The forced assays indicated that the biological and photochemical
degradation of alprazolam was negligible; heating at 70°C for a long time barely affected it. The degradation of alprazolam in river
water at 100 pg/L was about 5% after 36 weeks, keeping the water under a natural day-night cycle at room temperature and
limiting partially the exposure to sunlight as happens inside a body of water; no change in concentration was observed when
the monitoring was performed at 2 pg/L. The results suggest the persistence of alprazolam in surface water and a possible
accumulation over time. Residues were monitored by ultra-pressure liquid chromatography/quadrupole time-of-flight/mass spec-
trometry after solid-phase extraction; nine degradation products were found and the structures for most of them were proposed
from the molecular formulae and fragmentation observed in high-resolution tandem mass spectra. (5-chloro-2-(3-methyl-4H-1,2,4-
triazol-4-yl)phenyl)(phenyl)methanol was the main long-term transformation product in conditions that simulate those in a mass
of water. The degradation rate in presence of sediment was equally very low under non-forced conditions; adsorption coefficients

of alprazolam and major degradation products were calculated. Copyright © 2016 John Wiley & Sons, Ltd.

Keywords: alprazolam; river water; degradation products; high-resolution mass spectrometry; adsorption coefficient
|

Introduction

The benzodiazepine alprazolam is a widely prescribed anxiolytic
drug; therapeutic doses are lower than 4 mg per day. Commonly,
alprazolam is detected in river water at very low concentrations,
in the 1-20 ng/L range, regardless of the season of the year.'™®
The effluents discharged from waste-water treatment plants
(WWTPs) are the main introduction source of pharmaceuticals in
surface water, which can reach the WWTPs as a consequence of
discharges of industrial or hospital waste waters, the inappropriate
disposal of unused domestic medicinal products, or the excretion
of the pharmaceuticals taken by patients. About 20% of alprazolam
is excreted without metabolization in humans.”!

Alprazolam has been detected in the primary influent that
reaches the WWTPs at concentrations in the low ng/L range: 8
and 27 ng/L. The depurated effluents contained concentrations of
5 and 20 ng/L, respectively.®* The efficiency of the WWTPs to
remove alprazolam has also been estimated: removal rates of
30-35% were calculated.®*! Concentrations of alprazolam of about
1-10 ng/g have been reported in sewage sludge®® while concen-
trations higher than 100 ng/L have been measured in sewage water
from prisons.””? Likewise, the same as happens for other pharma-
ceuticals, it has been pointed out that the occurrence of alprazolam
is higher in sites downstream from WWTPs where the pattern of
contaminants in surface water is similar to that in effluent!">*!
Alprazolam has been detected in tap water, t00.>!

The behaviour of alprazolam in aqueous solution has been studied
in some works in order to test the stability of some pharmaceutical
preparations. Thus, it has been stated that alprazolam is insensitive
to acidic or alkaline hydrolysis and that its photodegradation
increases as the pH decreases; some degradation products have
been found under the assayed stress conditions, too.'*'?

The frequent detection of pharmaceuticals in surface waters is a
matter of increasing concern. Therefore, it is advisable not only to
evaluate their persistence but also to know their transformation
products for a better understanding of possible risks; the effects
caused by exposure to the transformation products are generally
different to those of the parent compound.''>'

*
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In this context, river water spiked with alprazolam has been
subjected to forced degradation studies in this work to ascertain
the importance of the chemical, photochemical, and biological pro-
cesses in its degradation on surface water. Moreover, non-forced
degradation assays have been devised to obtain information about
its long-term fate in river water. To this aim, river water containing
alprazolam was placed in a glass container and exposed to sunlight
for several months at laboratory conditions; since the glass partially
absorbs the UV radiation, the behaviour of alprazolam is thus com-
parable to that in a mass of water where the penetration of solar UV
radiation is diminished with depth. The non-forced degradation has
also been monitored in presence of river sediment to take into
account the possible influence of the last. Water aliquots were
analyzed by ultra-pressure liquid chromatography/quadrupole
time-of-flight/mass spectrometry and the structures of the found
degradation products were tentatively elucidated from the
molecular formulae and fragmentation observed in high-resolution
tandem mass spectra. In addition, the adsorption capacity to
sediment of alprazolam and some degradation products has been
evaluated by calculating the corresponding adsorption coefficients.

Experimental
Water samples, reagents, and materials

Water samples were collected from the rivers Pisuerga (pH value
7.8, chemical oxygen demand value 4.6 mg/L), in the urban area
of the city of Valladolid, and Tuerto (pH value 7.4, chemical oxygen
demand value 3.9 mg/L), in the rural area of the La Bafieza, province
of Ledn. A sediment sample (total organic carbon 1.2%; clay 11%,
silt 44%, sand 45%) was collected from the river Pisuerga. River
water was filtered through cellulose nitrate disks (Sartorius,
Barcelona, Spain): 0.2 um pore-size disks for the estimation of
adsorption coefficients, 3 pum pore-size disks to carry out
biodegradation experiments and 0.45 pm pore-size disks for other
degradation experiments.

Alprazolam (99% purity) was purchased from Sigma-Aldrich
(St Louis, MO, USA). Methanol, acetonitrile, sodium hydroxide,
potassium dihydrogen phosphate, and sodium azide were supplied
by Panreac (Barcelona, Spain) and ultrapure water was obtained
from a Milli-Q plus apparatus (Millipore, Milford, MA, USA). A lamp
equipped with an 8 W UV tube, 29200 model, was obtained from
Camag (Muttenz, Switzerland). Tryptone soya broth (TSB), a highly
nutrient liquid culture medium for general purpose use, was
purchased from Scharlab (Barcelona, Spain) and Oasis HLB
cartridges (60 mg) for solid-phase extraction (SPE) were supplied
by Waters (Milford, MA, USA).

Biological degradation
Aerobic degradation

Biological degradation assays were done with water from the river
Pisuerga (pH 7.8) which was spiked with alprazolam to achieve a
concentration of 2 or 100 pg/L, A volume of 50 mL of river water
was transferred into a 100 mL Erlenmeyer flask, which was then
coated with aluminum foil, including its opening, to avoid the
exposure to sunlight but allowing the exchange of air with the
atmosphere. An alprazolam control solution was similarly prepared
in ultrapure water (pH 7.8 adjusted with NaOH) containing 0.02%
(w/v) sodium azide as a biocide. Water blanks were prepared, too.
Samples were run in parallel; flasks were shaken in a Promax 2020

reciprocating shaker (Schwabach, Heidolph, Germany) at a rotation
speed of 130 rpm for 5 weeks, within a temperature range of
18-21°C. Aliquots of 2 mL were collected each week and subjected
to the analytical method. Evaporation water losses were periodi-
cally restored by addition of water of the same type. All biological
experiments were done in duplicate.

Anaerobic degradation

River water (pH 7.8) spiked at 2-100 pg/L was placed in 15 mL vials,
completely filled to avoid the presence of air in the headspace. Vials
were closed, protected from light by coating them with aluminium
foil and kept in a temperature range of 18-21°C during experimen-
tation. Control solutions with alprazolam in ultrapure water (pH 7.8
adjusted) containing 0.02% sodium azide, and the corresponding
blanks, were also run in parallel. A batch of vials was assembled
to withdraw weekly samples during 5 weeks; a volume of 2 mL of
each withdrawn vial was collected for analysis.

Degradation in culture medium

A 20/80 (v/v) mixture of TSB culture medium and river water was
spiked (2 or 100 pg/L) and a volume of 100 mL of mixture was
placed in a 250 mL glass container. A control solution in ultrapure
water (pH 7.8 adjusted) containing 0.02% sodium azide and
alprazolam, and a blank of the medium-water mixture, were also
prepared and run in parallel. Closed vessels were heated at 35°C
in darkness for 5 weeks. Aliquots of 4 mL were sampled weekly
and filtered through 0.45 pm pore-size cellulose nitrate; 2 mL of
filtrate were collected for analysis.

Thermal and photochemical degradation

A volume of 100 mL of river water (pH = 7.8) spiked with alprazolam
(2 or 100 pg/L) was placed in a closed 250 mL glass flask. This was
coated with aluminium foil and placed in an oven at 70°C. A water
blank was heated, too. Aliquots of 2 mL were collected at four and
eight weeks and subjected to the analytical method.

River water was placed in quartz cuvettes for photochemical
degradation. Closed cuvettes were irradiated at 254 nm with a
lamp, or exposed directly to sunlight placing them on the outer
edge of a window, south-facing; assay was done in the city of
Valladolid (latitude: 41° 38" 15"N, longitude: 4° 44’ 17"W), in the
months of March-April. Water aliquots were withdrawn after four
and eight weeks and injected in the chromatographic system.
Control samples of alprazolam in river water, protected from
radiation with aluminium foil, and a blank were also prepared. All
experiments were done in duplicate.

Non-forced degradation assays

A simple approach was adopted to simulate the concurrent
natural process in a body of water. River water was placed in
a transparent and sodium calcium silicate glass container with
air-tight seal, which was shaken and opened weekly to replace
the air inside in contact with the water surface. The container
was kept at laboratory temperature (18-21°C) under the natural
day-night cycle and directly exposed to sunlight for 36 weeks,
at which time the degradation assay was ended. In these
conditions the solar radiation must pass through the laboratory
window glass and the container glass to reach the body of
water; glass absorbs UV radiation and the behaviour of alprazo-
lam in the container simulates that in a mass of water where the
penetration of solar UV radiation is diminished with depth. The

Drug Test. Analysis 2017, 9, 1204-1213
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attenuation of the radiation was estimated by measurements of
transmittance through the two types of glass (container and
window); so, it was quantified that the percentages of radiation
transmitted to the body of water were 40%, 1.3%, 0.02%, 8
107*%, and 8 10 °% at wavelengths of 350, 320, 310, 305,
and 290 nm, respectively.

A volume of 2500 mL of river water placed in glass container was
spiked with alprazolam to achieve an initial concentration of 2 or
100 pg/L in each degradation assay; aliquots of 25 mL were
collected periodically and subjected to SPE before analysis by the
chromatographic system to follow the degradation of alprazolam,
look for degradation products. And monitor them. Degradation
experiments were done between the months of March and
November with waters from the rivers Pisuerga (W1 sample) and
Tuerto (W2 sample). Simultaneously, the degradation of W1
sample was also studied in presence of sediment by adding river
sediment to the container in a sediment to solution ratio of
0.10 g/mL (SED sample).

It was verified that W1 and W2 river water samples were free
of alprazolam residues. First, water blanks were subjected to the
analytical method to test the absence of the parent compound.
Once known the degradation products yielded in the forced
assays it was also tested that they were not present in the water
extracts. Similarly, the absence of residues in the sediment
sample was confirmed; thus, a portion of sediment was
extracted with methanol by mechanical shaking and the extract
was concentrated for analysis.

Study of adsorption to sediment

Experiments to investigate the capacity of adsorption of alpraz-
olam and major degradation products were conducted. The
adsorption coefficient (Ky) of alprazolam into sediment (sieved
through a 0.5 mm mesh) was determined by using a batch
approach. Spiked river water (100 mL) was added to sediment
(11 g) to achieve a sediment to solution ratio of 0.11 g/mL;
alprazolam concentrations were 40, 80, 120, 160, and
200 ng/L. River water contained 0.02% sodium azide as a bio-
cide to minimize a possible microbial activity and pH (7.8)
was controlled with phosphate buffer (0.02 M). Control solutions
without sediment were prepared, too. The flasks, protected
from sunlight with aluminium foil, were manually shaken for
1 min and left standing at 20 + 1°C for a period of 24 h.
Afterwards an aliquot was centrifuged to remove solids, and
20 mL were collected to determine the alprazolam concentra-
tion in equilibrium. An adsorption isotherm was drawn in dupli-
cate. The concentration adsorbed on the sediment was not
directly measured.

Analytical standards are unavailable for the degradation
products, however an estimation of their K4 was carried out on
the assumption that there is a linear relationship between peak
area and concentration for each compound; degraded solutions
of alprazolam were used to this aim. Experiments similar to the
above-described were devised by spiking water with a solution
containing the degradation products and selecting an appropriate
sediment to solution ratio. So, the decrease percentage of peak
area in water was supposed to be the percentage of compound
adsorbed onto sediment (A%) and Ky was calculated by Eqn (1),
which is valid if adsorption equation is linear."”! Peak areas of the
adsorption experiments were compared with those of control
solutions by a t-test (n = 5) to confirm the existence of differences
before applying the equation.

log Kg = | %—I R
g Kqg = 109 17(A%/ ) og (1)
100

Sample preparation

Except for the photochemical degradation assays, river water
aliquots were eluted through Oasis HLB cartridges previously
conditioned by successive elution of methanol (6 mL) and water
(6 mL). Cartridges were washed with 3 mL of a water-methanol
(80:20, v/v) mixture after sample elution. The stationary phase was
dried with air for 3 min and the extract was eluted with methanol
(4 mL) by gravity. Then, the extract was evaporated in 30 min by
a Myvac vacuum centrifuge evaporator (Genevac, Ipswich, UK)
heated at 40°C and the dry residue was collected in 0.5 mL of
methanol, which was filtered through a 0.20 um pore-size PTFE
filter for chromatographic analysis.

Determination by liquid chromatography - mass spectrometry

An Acquity ultra-pressure liquid chromatograph from Waters
coupled to a Maxis Impact quadrupole time-of-flight tandem mass
spectrometer from Bruker Daltonics (Bremen, Germany) was used.
Analyses were done with electrospray ionization in positive mode.
The chromatograph was fitted with a Waters BEH ODS column
(50 mm x 2.1 mm, 1.7 um particle size). Mobile phase flow rate
was 0.5 mL/min and it consisted of 0.1% formic acid in water (A)
and 0.1% formic acid in acetonitrile (B); assays were done in gradi-
ent conditions: from 10% B to 44% B in 4.5 min, and then 60% B in
1 min. Re-equilibration time was 1 min. Injection volume was 5 pL.

The operation parameters of the electrospray ionization source
for the mass spectrometry (MS) and tandem mass spectrometry
(MS/MS) experiments were as follows: nebulizing gas pressure,
0.4 bar; end plate offset voltage, —2500 V; capillary voltage,
—3500 V; drying gas temperature, 200°C; dry gas flow, 8 L/min.
Nitrogen was used as drying and nebulizing gas. Mass calibration
adjustments were performed by using a 10 mM sodium formate
solution in 2-propanol/water. MS/MS experiments based on
collision induced dissociation with nitrogen gas were performed.

In these conditions, the maximum variation of the retention
times was within the range of £0.02 min and the repeatability of
the alprazolam peak area (2 pg/L) was lower than 0.8% (n = 5),
expressed as relative standard deviation. The quantitation of alpraz-
olam was done by linear calibration graphs based on the measure-
ment of peak areas in the chromatograms extracted for the ion
[M + HI" generated in the electrospray source by MS experiments,
with a mass range of +0.01 Da; similarly, peak areas of degradation
products were integrated in the chromatograms extracted for the
corresponding [M + HJ" ions. The calibration graphs drawn with
standards of alprazolam dissolved in methanol were linear in the
concentration range comprised between 0.5 and 20 pg/L. The
fitting of the linear regression had a coefficient of determination
R? of, at least, 0.997. An ANOVA was done to verify the linearity of
the fitting (n = 3), evaluating the lack of fit: the experimental F-value
(0.03) was lower than the critical F-value (2.96, p = 0.05) which indi-
cated that there was not lack of fit. The limits of detection and
quantification were estimated on the basis of a signal-to-noise ratio
of 3 or 10, they resulted to be about 0.20 and 0.50 ug/L, respec-
tively. As regards the performance of the analytical method, mean
recoveries of alprazolam in W1 sample volumes of 2 or 25 mL were
about 97% with repeatabilities close to 3.0% and 1.4% (n = 5) for 2
and 100 pg/L, respectively. A dilution of the extracts was required
to quantify alprazolam in the assays at high concentrations.
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Results and discussion
Degradation of alprazolam

Table 1 resumes the results of the degradation assays. Individual
concentration data of the different assays are supplied as supple-
mentary material. An independent samples t-test (p = 0.05) was
used to compare the concentrations measured at the beginning
and end of the assays (n = 5), after checking the homogeneity of
the variances which resulted to be homogeneous. Alprazolam
was found to be basically resistant to biological degradation in river
water at the two assayed concentrations, no significant differences
were observed in the aerobic and anaerobic assays carried out on
unaltered river water. Only a very small decay in concentration
was observed in the experiments at 100 pg/L after 5 weeks in the

Table 1. Initial and final mean concentrations (n = 5) of alprazolam in
the different degradation assays, and time at which the final concentra-
tion was measured
Degradation Assay Initial Final Elapsed
concentration concentration time
(ng/L) (ng/l) (weeks)
Aerobic 1 2.04 2.02 5
2 2.01 2.01 5
Aerobic 1 101.6 102.0 5
2 101.0 99.6 5
Anaerobic 1 1.99 1.99 5
2 2.01 1.99 5
Anaerobic 1 102.0 100.2 5
2 100.6 100.0 5
Culture medium 1 2.00 2.02 5
2 2.01 2.00 5
Culture medium 1 99.8 95.2%* 5
2 99.2 96.6 5
Photochemical, sunlight 1 2.00 1.99 8
2 2.01 2.00 8
Photochemical, sunlight 1 100.8 100.8 8
2 99.0 98.2 8
Photochemical, UV lamp 1 1.98 2.00 8
2 2.01 1.98 8
Photochemical, UV lamp 1 100.8 99.6 8
2 100.2 98.6 8
Thermal 1 1.99 1.97 8
2 2.00 1.99 8
Thermal 1 100.0 96.8** 8
2 99.8 96.8** 8
Non-forced, W1 1 1.98 1.97 36
2 2.01 1.99 36
Non-forced, W1 1 100.8 95.6%* 36
2 99.6 94.8%* 36
Non-forced, W2 1 2.01 1.99 36
2 1.99 2.00 36
Non-forced, W2 1 99.0 94.2%* 36
2 100.2 95.4** 36
Non-forced, SED 1 143 141 36
2 144 143 36
Non-forced, SED 1 70.2 67.0%* 36
2 69.8 66.6** 36
**Significant difference (p = 0.05).

presence of a culture medium, about 3.6% in relation to the initial
concentration. In this case, the t-test only evinced significant differ-
ence between the initial and final concentrations in one of the two
experiments carried out with the culture medium (Tables S1-S3).

As regards the photochemical degradation, the exposure of
alprazolam in river water to sunlight or radiation arisen from a lamp
(centred at 254 nm), for 8 weeks in both cases, did not modify its
initial concentration (2 or 100 pg/L) which suggests that alprazolam
is not amenable to photochemical degradation in surface water
with slightly alkaline pH. On the contrary, significant differences
(p = 0.05) in concentration were found in the thermal degradation
assays on water spiked at 100 ug/L, although the decrease of initial
concentration was scarce, about 3.1% after keeping at 70°C the
alprazolam solution in river water. No significant differences
were noted at the low concentration, 2 pg/L, either (Tables 1 and
$4-56). The influence of the chemical reactions in aqueous medium
at alkaline pH seems to be a factor more important than the
photochemical reactions in the long-term fate of alprazolam in
river water.

Degradation assays of alprazolam under non-forced conditions
were devised, too; they were done with water samples from two
rivers. When waters were spiked with 2 pg/L the concentration of
alprazolam was not modified during the experimentation period,
36 weeks, while some degradation was observed in the assays at
100 pg/L as it was confirmed by a t-test (Tables S7 and S8). There-
fore, in this last case, the decrease of alprazolam concentration after
36 weeks was estimated to be about 5.0% and 4.8% in W1 and W2
samples, respectively. Assays in presence of aquatic sediment were
also carried out to know its possible influence in the degradation;
the concentrations measured were now lower and revealed that
alprazolam has a certain capacity of adsorption onto sediment. In
low concentration assays, the initial concentration did not differ
with respect to the final concentration as it happened previously.
Alprazolam at 100 pg/L was degraded in an amount similar to the
above-mentioned assays without sediment, a 4.6% for the two
water samples (Table S9); there were significant differences
between the initial and final concentrations by applying a t-test
(p = 0.05). It is also remarkable that a smelly odor began to be
perceived in the glass containers with sediment after a few weeks,
which denoted a possible growth of microorganisms in presence of
sediment and the subsequent biodegradation process of the
organic matter; alprazolam was not affected by this biodegradation
process.

The results of these experiments suggest that alprazolam is an
extremely persistent drug inside a body of water. Alprazolam seems
to be a non-biodegradable compound in presence of the nutrients
and conditions commonly existing in a river and, furthermore, it is
minimally affected by the UV radiation that could reach the mass
of water. Only the chemical reactions in aqueous solution alter it
but their reaction rate is very slow at environmental temperatures,
which is coherent with the previously reported stability against
hydrolysis reactions'?; the influence of these chemical reactions
in aqueous solution can be noticed, exclusively, in the very
long-term.

Alprazolam is a relatively stable benzodiazepine in comparison
with other pharmaceutical drugs, and human metabolites, of the
same family according to the results of some forced assays reported
on several aqueous matrixes. Thus, the half-life of alprazolam in
solution was notably higher than those of diazepam, oxazepam,
nordiazepam, temazepam, and mainly midazolam and lorazepam,
when they were irradiated with simulated sunlight,”"®™'¥ which is
coherent with the stability observed for alprazolam in the
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photodegradation assays carried out in this work. In the same way,
although the different assays are not totally comparable, it can be
stated that the acidic or alkaline hydrolysis of lorazepam,
oxazepam, diazepam and bromazepam is easier than for
alprazolam'%?°2%!: conversely, midazolam and clonazepam seem
to be more resistant to hydrolysis than alprazolam.**2*?” Regard-
ing the biological degradation, it has been reported that diazepam
is not biotransformed by bacterio-plankton either in river water or
in bacterial liquid cultures from amended soil®®*?; temazepam
was also stable in the bacterial culture while ozaxepam underwent
a partial biotransformation, about 40%.*! There were no previous
data for alprazolam.

Alprazolam is consumed at relatively low dosages and small
concentrations (lower than 0.5 pg/L) are detected in surface waters;
however, its persistence in them can favour a progressive
accumulation over time. The concentration levels currently found
are not harmful to Daphnia magna and Ceriodaphnia dubia,®®
and in agreement with the TEST software (Toxicity Estimation
Software Tool) developed by the US Environmental Protection
Agency, there is no risk for cyprinids such as the fathead minnow.
The TEST software predicts the toxicity of an organic compound
for an ecotoxicological endpoint by using quantitative structure
activity relationships (QSARs) methodologies, and for fathead
minnow it foresees a 50% lethal concentration (in 96 h) of
60 ng/L, away from the alprazolam concentrations detected
nowadays.

Finally, as it was already stated, significant differences in the
concentration of alprazolam were never seen at the lowest assayed
concentration, 2 ug/L. This fact was attributed to the minimum
concentration differences that very likely take place as conse-
quence of the low degradation rate of alprazolam, and to the worse
repeatability of the analytical method at low concentration.

Identification of degradation products

Nine degradation products were found during the experimenta-
tion. The presence of compounds related to the degradation of

alprazolam was established by the observation of new chromato-
graphic peaks in the MS chromatograms, which were not present
in blanks. The [M + HI" ion of each degradation product, besides
of alprazolam, was isolated and fragmented by collision-induced
dissociation to obtain structural information and propose tentative
structures from the interpretation of the fragment-ions in MS/MS
spectra. Table 2 shows the established molecular formulae, the
proposed identifications and the abbreviations of the compounds.

The fragmentation patterns of the degradation products in the
MS/MS spectra were similar to that of alprazolam (C;7H;4CIN}); in
general terms, they involved the cleavage of the seven-membered
ring of the benzodiazepine, which is not very stable, to yield ions
with a triazoloquinoleine or indole structure. Moreover, it was
frequent the loss of HCN or other nitrogen compounds, which
affected the triazolo substituent.

Three compounds (DP327-1, DP327-2, DP327-3) showed a
protonated molecular ion at m/z 327 (C;,H,6CIN4O"), this indicated
the addition of H,O to the alprazolam structure and the decrease of
a unit in the number of rings and double bonds (RDBs). The
structures and fragmentations of these compounds could be
successfully explained after considering a nucleophilic addition
reaction of H,O to a double bond of the benzene rings of the
alprazolam. The resonance contributors predict that the electro-
philic carbons are placed in C2' and C4' sites (ortho and para
positions) of the phenyl substituent and C10 carbon atom (ortho
position) of the benzodiazepine group, therefore the hydroxyl
should be preferentially linked to these sites. Figure 1 shows the
corresponding MS/MS spectra. A more complete interpretation of
the fragment-ions for all MS/MS spectra can be seen in supplemen-
tary material (Figures S1-S4).

DP327-1 and DP 327-2 had ions at m/z 309 and 282 that
indicated the loss of H,O and H,0 + HCN, respectively. The loss of
water, and the number of RDBs of these ions, suggested the
presence of a hydroxyl group in the precursor compound at a
position prone to form a cyclic structure by elimination of H,O.
The interpretation of the oxygen-containing fragments at m/z 232
and 269 in the spectrum of DP327-1 lead to identify this

Table 2. Retention times (RT), accurate masses measured in the MS spectra for the [M + H]" ion, errors in the determination of the exact masses, mo-

lecular formulae and number of rings and double bonds (RDBs) of the corresponding structures for the detected degradation products

RT Molecular Exact Accurate  Error  RDBs Compound Abbreviation

(min) formula mass (Da) mass (Da) (ppm)

174  C7H6CIN,O  327.1007  327.1005 0.6 11.5  9,10-Dihydro-8-chloro-10-hydroxy-1-methyl-6-phenyl-4H-[1,2,4] DP327-1
triazolo[4,3-a] [1,4]benzodiazepine

197  Cy7H16CINJO  327.1007  327.1005 06 115 8-Chloro-1-methyl-6-(5"-hydroxycyclohexa-1’,3'-dienyl)-4H-[1,2,4] DP327-2
triazolo[4,3-a] [1,4]benzodiazepine

230 Cy7H16CIN,O  327.1007  327.1007 0.0 11.5  8-Chloro-1-methyl-6-(4’-hydroxycyclohexa-1',5'-dienyl)-4H-[1,2,4] DP327-3
triazolo[4,3-a] [1,4]benzodiazepine

244  C;HCIN,O 3250851 3250850 03 125  Not identified DP325-1

286  Cy7H14CIN,O  325.0851  325.0852  -0.3 12.5  Chloro-1-methyl-x-hydroxy-6-phenyl-4H-[1,2,4]triazolo[4,3-a] [1,4] DP325-2
benzodiazepine

297  Cy7H14CIN4O  325.0851  325.0851 0.0 12.5  8-Chloro-1-methyl-6-phenyl-4H-[1,2,4ltriazolo[4,3-a] [1,4] DP325-3
benzodiazepine-4-ol

329 CyHysCINSO  300.0898  300.0900 -0.7 10.5  (5-chloro-2-(3-methyl-4H-1,2,4-triazol-4-yl) phenyl)(phenyl)methanol DP300

378 Cy6Hqi3CINSO  298.0742  298.0749 -2.0 11.5  5-chloro-2-(3-methyl-4H-1,2,4-triazol-4-yl)benzophenone DP298

3.84  Cy7Hq14CINg 309.0902  309.0899 1.0 12.5  8-Chloro-1-methyl-6-phenyl-4H-[1,2,4ltriazolo[4,3-a] [1,4] Alprazolam
benzodiazepine (alprazolam)

411 Cy7H1,CINJO  325.0851  325.0853  -0.6 125  8-Chloro-1-methyl-6-(4'-hydroxy-phenyl)-4H-[1,2,4]triazolo[4,3-a] [1,4] DP325-4
benzodiazepine
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Figure 1. MS/MS spectra of DP327-1 (collision energy: 30 eV), DP327-2 (collision energy: 30 eV) and DP327-3 (collision energy: 35 eV). Exact mass and
experimental error in the measurement. [Colour figure can be viewed at wileyonlinelibrary.com]

compound as that hydroxylated in C10 site while DP327-2 should
correspond with that hydroxylated in C2' position. The loss of H,0
was not recorded in any of the ions of the MS-MS spectrum of
DP327-3, so it was thought that hydroxyl was bonded to the C4’
carbon atom in DP327-3.

The molecular formulae of the [M + H]* ion of other four
degradation products resulted to be C;;H;4,CIN,O* (m/z 325),
their spectra are shown in Figure 2. These compounds
incorporated an oxygen atom in their structure and kept the
number of RDBs with respect to alprazolam (Figures S5-S8).
DP325-3 is proposed to be a benzodiazepine-4-ol, already
described in the bibliography.®" The radical-ion at m/z 308
was originated by the loss of a hydroxyl radical, loss not
observed in the other three spectra. The ions at m/z 271 and

297 corroborated that the hydroxyl substituent was placed in
the seven members ring.

As regards DP325-4, the ion at m/z 177 could correspond to the
loss of CgHsOH from the ion m/z 271, whose formation could be
similar to the formation of 255 in the alprazolam spectrum.
Assuming that the hydroxylation takes place in the phenyl substit-
uent of the benzodiazepine the ions at m/z 132 and 242 could not
be explained if hydroxyl was bonded in position meta (C3’), and
furthermore a loss of water had not been detected which
suggested that hydroxyl was not placed in ortho position (C2'),
either. So, it is plausible that DP325-4 is a 4'-hydroxyl derivative.

A well-defined structure for DP325-2 has not been ascertained.
The interpretation of the structure of an oxygenated fragment-
ion (m/z 154, C;HsCINO") lead to the assumption that the
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Figure 2. MS/MS spectra of DP325-2, DP325-3 and DP325-4. Collision energy in each spectrum: 40 eV. Exact mass and experimental error in the

measurement. [Colour figure can be viewed at wileyonlinelibrary.com]

hydroxyl was bonded to the benzene ring of the benzodiazepine
in the precursor compound, likely in C9 or C10 sites; the bond of
hydroxyl to C7 carbon atom was discarded because a loss of H,O
was not seen in the MS/MS spectrum. Otherwise, a few ions were
observed in the MS/MS spectrum of the last compound with
protonated molecular ion at m/z 325 (DP325-1) which presum-
ably contains also a phenolic moiety although a structure is not
proposed.

DP300 (C4¢H;5CIN30") and DP298 (C44H,3CIN;O") arise from the
breakdown of the cyclic structure of the benzodiazepine, and the
corresponding hydroxylation or formation of a ketone in the C6
carbon atom, respectively. Many fragment-ions were recorded in
their MS/MS spectra and they support the attributed identifications
(Figures S9 and S10). DP298 is a known transformation product of
alprazolam.""® A degradation product with a [M + H]* ion at m/z
300 had also been previously reported in the bibliography but it
had not been completely identified.!®

Occurrence of degradation products in photochemical and
thermal degradation assays

No degradation products were found in the assays of biological
degradation but some degradation products were found in the
degradation assays at high temperature, mainly in the assays at
100 pg/L, and even in the photochemical assays for which no
changes in alprazolam concentration were observed. Table 3 shows
the peak areas of the degradation products after 4 and 8 weeks
since the beginning of the assays: a value of 100 was assigned to
the initial peak area of alprazolam (week 0) in each assay, and all
other peak areas were referred to this value; data are the mean of
two assays whose individual data can be seen in Table S10. Some
chromatograms are presented in Figure S11.

The compounds DP327-1, DP327-2, DP327-3, DP325-1, DP325-
4, and DP298 were found after heating the alprazolam solution at
70°C. The most abundant compounds at the high concentration
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Table 3. Peak areas of the degradation products obtained in the forced and non-forced assays on river water samples spiked with alprazolam at 2 or
100 pg/L (river Pisuerga, W1; river Tuerto, W2; river Pisuerga in presence of sediment, SED). Peak areas are referred to the initial peak area of alprazolam
in each experiment, to which a value of 100 was assigned. Data are the mean of two experiments

Assay: Heat, 70°C UV lamp Sunlight Non-forced

Sample: W1 W1 W1 W1 W1 W1 w1 w1 W1 W2 W2 W2 SED SED SED
Weeks: 4 8 4 8 4 8 12 24 36 12 24 36 12 24 36
2 ug/L

DP300 - - - - - - 0.39 0.92 1.31 0.40 0.95 1.26 0.30 0.77 1.22
DP327-1 - 0.38 - - - - - - 0.28 - - 0.25 - - 0.28
DP327-2 - - - - - - - - - - - - - - -
DP327-3 - 0.38 - - - - - 0.20 0.36 - 0.23 0.45 - - 0.33
DP325-1 - - - - - - - - - - - - - - -
DP325-2 - - - - - - - - - -- - - - - -
DP325-3 - - - - - - - - - - - - - - -
DP325-4 - - - - - - - - - - - - - - -
DP298 0.21 0.65 - - - - - - - - - - - - -
100 pg/L

DP300 - - 0.06 0.14 0.02 0.05 0.42 0.97 141 0.44 0.92 1.34 0.37 0.85 1.30
DP327-1 0.20 0.42 N 0.03 - - 0.09 0.22 0.33 0.08 0.19 0.29 0.07 0.18 0.28
DP327-2 0.07 0.13 - 0.02 - - 0.06 0.10 0.19 0.03 0.09 0.18 0.04 0.10 0.16
DP327-3 0.18 0.37 - 0.02 - - 0.14 0.28 0.37 0.10 0.29 0.44 0.08 0.21 0.31
DP325-1 0.06 0.15 - 0.02 - - 0.02 0.07 0.10 0.03 0.09 0.11 0.07 0.09 0.06
DP325-2 - - - - - - - 0.02 0.03 - 0.01 0.02 N 0.01 0.01
DP325-3 - - - - - - - 0.02 0.04 - 0.02 0.05 - - 0.02
DP325-4 0.03 0.09 - - - - 0.02 0.07 0.11 0.03 0.05 0.10 0.03 0.05 0.07
DP298 0.29 0.71 - 0.02 - 0.01 - 0.02 0.05 - 0.02 0.06 - - 0.02

--: not detected.

level were DP298, DP327-1, and DP327-3 with relative peak areas
of 0.71, 042, and 0.37 after 8 weeks. The formation of the
hydroxylcyclohexadiene derivatives DP327-1, DP327-2, and
DP327-3 can be explained by a nucleophilic addition reaction of
H,0, as mentioned, while the formation of DP325-4 could be as-
cribed to a hydroxylation reaction of aromatic ring in alkaline aque-
ous solution, process known in organic chemistry. The origin of
DP325-1, non-identified, is surely similar. As regards the formation
of DP298, a benzophenone derivative, it had been claimed that it is
a photodegradation product in water at acidic pH,"''>* but it also
arises from non-photochemical reactions at slight alkaline pH as
shown in this work; the opening of the ring in benzodiazepine
drugs is a phenomenon usually observed in extreme conditions
and, moreover, a reversible equilibrium in which the ring is opened
to form the benzophenone has been described for alprazolam in
aqueous solution at acidic pH.5? Very small amounts of DP298
were also found when river water (pH 7.8, 100 pg/L) spiked with al-
prazolam was directly exposed to radiation from the sun or the
254 nm lamp.

DP300, not observed in the assays at 70°C, resulted to be the
prevalent degradation product in the photo-induced degradation
assays. Furthermore, DP298, DP327-1, DP327-2, DP327-3, and
DP325-1 were formed in minimum amounts under the irradia-
tion with lamp; presumably, they are yielded by reactions
involving radical species whose generation is favored by the
UV radiation. In any case, after 8 weeks the amount of
photodegradation products was clearly lower in relation to the
thermal degradation products: the relative peak area of DP300
was 0.05 and 0.14 after irradiation with sunlight and lamp,
respectively.

Occurrence of degradation products in non-forced conditions

The fate of alprazolam and its above-mentioned residues in river
water was also monitored in conditions such that the penetra-
tion of UV radiation was hindered, which it is expected to
happen in a body of water where the transmission of UV
radiation is gradually attenuated when the depth increases.
Table 3 shows the degradation products found, and their relative
mean peak areas in two river water samples after 12, 24, and
36 weeks; individual data of each assay are given in Table S11.
As it can be seen the occurrence of the different compounds
increases with time.

The alcoholic compound DP300 was the most prominent degra-
dation product after 36 weeks with relative peak areas of 1.41 and
1.34 for W1 and W2 samples spiked at 100 pg/L, respectively; this
photochemical degradation product was curiously the main
residue although the penetration of UV radiation had been limited.
The incidence of DP327-1, DP327-2, and DP327-3, whose main
formation is supposedly due to a chemical reaction in solution,
was less notable with peak areas about 0.4, 0.3, and 0.19 for W1
and W2 samples, respectively. DP325-1, DP325-2, DP325-3,
DP325-4, and DP298 were less abundant degradation products at
the end of the monitoring. DP325-3 was detected only in these
non-forced experiments at 100 pg/L. A chromatogram is shown in
Figure S12.

The behaviour of alprazolam over time in presence of sediment
resembled that without sediment; the amount proportions among
the degradation products were essentially similar when the results
of the assays with or without sediment were compared. Seemingly,
peak areas were somewhat lower now regarding the assays only

Drug Test. Analysis 2017, 9, 1204-1213
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with water (W1 sample), which is reasonable since the degradation
products can also be adsorbed onto sediment.

It had been deduced from the forced assays that the influence
of the photochemistry in the degradation of alprazolam was
limited, emphasizing the importance of the non-photochemical
reactions. In fact, thermal degradation products such as DP298,
DP327-1, DP327-2, and DP 327-3 were the major ones in the
corresponding forced assays. However, in the non-forced and
long-term assays DP300 was the major transformation product
and DP298 was minor. There is not a convincing explanation
for this contradiction but a possible evolution of the degradation
products should be taken into account, regardless of the greater
or lesser capacity of the forced assays to predict the fate of a
contaminant, too.

On the other hand, DP300, DP327-1, and DP327-3 were the only
degradation products detected in extracts of experiments with
water spiked at low concentration, and presumably, they are
susceptible to being found in the analysis of real surface waters.
Nevertheless, it must be stated that these degradation products will
be hardly found in them according to the persistence of the parent
compound and its commonly expected concentrations (in the
order of ng/L).

Adsorption to sediment

Alprazolam has a certain capacity of adsorption on sediment; after
spiking water at 2 or 100 pg/L its concentration in water decreased
about 30% for a sediment to solution ratio of 0.1 g/mL. Figure 3
shows the adsorption isotherm obtained for alprazolam in the
batch experiments, K4 and K, (organic carbon normalized adsorp-
tion coefficient) values resulted to be 4.44 and 370.1 Kg/L (RSD
5.4%, n = 10), respectively. The K, value is comparable for instance
to those of microcontaminants such as 1,3-dichlorobenzene, 1,4-
dichlorobenzene, linuron or prometryn.3 Although only a sedi-
ment sample has been considered in this work it is possible that
aquatic sediments could behave as a reservoir of alprazolam.
Adsorption coefficients were also calculated for the main degra-
dation products (DP300, DP327-1, DP327-2, DP327-3), in addition
to DP298, from the experimental adsorption percentages; Ky and
Koc values, and the used sediment to water ratios, can be consulted
in Table 4. Adsorption coefficient of alprazolam was also calculated
by this method, it was 4.23 Kg/L, similar to the previously estimated
value. The capacity of adsorption of the five degradation products
was lower, which is coherent with the presence of oxygen in their
structures and the subsequent increase of water solubility.

Concentration in sediment (ng/g)
700
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500 -

400

300

200
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20 40 60 80 100 120 140
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Figure 3. Adsorption isotherm of alprazolam (n = 2). [Colour figure can be
viewed at wileyonlinelibrary.com]

Table 4. Ky and K, mean values (RSDs in parenthesis) calculated for
the degradation products. Mean adsorption percentages (A%) onto
sediment and experimental sediment to water ratios (R), n = 5

Compound Ky (Kg/L)

Koc (Kg/L) A% R (Kg/L) Experimental

t-value*
DP300 135 112.6 (6.0%) 41.3 0.521 318
DP327-1 293 244.2 (46%) 305 0.150 269
DP327-2 2.30 1915 (4.6%) 256 0.150 423
DP327-3 313 261.0 3.1%) 319 0.150 484
DP298 1.92 159.9 (5.8%) 36.8 0.303 46.6
Alprazolam 4.23 3528 (3.2%) 343 0.123 41.2

*Critical t-value: 2.3.

Nevertheless, the Ky values of alprazolam and degradation prod-
ucts do not differ greatly among them; particularly, Ky value for
DP300 was 1.35 Kg/L, the lowest one.

Conclusions

The concentration of alprazolam in surface water at slightly alkaline
pH remains virtually constant over time, which suggests that alpraz-
olam can be considered as a persistent organic pollutant in aquatic
ecosystems. Some degradation products were yielded in low
amount; the current concentration levels of the parent compound
in surface water should make certainly difficult the detection of
these degradation products by the methods usually applied to
analyze water samples.

Alprazolam is a non-biodegradable compound in river water. It
can undergo chemical and photochemical reactions. Tentative
structures for 8 out of 9 detected degradation products are given
from high-resolution mass spectrometry data. The capability of
the forced degradation assays to properly predict the degradation
products of alprazolam, and their relative amounts, inside a body
of water is limited.

Alprazolam and their major degradation products can be
partially adsorbed on aquatic sediment. The degradation rate of
alprazolam at trace concentration in water kept in contact with s-
ediment is insignificant, too. The occurrence of degradation
products in this case is similar to that without sediment.
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Table SM1: Concentrations of alprazolam (in pg-Lt) found in the biological degradation assays at 2 and 100 pg-L* under aerobic
conditions. Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the
initial and final mean concentrations of the assay.

2 pg-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.04 2.00 2.03 2.01 2.02 2.01 2.01 2.01 1.99 2.02 2.02 2.03
Aliquot 2 2.08 2.05 2.04 1.99 2.01 2.03 2.00 2.03 2.01 2.02 2.00 2.01
Aliquot 3 2.05 -- -- -- -- 2.03 1.98 - -- -- - 2.00
Aliquot 4 2.02 -- - - -- 2.04 2.03 - -- -- - 2.01
Aliquot 5 2.03 - - - - 2.01 2.01 - - - - 2.02
Mean: 2.04 2.02 2.01 2.01
Experimental t-value*: 1.7 Experimental t-value*: 0.8
100 pg-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 102 100 101 100 101 103 99 102 102 99 100 101
Aliquot 2 101 99 102 104 101 104 103 102 101 99 98 98
Aliquot 3 105 - - - - 101 102 - - - - 101
Aliquot 4 99 - - - -- 99 100 - -- -- - 100
Aliquot 5 101 -- -- - -- 103 101 -- -- -- -- 98
Mean: 101.6 102.0 101.0 99.6
Experimental t-value*: 0.3 Experimental t-value*: 1.4

671

--: without data
*Critical t-value: 2.3
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Table SM2: Concentrations of alprazolam (in pg-L!) found in the biological degradation assays at 2 and 100 pg-L! under anaerobic
conditions. Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the initial
and final mean concentrations of the assay.

2 ug-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 1.99 2.02 2.01 2.00 1.99 1.98 2.01 2.05 2.02 2.01 1.99 2.00
Aliquot 2 2.01 2.00 2.01 1.98 2.00 1.97 2.02 2.02 2.03 2.00 2.02 1.99
Aliquot 3 2.02 - -- -- - 2.01 2.01 - - - - 2.01
Aliquot 4 1.98 - - - - 1.99 2.00 - - - - 1.98
Aliquot 5 1.97 - -- -- - 2.01 2.01 - -- -- -- 1.99
Mean: 1.99 1.99 2.01 1.99
Experimental t-value*: 0.1 Experimental t-value*: 1.7
100 pg-Lt?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 103 102 100 101 99 100 102 99 98 101 102 100
Aliquot 2 104 103 103 101 100 102 98 102 103 100 101 97
Aliquot 3 101 - -- -- - 98 102 - -- -- -- 103
Aliquot 4 100 - - -- - 99 101 - - - - 102
Aliquot 5 102 - - -- - 102 100 - - - - 98
Mean: 102.0 100.2 100.6 100.0
Experimental t-value*: 1.7 Experimental t-value*: 0.4

--: without data
*Critical t-value: 2.3
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Table SM3: Concentrations of alprazolam (in pg-L) found in the biological degradation assays at 2 and 100 pg-L in presence of culture
medium. Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the initial
and final mean concentrations of the assay.

2 ug-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.01 2.00 1.99 2.01 2.00 2.03 2.00 2.01 2.02 1.98 2.00 2.01
Aliquot 2 2.00 2.01 2.02 1.98 1.99 2.04 2.02 2.01 2.00 2.03 2.01 2.02
Aliquot 3 1.99 - -- -- -- 2.03 2.01 -- -- - -- 1.97
Aliquot 4 2.00 - -- -- -- 1.97 2.01 -- -- - -- 2.00
Aliquot 5 1.98 - - - - 2.01 1.99 - - - - 1.98
Mean: 2.00 2.02 2.01 2.00
Experimental t-value*: 1.5 Experimental t-value*: 0.9
100 pg-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 102 101 97 98 96 95 97 98 95 94 95 96
Aliquot 2 98 99 98 96 94 94 100 101 99 98 96 98
Aliquot 3 99 - - - - 100 99 - - - - 99
Aliquot 4 102 - -- -- -- 93 100 -- -- - -- 93
Aliquot 5 98 -- -- -- -- 94 100 -- -- - -- 97
Mean: 99.8 95.2 99.2 96.6

Experimental t-value*: 3.0

Experimental t-value*: 2.2

--: without data

*Critical t-value: 2.3
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Table SM4: Concentrations of alprazolam (in pg-L?) found in the photochemical degradation
assays, sunlight exposure, at 2 and 100 pg-L't. Two or five sample aliquots were taken. A t-test
(p=0.05, n=5) was applied to check for differences between the initial and final mean
concentrations of the assay.
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2 pgL?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 1.98 2.00 2.01 1.99 2.00 1.98
Aliquot 2 2.01 2.02 1.97 1.97 2.01 2.03
Aliquot 3 2.00 - 1.99 2.03 - 2.00
Aliquot 4 2.02 - 1.96 2.01 - 2.00
Aliquot 5 1.99 - 2.00 2.03 - 1.97
Mean: 2.00 1.99 2.01 2.00

Experimental t-value*: 1.2 Experimental t-value*: 0.6

100 pg-L?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 102 103 100 101 101 98
Aliquot 2 102 104 103 100 99 97
Aliquot 3 100 -- 97 98 -- 98
Aliquot 4 101 -- 102 97 -- 101
Aliquot 5 99 -- 102 99 -- 97
Mean: 100.8 100.8 99.0 98.2

Experimental t-value*: 0.1 Experimental t-value*: 1.1

--: without data

*Critical t-value: 2.3




Resultados y discusion

Table SM5: Concentrations of alprazolam (in pg-L*) found in the photochemical degradation
assays, 254 nm UV lamp, at 2 and 100 pg-L™ . Two or five sample aliquots were taken. A t-test
(p=0.05, n=5) was applied to check for differences between the initial and final mean
concentrations of the assay.

2 pg-L?t
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 1.97 2.00 1.99 2.02 2.01 1.98
Aliquot 2 2.00 1.98 2.01 2.03 2.00 1.97
Aliquot 3 1.96 -- 1.99 1.99 -- 2.01
Aliquot 4 1.95 -- 1.99 1.98 -- 1.96
Aliquot 5 2.01 -- 2.01 2.01 -- 1.97
Mean: 1.98 2.00 2.01 1.98

Experimental t-value*: 1.6 Experimental t-value*: 2.2

100 pg-L?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 100 102 100 100 98 99
Aliquot 2 101 99 99 102 100 101
Aliquot 3 100 - 100 99 - 98
Aliquot 4 101 - 101 98 - 97
Aliquot 5 102 - 98 102 - 98
Mean: 100.8 99.6 100.2 98.6

Experimental t-value*: 1.9 Experimental t-value*: 1.5

--: without data

*Critical t-value: 2.3
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Table SM6: Concentrations of alprazolam (in pg-L?) found in the thermal degradation assays
(70 °C) at 2 and 100 pg-L. Two or five sample aliquots were taken. A t-test (p=0.05, n=5) was
applied to check for differences between the initial and final mean concentrations of the
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assay.
2 pgL?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 1.96 1.99 1.97 2.01 2.02 1.99
Aliquot 2 2.01 1.97 2.00 2.00 1.97 2.00
Aliquot 3 2.01 - 1.95 2.03 - 2.02
Aliquot 4 1.99 - 1.99 1.96 - 1.95
Aliquot 5 1.98 - 1.95 1.99 - 1.98
Mean: 1.99 1.97 2.00 2.00
Experimental t-value*: 1.3 Experimental t-value*: 0.5

100 pg-L?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 102 99 98 99 97 96
Aliquot 2 100 98 96 98 98 97
Aliquot 3 99 -- 98 99 -- 97
Aliquot 4 98 -- 97 101 -- 96
Aliquot 5 101 -- 95 102 -- 98
Mean: 100.0 96.8 99.8 96.8
Experimental t-value*: 3.5 Experimental t-value*: 3.6

--: without data

*Critical t-value: 2.3
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Table SM7: Concentrations of alprazolam (in pg-L*) found in the degradation assays over time
on the W1 sample at 2 and 100 pg-L. Two or five sample aliquots were taken. A t-test
(p=0.05, n=5) was applied to check for differences between the initial and final mean
concentrations of the assay.

2 pg-Lt
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 1.96 1.99 1.97 1.99 1.98 1.99 1.99 2.02
Aliquot 2 1.97 1.98 1.99 1.96 2.02 2.00 2.00 1.99
Aliquot 3 2.02 - - 2.02 2.01 - - 2.04
Aliquot 4 1.95 - - 1.95 2.03 - - 1.95
Aliquot 5 1.98 - - 1.95 1.99 - - 1.96
Mean: 1.98 1.97 2.01 1.99
Experimental t-value*: 0.5 Experimental t-value*: 0.7
100 pg-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 103 100 98 96 102 101 98 96
Aliquot 2 99 99 98 98 100 99 97 95
Aliquot 3 101 -- -- 94 100 -- -- 94
Aliquot 4 103 -- -- 95 97 -- -- 94
Aliquot 5 98 -- -- 95 99 -- -- 95
Mean: 100.8 95.6 99.6 94.8
Experimental t-value*: 4.2 Experimental t-value*: 5.4

--: without data
*Critical t-value: 2.3
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Table SM8: Concentrations of alprazolam (in pg-L™) found in the degradation assays over time
on the W2 sample at 2 and 100 pg-L. Two or five sample aliquots were taken. A t-test
(p=0.05, n=5) was applied to check for differences between the initial and final mean
concentrations of the assay.

2 ug-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 2.02 2.01 2.01 1.98 1.97 1.99 1.97 2.01
Aliquot 2 2.03 2.00 2.01 1.99 1.96 2.01 1.99 2.03
Aliquot 3 1.99 - - 2.01 2.00 - - 1.97
Aliquot 4 2.01 - - 1.98 2.01 - - 2.00
Aliquot 5 1.98 - - 1.97 1.99 - - 1.99
Mean: 2.01 1.99 2.00 1.99
Experimental t-value*: 1.7 Experimental t-value*: 1.0
100 pg-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 97 98 95 93 101 101 96 96
Aliquot 2 99 100 96 94 99 97 96 95
Aliquot 3 101 -- -- 93 98 -- -- 97
Aliquot 4 98 -- -- 95 104 -- -- 95
Aliquot 5 100 -- -- 96 99 -- -- 94
Mean: 99.0 94.2 100.2 95.4
Experimental t-value*: 5.2 Experimental t-value*: 4.1

--: without data
*Critical t-value: 2.3
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Table SM9: Concentrations of alprazolam (in pg-L*) found in the degradation assays over time
on the SED sample at 2 and 100 pg-Lt. Two or five sample aliquots were taken. A t-test
(p=0.05, n=5) was applied to check for differences between the initial and final mean
concentrations of the assay.

2 pg-Lt
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 1.42 1.43 1.42 1.42 1.43 1.45 1.45 1.45
Aliquot 2 1.45 1.44 1.44 1.40 1.45 1.43 1.47 1.42
Aliquot 3 1.43 - - 1.41 1.43 - - 1.41
Aliquot 4 1.42 - - 1.44 1.41 - - 1.45
Aliquot 5 1.44 - - 1.40 1.46 - - 1.42
Mean: 1.43 1.41 1.44 1.43
Experimental t-value*: 1.9 Experimental t-value*: 0.5
100 pg-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 68 70 66 67 69 68 68 68
Aliquot 2 72 68 67 65 71 69 69 68
Aliquot 3 71 -- -- 65 72 -- -- 66
Aliquot 4 70 -- -- 68 68 -- -- 65
Aliquot 5 70 -- -- 70 69 -- -- 66
Mean: 70.2 67.0 69.8 66.6
Experimental t-value*: 2.8 Experimental t-value*: 3.4

--: without data
*Critical t-value: 2.3

157



Intens

158

Resultados y discusion

Identification of degradation products
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Figure SM1: MS/MS spectrum of alprazolam. Collision energy: 40 eV. Exact mass and experimental

error in the measurement.
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Occurrence of degradation products in photochemical and thermal degradation assays

Table SM10: Peak areas of the degradation products in the forced assays on a sample spiked

with alprazolam at 2 or 100 pg-L. Peak areas are referred to the initial peak area of

alprazolam in each experiment, to which a value of 100 was assigned. Mean values after the

analysis of two aliquots.

Heat, 70 2C UV lamp Sunlight Heat, 70 2C UV lamp Sunlight

Weeks: 4 8 4 8 4 8 4 8 4 8 4 8
Assay 1, 2 ug-L? Assay 2, 2 ug-L?
DP300 - - - - - | -1 - - - - -] -
pp327-1 | - | 036 | -- - ~ | -1 - o039 | - - ~ | -
pp327-2 | - - - - - -1 - - - - - | -
ppP327-3 | - | 037 | -- - — | -1 - o039 | - - S -
DP325-1 | -- - - - - | -1 - - - - - | -
DP325-2 | - - -~ - ~- | -1 - - - - .
pP3253 | - - - - - -1 - - - - - | -
DP325-4 | -- - - - I . - - - - | -
DP298 021 | 064 | - - — | - Jo21 o066 | - - .
Assay 1, 100 pg-L*? Assay 2, 100 pg-L?

DP300 -- - 0.05 | 0.13 | 0.02 |0.05 - - 0.06 | 0.14 | 0.02 |0.05
DP327-1 0.20 | 043 -- 0.03 -- -- 0.20 | 0.41 -- 0.04 -- --
DP327-2 0.07 | 0.12 - 0.02 - -- 0.07 | 0.13 - 0.02 - -
DP327-3 0.17 | 0.37 -- 0.02 -- -- 0.19 | 0.37 -- 0.02 -~ --
DP325-1 0.07 | 0.15 -- 0.02 -- -- 0.06 | 0.14 -- 0.02 -- --
DP325-2 -- -- - -- - -- - -- - - - -
DP325-3 -- -- -- -- -- -- -- -- -- -- -- --
DP325-4 0.03 | 0.09 -- -- -- -- 0.03 | 0.09 -- -- -- --
DP298 0.30 | 0.70 - 0.02 -- 0.01§ 0.28 | 0.72 -- 0.02 - 0.01

-- 1 not detected
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Figure SM11: Superposition of extracted ion chromatograms ([M+H]+ + 0.01 for all compounds)
obtained in different degradation assays for a water sample spiked with 100 pg-L™.

a) In presence of culture medium, after 5 weeks.

b) Thermal degradation, after 8 weeks.

c) Photochemical degradation (UV lamp), after 8 weeks.

d) Photochemical degradation (sunlight), after 8 weeks
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Table SM11: Peak areas of the degradation products in the non-forced assays on river water samples spiked with alprazolam at 2 or 100 pg:-L? (river
Pisuerga, W1; river Tuerto, W2; river Pisuerga in presence of sediment, SED). Peak areas are referred to the initial peak area of alprazolam in each
experiment, to which a value of 100 was assigned. Mean values after the analysis of two aliquots.

Sample: W1 W1 W1 W2 W2 W2 SED | SED | SED W1 w1 w1 W2 W2 W2 SED | SED | SED

Weeks: 12 24 36 12 24 36 12 24 36 12 24 36 12 24 36 12 24 36
Assay 1, 2 ug-L? Assay 2, 2 pug-L?
DP300 0.40 | 0.94 | 1.36 | 0.40 | 0.96 | 1.26 | 0.29 | 0.76 | 1.25 | 0.38 | 0.90 | 1.27 0.4 094 | 1.26 | 0.30 | 0.78 | 1.20
DP327-1 | - ~ |o027| - ~ 027 | - ~ |o28] - ~ 029 - -~ |o025 | - - | o0.28
Dp327-2 | - - - - - - - - - - - - - - - - - -
pP327-3 | -~ | 019|037 | - |022]045]| - - o032 - |o020]036 ]| - |023]045]| -- - | o034
DP325-1 | - - - - - - - - - - - - - - - - - -
DP325-2 | - - - - - - - - - - - - - - - - - -
DP325-3 | - - - - - - - - - - - - - - - - - -
DP325-4 | - - - - - - - - - - - - - - - - - -
DP298 - - - - - - - - - - - - - - - - - -
Assay 1, 100 pg-L? Assay 2, 100 pg-L?

DP300 042 | 101 | 144 | 044 | 093 | 133 | 0.38 | 0.88 | 1.29 ] 042 | 094 | 1.38 | 0.44 | 094 | 1.36 | 0.37 | 0.84 | 1.32

DP327-1 0.09 | 0.22 | 0.33 | 0.08 | 0.19 | 0.29 | 0.06 | 0.19 | 0.27 ] 0.09 | 0.22 | 0.33 | 0.08 | 0.19 | 0.28 | 0.08 | 0.19 | 0.27

Dp327-2 0.06 | 0.11 | 0.18 | 0.03 | 0.09 | 0.17 | 0.04 | 0.10 | 0.16 ] 0.06 | 0.09 | 0.20 | 0.03 | 0.09 | 0.19 | 0.04 | 0.10 | 0.16

DP327-3 0.14 | 030 | 0.37 | 0.11 | 0.29 | 0.44 | 0.09 | 0.23 | 0.30 } 0.15 | 0.27 | 0.37 | 0.09 | 0.30 | 0.43 | 0.07 | 0.20 | 0.33

DP325-1 0.02 | 0.07 | 0.09 | 0.03 | 0.10 | 0.11 | 0.06 | 0.08 | 0.09 J 0.02 | 0.07 | 0.11 | 0.03 | 0.09 | 0.11 | 0.06 | 0.07 | 0.09

DP325-2 -- 0.02 | 0.05 -- 0.01 | 0.04 -- 0.01 | 0.02 -- 0.03 | 0.04 -- 0.01 | 0.03 -- 0.01 | 0.02
DP325-3 - 0.02 | 0.04 - 0.02 | 0.05 - - 0.02 - 0.02 | 0.04 - 0.02 | 0.05 - - 0.02
DP325-4 0.02 | 0.06 | 0.11 | 0.03 | 0.05 | 0.10 | 0.03 | 0.05 | 0.07 ] 0.02 | 0.08 | 0.12 | 0.03 | 0.06 | 0.11 | 0.02 | 0.06 | 0.07
DP298 - 0.02 | 0.06 - 0.02 | 0.06 - - 0.02 - 0.02 | 0.05 - 0.02 | 0.06 - - 0.02

-- 1 not detected
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Figure SM12: Superposition of extracted ion chromatograms ([M+H]* + 0.01 for all compounds) for a water sample spiked with 100 pg-L?,
after 36 weeks under non-forced conditions.
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Prediction of ecotoxicity

In order to estimate the toxicity of alprazolam and its degradation products with a well-

defined structure, the TEST software (Toxicological Estimation Software Tool), version 4.2, was

applied.

Table SM12: Predicted 50% lethal concentrations (LCso, UM) and 50% growth inhibition

concentrations (IGCso, UM) of alprazolam and degradation products for different tests.

Daphnia magna Tetrahymena pyriformis Fathead minnow
LCso (48 hr) IGCso LCso (96 hr)
DP300 50 32 1.4
DP327-1 17 19 0.5
DP327-2 19 16 0.3
DP327-3 23 10 0.3
DP325-3 21 23 0.6
DP325-4 7.2 9 0.2
DP298 22 15 5.8
Alprazolam 8.9 14 0.2

Several degradation products showed predicted toxicities similar to that of alprazolam for the
three ecotoxicological endpoints. DP300, the most prominent long-term degradation product in

non-forced conditions, was about six or seven-fold less toxic than the parent compound for

Daphnia magna and fathead minnow.
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Celecoxibis an anti-inflammatory drug with antibacterial activity whose fate in surface water is unknown.
Thus, some assays have been conducted under forced biological, photochemical and thermal condi-
tions, and non-forced conditions, to establish its persistence and degradation products in river water.
The results suggest that celecoxib dissolved in river water is not biologically degraded while it is min-
imally altered after its exposure to sunlight or high temperature (70°C). Only the irradiation at 254 nm
promotes its complete degradation. Celecoxib is degraded about 3%, in 36 weeks, when water was
kept at room temperature and the exposure to sunlight was partially limited as it happens inside a
body of water. Residues were monitored by ultra-pressure liquid chromatography/quadrupole time-
of-flight/mass spectrometry after solid-phase extraction; eleven degradation products were detected
and the structures of nine of them were unequivocally proposed from the molecular formulae
and fragmentation observed in high-resolution tandem mass spectra. The long-term transformation
products under non-forced conditions were 4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-
yl]benzenesulfonic acid, 4-[1-(4-sulfoaminephenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl]benzoic acid
and a hydroxylated derivative. The degradation over time in presence of sediment was monitored, being
slightly higher, about 4%. The adsorption equilibrium constants of celecoxib and degradation products
on river sediment were estimated.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Trace concentrations of pharmaceuticals have been reported in
surface waters in the last twenty years. The raw sewages and the
effluents discharged from wastewater treatment plants (WWTPs)
are the main source of introduction of these compounds in the envi-
ronment. Therefore, several laboratory assays have been conducted
to foresee the fate of many pharmaceuticals in water.

Celecoxib is a selective inhibitor of the inducible form of
the enzyme cyclooxygenase; its prescription is approved to treat
some painful musculoskeletal diseases. Regardless of the anti-
inflammatory activity, it has been proven that celecoxib exhibits
certain anti-microbial activity [1,2] in addition to chemotherapeu-
tic properties against some cancers [3]. Celecoxib is extensively
metabolized in humans and five phase I and phase Il metabolites
have been reported [4-8].

As regards its occurrence in aquatic ecosystems only a
manuscript has considered the monitoring of celecoxib in water
samples. After sampling the inlet and outlet streams of a WWTP in
different months, authors concluded that the depuration treatment
was ineffective to remove celecoxib; the maximum concentration
in the effluents was 49 ngL~'. Furthermore, a degradation prod-
uct, celecoxib carboxylic acid, was identified with the help of a
metabolite database [9].

Since celecoxib could have potentially harmful effects on the
aquatic ecosystems it is convenient obtain information about its
fate in surface water. In this context, river water spiked with cele-
coxib at low concentration has been subjected to photochemical,
thermal and biological degradation assays to know the stability of
the drug. Moreover, some degradation assays have been devised
in order to know its long-term fate; to this aim, river water con-
taining celecoxib was placed in a glass container and exposed to
sunlight for several months at room conditions; as the glass absorbs
UV radiation, the behavior of celecoxib can be so similar to that
in a body of water where the penetration of solar UV radiation is
diminished with depth. Water samples were analyzed by ultra-
pressure liquid chromatography/quadrupole time-of-flight/mass
spectrometry; eleven degradation products were detected and
their structures were tentatively proposed from the molecular for-
mulae and fragmentation observed in high-resolution tandem mass
spectra. The evolution of the degradation products was also moni-
tored through time to estimate their occurrence and the toxicities of
some of them were predicted for three ecotoxicological endpoints,
comparing them with those of celecoxib. In addition, as a certain
capacity of adsorption of celecoxib on sediment was observed, an
adsorption isotherm is presented while the adsorption equilibrium
constants of the degradation products were also evaluated on the
assumption that peak areas vary linearly with concentration.

2. Experimental
2.1. Water samples, reagents and materials

Water samples were collected from the rivers Pisuerga (pH value
7.8, chemical oxygen demand value 4.6 mgL-1), in the urban area
of the city of Valladolid, and Tuerto (pH value 7.4, chemical oxy-
gen demand value 3.9 mgL-1), in the rural area of the La Bafieza,
province of Le6n. A sediment sample (total organic carbon 1.2%;
clay 11%, silt 44%, sand 45%) was collected from the river Pisuerga.
River water was filtered through cellulose nitrate disks (Sarto-
rius, Barcelona, Spain): 0.2 um pore-size disks for the estimation
of adsorption equilibrium constants, 3 wm pore-size disks to carry
out biodegradation experiments and 0.45 wm pore-size disks for
other degradation experiments.

Celecoxib (99% purity) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Methanol, acetonitrile, sodium hydroxide, potas-
sium dihydrogen phosphate and sodium azide were supplied by
Panreac (Barcelona, Spain) and ultrapure water was obtained from
a Milli-Q plus apparatus (Millipore, Milford, MA, USA). A lamp
equipped with an 8W UV tube, 29200 model, was obtained from
Camag (Muttenz, Switzerland). Tryptone soya broth (TSB), a highly
nutrient liquid culture medium for general purpose use, and EBH
cartridges (60 mg) for solid-phase extraction (SPE) were supplied
by Scharlab (Barcelona, Spain).

2.2. Biological degradation

2.2.1. Aerobic degradation

Biological degradation assays were done with water from the
river Pisuerga (pH 7.8) which was spiked with celecoxib to achieve
a concentration of 2 or 100 gL', A volume of 50 mL of river
water was transferred into a 100 mL Erlenmeyer flask, which was
then coated with aluminum foil, including its opening, to avoid
the exposure to sunlight but allowing the exchange of air with
the atmosphere. A celecoxib control solution was similarly pre-
pared in ultrapure water (pH 7.8 adjusted with NaOH) containing
0.02% (w/v) sodium azide as a biocide. Water blanks were prepared,
too. Samples were run in parallel; flasks were shaken in a Promax
2020 reciprocating shaker (Heidolph, Germany) at a rotation speed
of 130 rpm for 5 weeks, within a temperature range of 18-21°C.
Aliquots of 2 mL were collected each week and subjected to the ana-
lytical method. Evaporation water losses were periodically restored
by addition of water of the same type. All biological experiments
were done in duplicate.

2.2.2. Anaerobic degradation

River water (pH 7.8) spiked at 2-100 gL' was placed in
15 mL vials, completely filled to avoid the presence of air in the
headspace. Vials were closed, protected from light by coating them
with aluminum foil and kept in a temperature range of 18-21°C
during experimentation. Control solutions in ultrapure water (pH
7.8 adjusted) containing 0.02% sodium azide, and the correspond-
ing blanks, were also run in parallel. A batch of vials was assembled
to withdraw weekly samples during 5 weeks; a volume of 2 mL of
each withdrawn vial was collected for analysis.

2.2.3. Degradation in culture medium

A 20/80 (v/v) mixture of TSB culture medium and river water
was spiked (2 or 100 wgL~1) and a volume of 100 mL of mixture
was placed in a 250 mL glass container. A control solution in ultra-
pure water (pH 7.8 adjusted) containing 0.02% sodium azide and
celecoxib, and a blank of the medium-water mixture, were also
prepared and run in parallel. Closed vessels were heated at 35°C in
darkness for 5 weeks. Aliquots of 4 mL were sampled weekly and
filtered through 0.45 wm pore-size cellulose nitrate; 2 mL of filtrate
were collected for analysis.

2.3. Thermal and photochemical degradation

A volume of 100 mL of river water (pH=7.8) spiked with cele-
coxib (2 or 100 wgL-1) was placed in a closed 250 mL glass flask.
This was coated with aluminum foil and placed in an oven at 70°C.
A water blank was heated, too. Aliquots of 2 mL were collected at
four and eight weeks and subjected to the analytical method.

River water was placed in quartz cuvettes for photochemical
degradation. Closed cuvettes were irradiated at 254nm with a
lamp, or exposed directly to sunlight placing them on the outer edge
of a window, south-facing; assay was done in the city of Valladolid
(latitude: 41° 38 15”N, longitude: 4° 44’ 17”"W), in the months
of May-June. Water aliquots were collected at regular intervals of
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time and injected in the chromatographic system. Control samples
of celecoxib in river water, protected from radiation with aluminum
foil, and a blank were also prepared. All experiments were done in
duplicate.

2.4. Non-forced degradation assays

A simple approach was adopted to simulate the concurrent
natural process in a body of water. River water was placed in a
transparent glass container with air-tight seal, which was shaken
and opened weekly to replace the air inside in contact with the
water surface. The container was kept at laboratory temperature
(18-21°C) under the natural day-night cycle and directly exposed
to sunlight for 36 weeks, at which time the degradation assay was
ended. In these conditions the solar radiation must pass through the
laboratory window glass and the container glass to reach the body
of water; glass absorbs UV radiation and the behavior of celecoxib in
the container simulates that in a mass of water where the penetra-
tion of solar UV radiation is diminished with depth. The attenuation
of the radiation was estimated by measurements of transmittance
through the two types of glass (container and window); so, it was
quantified that the percentages of radiation transmitted to the body
of water were 40%, 1.3%, 0.02%,8 10~4% and 8 10—>% at wavelengths
of 350, 320, 310, 305 and 290 nm, respectively.

A volume of 2500 mL of river water placed in glass container
was spiked with celecoxib to achieve an initial concentration of 2
or 100 wgL~! in each degradation assay; aliquots of 25 mL were
collected periodically and subjected to SPE before analysis by the
chromatographic system to follow the degradation, look for degra-
dation products and monitor them. Degradation experiments were
done between the months of March and November with waters
from the rivers Pisuerga (W1 sample) and Tuerto (W2 sample). Fur-
thermore, the degradation of W1 sample was studied in presence of
sediment by adding river sediment to the container in a sediment
to solution ratio of 0.013 gmL~! (SED sample). Blank samples were
prepared, as well.

It was verified that W1 and W2 river water samples were free of
celecoxib residues. First, water blanks were subjected to the ana-
lytical method to test the absence of the parent compound. Once
known the degradation products yielded in the forced assays it
was also tested that they were not present in the water extracts.
Similarly, the absence of residues in the sediment sample was con-
firmed by the extraction of a portion of sediment with methanol by
mechanical shaking; the extract was concentrated for analysis.

2.5. Study of adsorption to sediment

Experiments to investigate the capacity of adsorption of
celecoxib and degradation products were done. The adsorption
equilibrium constant (K4q) of celecoxib into sediment (sieved
through a 0.5mm mesh) was determined by using a batch
approach. Spiked river water (100 mL) was added to sediment
(1.3 g) to achieve a sediment to solution ratio of 0.013 gmL~!; cele-
coxib concentrations were 200,400, 600, 800 and 1000 ng L. River
water contained 0.02% sodium azide as a biocide to minimize a pos-
sible microbial activity and pH (7.8) was controlled with phosphate
buffer (0.02 M). Control solutions without sediment were prepared,
too. The flasks, protected from sunlight with aluminum foil, were
manually shaken for 1 min and left standing at 20 &+ 1 °C for a period
of 24 h. Afterwards, an aliquot was centrifuged to remove solids,
and 20 mL were collected to determine the celecoxib concentration
in equilibrium. An adsorption isotherm was drawn in duplicate.
The concentration adsorbed on the sediment was not directly mea-
sured.

Analytical standards are unavailable for the degradation prod-
ucts, however an estimation of their K4 was carried out on the

assumption that there is a linear relationship between peak area
and concentration for each compound; degraded solutions of
celecoxib were used to this aim. Experiments similar to the above-
described were devised by spiking water with a solution containing
the degradation products and selecting an appropriate sediment to
solution ratio. So, the decrease percentage of peak area in water
was supposed to be the percentage of compound adsorbed onto
sediment (A%) and K4 was calculated by Eq. (1), which is valid if
adsorption equation is linear [10]. Peak areas of the adsorption
experiments were compared with those of control solutions by a
t-test (n=5) to confirm the existence of differences before applying
the equation.

A%

Ka= R(100 — A%)

2.6. Sample preparation

Except for the photochemical degradation assays, river water
aliquots were eluted through EBH cartridges previously condi-
tioned by successive elution of methanol (6 mL) and water (6 mL).
Cartridges were washed with 3 mL of a water-methanol (80:20, v/v)
mixture after the sample elution. The stationary phase was dried
with air for 3 min and the extract was eluted with methanol (4 mL)
by gravity. Then, the extract was evaporated in 30 min by a Myvac
vacuum centrifuge evaporator (Genevac, Ipswich, UK) heated at
40°C and the dry residue was collected in 0.5 mL of methanol,
which was filtered through a 0.20 wm pore-size PTFE filter for chro-
matographic analysis.

2.7. Determination by liquid chromatography-mass
spectrometry

An Acquity ultra-pressure liquid chromatograph from Waters
coupled to a Maxis Impact quadrupole time-of-flight tandem mass
spectrometer from Bruker Daltonics (Bremen, Germany) was used.
Analyses were done with electrospray ionization in negative mode.
The chromatograph was fitted with a Waters BEH ODS column
(50mmx 2.1 mm, 1.7 wm particle size). Mobile phase flow rate was
0.5mLmin~! and it consisted of 0.1% formic acid in water (A) and
0.1% formic acid in acetonitrile (B); assays were done in gradient
conditions: from 25% B to 80% B in 4.5 min, and then 90% B in 1 min.
Re-equilibration time was 1 min. Injection volume was 7 L.

The operation parameters of the electrospray ionization source
for the MS and MS/MS experiments were as follows: nebulizing gas
pressure, 2 bar; end plate offset voltage, 1000 V; capillary voltage,
4000V; drying gas temperature, 200°C; dry gas flow, 6 Lmin~'.
Nitrogen was used as drying and nebulizing gas. Mass calibration
adjustments were performed by using a 10 mM sodium formate
solution in 2-propanol/water. MS/MS experiments based on colli-
sion induced dissociation with nitrogen gas were performed. The
quantitation of celecoxib was done by linear calibration graphs
based on the measurement of peak areas in the chromatograms
extracted for the ion [M—H]~ generated in the electrospray source
by MS experiments, with a mass range of +0.01 Da. Similarly,
peak areas of degradation products were integrated in the chro-
matograms extracted for the corresponding [M—H]~ ions. As
regards the performance of the analytical method, mean recover-
ies of celecoxib in W1 sample volumes of 2 or 25 mL were about
96% with repeatabilities close to 1.6% and 1.2% (n=5) for 2 and
100 pg L1, respectively. A dilution of the extracts was required to
quantify celecoxib in the assays at high concentration.
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Table 1

Initial and final mean concentrations (n=>5) of celecoxib in the different degradation assays; time at which the final concentration was measured.

Degradation Assay Initial concentration (ugL™1) Final concentration (ngL™1) Elapsed time (weeks)
Aerobic 1 2.00 1.99 5
2 1.98 1.99 5
Aerobic 1 101.4 100.2 5
2 99.2 99.2 5
Anaerobic 1 2.01 1.99 5
2 2.00 2.00 5
Anaerobic 1 100.8 100.0 5
2 99.4 99.2 5
Culture 1 2.01 2.01 5
medium 2 2.00 2.00 5
Culture 1 100.8 100.0 5
medium 2 100.4 99.8 5
Photochemical, 1 2.01 1.95" 8
sunlight 2 2.00 193" 8
Photochemical, 1 101.4 97.8" 8
sunlight 2 100.0 96.4" 8
Photochemical, UV 1 2.00 Not detected 1
lamp 2 2.00 Not detected 1
Thermal 1 2.00 1.99 8
2 2.01 2.00 8
Thermal 1 100.6 99.2 8
2 100.0 98.8 8
Non-forced, W1 1 2.00 1.94" 36
2 2.01 1.94" 36
Non-forced, W1 1 100.8 976" 36
2 100.2 97.0" 36
Non-forced, W2 1 2.00 195" 36
2 2.00 1.94" 36
Non-forced, W2 1 100.4 97.4" 36
2 99.6 96.6" 36
Non-forced, SED 1 1.26 1217 36
2 1.23 1.18" 36
Non-forced, SED 1 60.2 57.8" 36
2 61.2 58.6" 36

“* Significant difference (p<0.05).

3. Results and discussion
3.1. Degradation of celecoxib

Table 1 resumes the results of the degradation assays. The results
of each individual assay are supplied as supplementary material
(Appendix A). An independent samples t-test (p=0.05) was used to
compare the concentrations measured at the beginning and end of
the assays (n=5), after checking the homogeneity of the variances
which resulted to be homogeneous. Celecoxib was found to be
resistant to biological degradation in river water at the two assayed
concentrations, 2 and 100 wg L1, even when a culture medium was
added to river water in order to favor the growth of the microor-
ganisms (Tables A1-A3). There were also no significant differences
in concentration when a solution of celecoxib was heated at 70°C
for 8 weeks; however, a slight decay was observed in the assays
carried out at 100 wg L~1, about 1.3% with respect to the initial con-
centration (Table A4), which suggests that celecoxib is minimally
affected by the possible chemical reactions in river water.

Regarding the photochemical degradation, the exposure of cele-
coxib in solution to sunlight for 8 weeks decreased significantly
its initial concentration, about 3.3% and 3.6% for the low and high
concentration levels (Table A5), respectively, while the exposure
of celecoxib in river water to UV radiation from the lamp (cen-
tered at 254 nm) promoted a fast degradation; it was detected only
during 5 days. The degradation followed a first-order kinetics with
half-lives of 2.72 days (RZ =0.98) and 2.81 days (R =0.99) after two
assays at 2 ug L1 (Table A6). These results indicate that celecoxib
can undergo a slow photochemical degradation in surface water at
slightly alkaline pH.

The degradation of celecoxib over time under non-forced con-
ditions was monitored, too. Therefore, the decrease of celecoxib

concentration after 36 weeks was estimated to be about 3.2% and
3.0% in W1 and W2 samples, respectively. Assays in presence of
aquatic sediment were also devised to know its possible influence
in the degradation; in this case, the degradation percentage was
somewhat higher in comparison to the assays without sediment,
about 4.2%. There were significant differences (p=0.05) between
the initial and final concentrations of the non-forced assays after
applying a t-test (Tables A7-A9). On the other hand, the concen-
trations of celecoxib measured in water when the experimentation
was done in presence of sediment diminished, which suggested a
possible adsorption to sediment.

It must be pointed out that a smelly odor began to be per-
ceived in the blank sample with sediment after a few weeks,
which denoted a possible growth of microorganisms and the subse-
quent biodegradation process of the organic matter. However, this
biodegradation process was not observed in the containers with
celecoxib likely due to the anti-microbial activity described for this
pharmaceutical.

The results of these laboratory assays suggest that celecoxib is a
persistentdrug in surface water. It seems to be a non-biodegradable
compound and the chemical reactions in aqueous medium at a
slightly alkaline pH and environmental temperature do not affect it
perceptibly. Only the photochemical reactions seem to alter it but
their reaction rate is very low inside a body of water.

3.2. Detection and identification of degradation products

Eleven degradation products were found during the experimen-
tation. The presence of compounds related to the degradation of
celecoxib was established by the observation of new chromato-
graphic peaks in the MS chromatograms, which were not present
in blanks. The [M—H]~ ion of each degradation product, besides of
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celecoxib, was isolated and fragmented by collision induced dis-
sociation to obtain structural information and propose tentative
structures from the interpretation of the fragment-ions in MS/MS
spectra. Table 2 shows the established molecular formulae, the
proposed identifications and the abbreviations of the compounds.
A brief discussion about the assignation of structures to each
compound is supplied as supplementary material. High-resolution
tandem mass spectra can be seen in Figs. A1-A12.

In summary, some degradation products arose from the oxi-
dation of the terminal methyl to aldehyde (DP394) or carboxylic
acid (DP410) groups, moreover a hydroxylated derivative (DP396,
not unequivocally identified) was detected; the position of the
hydroxyl substituent could not be assigned from the fragmenta-
tion data. DP381 was thought to be the corresponding sulfonic acid
from the celecoxib, in which the amine group had been replaced
by a hydroxyl. The structure of DP395 was that of DP381 after the
oxidation of the terminal methyl to aldehyde.

Several phenanthridines were observed after the exposure of
celecoxib toradiation, two hydrogen atoms close to each other were
removed to form a new six-membered cycle by the bond of the
corresponding carbon atoms. Thus, DP378 derived directly from
celecoxib; DP392 and DP408 were those whose terminal methyl
was oxidized to aldehyde or carboxylic acid, respectively. The struc-
ture of DP424 was not completely elucidated but it seems to be a
dihydroxylated derivative from DP392. DP409 kept the phenanthri-
dine core and showed two frequent transformations: the oxidation
of the methyl to carboxylic acid and the conversion of the sul-
fonamide group to sulfonic acid. Finally, the sulfonaminephenyl
group was substituted for a carboxylic acid in DP269. Most of these
degradation products had not been described till now; only DP410
(celecoxib carboxylic acid) and DP 381 (celecoxib sulfonic acid)
had been previously described as degradation products yielded in
metabolic processes of the living organisms [4,6,7].

3.3. Occurrence of degradation products in biological and forced
degradation assays

Table 3 shows the peak areas of the degradation products after
4 and 8 weeks since the beginning of the assays: a value of 100 was
assigned to the initial peak area of celecoxib (week 0) in each assay,
and all other peak areas were referred to this value. Celecoxib was
not degraded biologically but trace amounts (0.02) of DP381 were
detected in the assays with culture medium at 100 wgL~! (Table
A10).

Three degradation products were found in the degradation
assays at high temperature and concentration. DP394 was the most
abundant compound after 8 weeks with a relative peak area of
0.70; DP396 and DP381 were found in amounts of 0.13 and 0.07,
respectively. As well, some degradation products were found when
celecoxib was exposed to sunlight for 8 weeks; DP381 was the main
degradation product with a relative peak area about 0.5-0.6, more-
over it was the only celecoxib related compound detected in the
forced degradation assay at low concentration. At high concentra-
tion, smaller amounts of DP394, DP410 and DP378 were detected
under the influence of the solar radiation, too (Table A10).

The exposure of river water to UV radiation arisen from a lamp
degraded completely the celecoxib, at 2 pgL~1, in a week. Many
degradation products were observed; among them DP381 and
DP378 were the most abundant (Figs. A13 and A14). The com-
pounds DP424 and DP269 were prominent, too. The occurrence
of the degradation products decreased at the end of this study (5
days).

Table 2

Retention times (RT), accurate masses measured in the MS spectra for the [M—H]~ ion, errors in the determination of the exact masses, molecular formulae and number of rings and double bonds (RDBs) of the corresponding

structures for the detected degradation products.

Abbreviation

Compound

RDBs

Accurate mass Error (ppm)

(Da)

Exact mass (Da)

Molecular
formula

RT (min)

DP409
DP395
DP424

2-trifluoromethyl-9-sulfo-H-pyrazolo[1,5-f|phenanthridine-6-carboxylic acid

135

-1.7

0.5

409.0120
395.0317
424.0215

409.0113

Cy7HgF3N,05S

1.45
1.48
1.52

4-[5-(4-formylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl|benzenesulfonic acid

2.5
135

395.0319
424.0220

Cy7H10F3N;04S
Ci7HgF3N305

x,x-dihydroxy-2-trifluoromethyl-6-formyl-H-pyrazolo[1,5-f|phenanthridine-9-
sulfonamide

1.2

DP269
DP396
DP410
DP381
DP408
DP394
DP392

3-(trifluoromethyl)-5-p-tolyl-1H-pyrazole-1-carboxylic acid

Hydroxylated celecoxib?®

269.0546
396.0625
410.0428
381.0523
408.0269
394.0477
392.0330
380.0688
378.0525

269.0543
396.0635
410.0434
381.0526
408.0271
394.0476
392.0322
380.0686
378.0530

2HgF3N202

11.5
1

25

7H13F3N305S
7H11F3N304S
7H12F3N203S
7H9F3N304S

7H11F3N303S
JHoF3N305S

7H13F3N30,8
7H11F3N30,8

4-[1-(4-sulfoaminephenyl)-3-(trifluoromethyl)-1H-pyrazol-5-yl|benzoic acid

25

1.5
0.8

4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl|benzenesulfonic acid

11.5

2-trifluoromethyl-9-sulfonamine-H-pyrazolo[ 1,5-f]phenanthridine-6-carboxylic acid

4-[5-(4-formylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl|benzenesulfonamide
2-trifluoromethyl-6-formyl-H-pyrazolo[1,5-f]phenanthridine-9-sulfonamide

135
1

0.5

2.5

-0.3
-2.0
-0.5
13

135

Celecoxib
DP378

4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl|benzenesulfonamide
2-trifluoromethyl-6-metyl-H-pyrazolo[1,5-f|phenanthridine-9-sulfonamide

115

12.5

C
C
C
C
C
C

1.70
1.72
1.86
1.96
2.15
2.20
2.40
2.72
2.88

C
C

2 likely 4-[5-(4-(hydroxymethyl)-phenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzenesulfonamide, x-hydroxy-4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzenesulfonamide or 4-[5-(x-hydroxy-4-

methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl|benzenesulfonamide.
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Table 3

Peak areas of the degradation products obtained in forced and non-forced assays on river water samples spiked with celecoxib at 2 or 100 pgL~" (river Pisuerga, W1; river
Tuerto, W2; river Pisuerga in presence of sediment, SED). Peak areas are referred to the initial peak area of celecoxib in each experiment, to which a value of 100 was assigned.

Data are the mean of two experiments.

Assay: Heat, 70°C Sunlight Non-forced
Sample: W1 W1 Wi w1 w1 w1 w1 w2 w2 w2 SED SED SED
Weeks: 4 8 4 8 12 24 36 12 24 36 12 24 36
DP396 2pgl! - - - - - - 0.39 - - 0.41 - - -
DP410 2pgl! - - - - - 0.36 0.63 - 0.37 0.65 - - 0.99
DP381 2pgl! - - 0.23 0.56 - 0.36 0.74 - 0.35 0.71 - 2.25 493
DP408 2pgl! - - - - - - - - - - - - -
DP394 2pgl! - - - - - - - - - - - - -
DP378 2pgl! - - - - - - - - - - - - -
DP396 100 pgL! 0.06 0.13 - - 0.04 0.21 0.39 0.03 0.23 043 - 0.14 0.23
DP410 100 pgL! - - - 0.02 0.12 0.39 0.66 0.11 0.38 0.67 0.05 0.59 1.08
DP381 100 pgL! 0.04 0.07 0.29 0.60 0.12 0.42 0.79 0.15 0.39 0.75 0.48 2.25 5.05
DP408 100 pgL~! - - - - - - 0.05 - - 0.04 - - 0.02
DP394 100 pgL! 033 0.70 0.06 0.12 - 0.01 0.05 - 0.01 0.05 - - 0.01
DP378 100 pgL! - - - 0.01 - - 0.01 - - 0.01 - - -

-: not detected.

3.4. Occurrence of degradation products in non-forced conditions

Table 3 also shows the degradation products detected in river
water at 12, 24 and 36 weeks after limiting the transmission of
UV radiation, which simulates the attenuation of UV radiation that
happens in a body of water. Data are the mean of two assays whose
results can be seen in Table A11. The occurrence of the degrada-
tion compounds increased with time. Three compounds (DP396,
DP410 and DP381) were observed in the assays at low concentra-
tion after 36 weeks; consequently, it is expected that they can be
found in the analysis of real water samples. DP410 and DP381 were
presentinrelative amounts about 0.64 and 0.73, respectively, while
the amount of DP396 was about 0.40. The relative amounts of these
three compounds were similar in the assays carried out at high con-
centration, where other three degradation products (DP408, DP394,
DP378) were detected; they were minor compounds detected in
amounts of 0.05 or lower.

DP381 was the main degradation product when the assay was
done in presence of sediment, followed by DP410; they were found
inrelative amounts of about 5 and 1, respectively, higher than those
found when the assay was done with water only. The addition of
sediment promoted a faster degradation of the celecoxib and its
transformation in DP381 and DP410. DP396, DP378, DP408 and
DP394 were only detected in the assay at 100 pgL~!; their rel-
ative amounts were now lower, which could be explained by an
adsorption onto sediment or a minor generation.

As regards the origin of these degradation products, DP396
was supposed to arise from chemical reactions in solution accord-
ing to the assays done under forced conditions; it was the only
degradation product not detected when celecoxib in solution was
exposed to the radiation from the lamp. DP381 was mainly formed
by photochemical reactions while DP410 arose exclusively from
photochemical process; the occurrence of DP381 in wastewater
had been previously reported [9]. All other compounds were also
observed in extracts from waters subjected to radiation although
the major origin of DP394 seems to be a chemical reaction in aque-
ous solution. A degradation pathway of celecoxib in river water is
outlined in Fig. 1.

The toxicity of the major degradation products with a well-
defined structure to three ecotoxicological endpoints has been
predicted by the TEST software (version 4.1) from the US Envi-
ronmental Protection Agency, which applies quantitative structure
activity relationships (QSARs) methodologies. DP381 and DP410
had a similar or scantly lower toxicity in comparison to celecoxib
for Daphnia magna and fathead minnow according to the esti-

Table 4

Predicted 50% lethal concentrations (LCsp, M) and 50% growth inhibition con-
centrations (IGCsp, M) for celecoxib and degradation products detected under
non-forced conditions.

Daphnia magna Tetrahymena Fathead minnow

LCso (48 h) pyriformis IGCsg LCso (96 h)
Celecoxib 1.8 11.8 0.5
DP410 1.9 14.8 0.5
DP381 6.0 8.7 0.8
DP408 0.9 14.8 0.7
DP394 0.8 7.8 0.2
DP378 0.3 6.9 0.5

mated 50% lethal concentrations (Table 4). The phenanthridines
DP408 and DP378 were two and six-fold more toxic than celecoxib,
respectively, for Daphnia magna while their toxicity was similar to
that of celecoxib for fathead minnow; for these same endpoints,
the toxicity of DP394 was about two-fold higher. On the other
hand, the non-observed effect concentration on Daphnia magna has
been experimentally measured for celecoxib, it was 62 wg L1 [11].
Growth inhibition concentrations instead of lethal concentrations
were estimated for Tetrahymena pyriformis; in this case the pre-
dicted toxicity values for celecoxib and related compounds did not
differ almost from one another.

3.5. Adsorption to sediment

Fig. 2 shows the adsorption isotherm obtained for celecoxib
in the batch experiments; Ky (adsorption equilibrium constant)
and Ko (organic carbon normalized adsorption equilibrium con-
stant) values resulted to be 44.4 and 3699 Lkg~! (RSD 3.8%, n=10),
respectively. Ko relates Ky to the content of organic carbon of
the sediment sample and it was calculated by Eq. (2), where
0OC% is the percentage of organic carbon in the sediment sam-
ple (1.2%). The Ko value is similar to that of compounds such as
1,2,4-trichlorobenzene or 3,5-dichlorophenol [12]. Only a sediment
sample has been considered in the experimentation but it is clear
that celecoxib has a certain capacity of adsorption onto sediment,
which should be taken into account to foresee its distribution in
the environment.

100
Koc = Kd@ (2)

Adsorption equilibrium constants were also calculated for most
of the degradation products from the experimental adsorption per-
centages; Ky and Ko values, and the used sediment to water ratios,
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Fig. 1. Degradation pathway of celecoxib in river water. Thick lines denote the possible transformation process over time. Thin lines are related to the degradation under UV
lamp.
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Fig. 2. Adsorption isotherm of celecoxib (n=2).

can be seen in Table 5. The coefficient of adsorption of celecoxib did not modify greatly the adsorption capacity of the compound
was also calculated by this method and it resulted to be 45.0 Lkg~!, while the conversion of the sulfonamine and methyl groups into
similar to the previously estimated value. The Ky values of the sulfonic and carboxylic acids, respectively, decreased the adsorp-
degradation products were lower and, in general, they did not differ tion capacity.

much from the celecoxib value; they varied from 17.6 to 43.2 Lkg ™!

It was inferred from the data that the formation of a phenanthridine
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Table 5

Ky and Ko mean values (RSDs in parenthesis) calculated for the degradation prod-
ucts. Mean adsorption percentages (A%) onto sediment and experimental sediment
to water ratios (R), n=5.

Compound  Kg (Lkg™')  Koc (Lkg™1) A% R(kgL™') Experimental
t-value®
DP395 17.6 1467 (8.9%) 274 0.022 274
DP424 239 1994 (8.9%) 33.8 0.021 18.4
DP269 348 2901 (7.0%) 426 0.021 29.2
DP396 37.6 3130 (9.4%) 439 0.021 16.1
DP410 294 2449 (7.4%) 38.6 0.021 17.0
DP381 30.2 2516 (6.8%) 39.2  0.021 26.8
DP408 26.8 2231 (8.3%) 36.5 0.022 29.2
DP394 335 2790 (6.7%) 411 0.021 20.1
DP392 29.6 2466 (104%) 38.8 0.022 18.0
DP378 432 3600 (5.3%) 48.0 0.021 26.6
Celecoxib 45.0 3748 (7.2%) 374 0.013 30.0

2 Critical t-value: 2.3.
4. Conclusions

Celecoxib is a relatively persistent drug in river water under
environmental conditions. The photochemical reactions are more
important than the chemical reactions in aqueous solution, at a
pH value of 7.8, to foresee its degradation in surface water. The
biological degradation is negligible.

Tentative structures for 9 out of 11 detected degradation prod-
ucts are proposed from high-resolution mass spectrometry data.
A hydroxylated derivative, celecoxib carboxylic acid and celecoxib
sulfonic acid are the main degradation products over time. They are
susceptible to being detected in the analysis of real samples. The
ecotoxicities predicted for the elucidated chemical structures are
basically similar, in general terms, to those of celecoxib.

The presence of an aquatic sediment increases slightly the
degradation rate of celecoxib in river water and favors its trans-
formation to celecoxib carboxylic acid and celecoxib sulfonic acid.
Celecoxib and their degradation products can be partially adsorbed
on aquatic sediment. The presence of celecoxib seems to affect the
biodegradation process that occurs naturally in a sediment.
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3.1. Degradation of celecoxib

Table Al: Concentrations of celecoxib (in pg-L?) found in the biological degradation assays at 2 and 100 pg-L! under aerobic conditions. Two
or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the initial and final mean

concentrations of the assay.

2 pgl?t
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 1.99 2.03 2.00 1.99 1.98 2.01 1.98 1.98 2.00 1.99 2.01 1.98
Aliquot 2 2.02 1.99 2.02 2.02 1.99 1.99 1.99 2.00 2.01 1.97 1.99 2.00
Aliquot 3 1.97 - - - -- 1.97 2.00 - - - - 1.99
Aliquot 4 2.00 - - - -- 1.98 1.97 - - - - 1.97
Aliquot 5 2.01 - - - - 2.02 1.98 - - - - 2.00
Mean: 2.00 1.99 1.98 1.99
Experimental t-value*: 0.3 Experimental t-value*: 0.5
100 pg-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 102 100 98 100 99 101 98 101 102 100 98 100
Aliquot 2 101 98 102 99 100 99 100 99 102 100 97 100
Aliquot 3 99 -- - - -- 102 101 -- - - - 98
Aliquot 4 103 - - - - 100 99 - - - - 97
Aliquot 5 102 -- - - -- 99 98 -- - - - 101
Mean: 101.4 100.2 99.2 99.2
Experimental t-value*: 1.1 Experimental t-value*: 0.1

--: without data
*Critical t-value: 2.3
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Table A2: Concentrations of celecoxib (in pg-L) found in the biological degradation assays at 2 and 100 pg-L! under anaerobic conditions.
Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the initial and final

mean concentrations of the assay

2 ugL?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.02 2.03 1.98 1.99 2.01 2.00 2.01 1.99 2.00 2.01 2.01 2.02
Aliquot 2 2.03 2.00 2.00 1.99 1.98 1.99 1.99 2.01 2.02 2.03 2.01 2.00
Aliquot 3 1.99 - - - - 1.99 2.01 -- - - - 1.99
Aliquot 4 1.99 - - - - 2.01 1.98 -- - - - 1.99
Aliquot 5 2.00 - - - - 1.97 1.99 -- - - - 2.02
Mean: 2.01 1.99 2.00 2.00
Experimental t-value*: 0.2 Experimental t-value*: 1.7
100 pg-Lt
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 101 100 102 99 101 99 98 97 99 100 98 99
Aliquot 2 99 103 99 102 97 102 100 101 102 99 99 102
Aliquot 3 102 -- - - -- 101 101 -- - - - 98
Aliquot 4 102 -- -- -- -- 100 99 -- -- -- -- 98
Aliquot 5 100 -- -- -- -- 98 99 -- - - - 99
Mean: 100.8 100.0 99.4 99.2
Experimental t-value*: 0.8 Experimental t-value*: 0.2

--: without data
*Critical t-value: 2.3
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Table A3: Concentrations of celecoxib (in pg-L?) found in the biological degradation assays at 2 and 100 pg-L! in presence of culture medium.
Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the initial and final
mean concentrations of the assay.

2 pg-L?t
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.01 1.99 1.98 2.00 2.01 2.02 1.98 1.98 2.02 2.03 1.99 2.03
Aliquot 2 2.03 2.00 1.99 2.01 2.02 1.99 1.99 2.01 2.00 1.97 2.00 2.01
Aliquot 3 1.99 -- -- -- -- 2.04 2.01 -- -- -- -- 1.98
Aliquot 4 2.01 -- -- -- -- 2.00 2.02 -- -- -- -- 2.02
Aliquot 5 2.01 - - - - 2.00 2.01 - - - - 1.98
Mean: 2.01 2.01 2.00 2.00
Experimental t-value*: 0.5 Experimental t-value*: 0.4
100 pg-L?
Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 101 100 101 99 99 102 102 100 99 100 101 103
Aliquot 2 102 100 101 99 100 99 100 99 102 101 99 97
Aliquot 3 100 - - - - 103 101 - - - - 102
Aliquot 4 102 -- -- -- -- 98 99 - - - - 98
Aliquot 5 99 -- -- -- -- 98 100 -- -- -- - 99
Mean: 100.8 100.0 100.4 99.8
Experimental t-value*: 0.7 Experimental t-value*: 0.5

--: without data
*Critical t-value: 2.3
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Table A4: Concentrations of celecoxib (in ug-L*) found in the thermal degradation assays (70
°C) at 2 and 100 pg-L™. Two or five sample aliquots were taken. A t-test (p=0.05, n=5) was
applied to check for differences between the initial and final mean concentrations of the

184

assay.
2 pgL?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 1.99 1.99 2.00 2.01 2.00 1.99
Aliquot 2 1.98 2.01 2.01 2.01 2.00 2.00
Aliquot 3 2.01 - 1.99 2.03 - 2.01
Aliquot 4 2.01 - 1.98 2.00 - 2.00
Aliquot 5 2.00 - 1.96 2.00 - 1.99
Mean: 2.00 1.99 2.01 2.00
Experimental t-value*: 0.2 Experimental t-value*: 1.8

100 pg-L?
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 101 100 99 100 99 98
Aliquot 2 100 100 98 99 98 97
Aliquot 3 102 -- 100 100 -- 100
Aliquot 4 100 -- 101 101 -- 99
Aliquot 5 100 -- 98 100 -- 100
Mean: 100.6 99.2 100.0 98.8
Experimental t-value*: 2.0 Experimental t-value*: 1.8

--: without data

*Critical t-value: 2.3
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Table A5: Concentrations of celecoxib (in pg-L?) found in the photochemical degradation
assays (sunlight exposure) at 2 and 100 pg-L™. Two or five sample aliquots were taken. A t-test
(p=0.05, n=5) was applied to check for differences between the initial and final mean
concentrations of the assay.

2 pg-Lt
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 2.01 1.98 1.96 2.00 1.98 1.92
Aliquot 2 2.01 1.96 1.93 2.00 1.96 1.95
Aliquot 3 2.03 - 1.96 1.99 - 1.92
Aliquot 4 2.00 - 1.94 2.00 - 1.93
Aliquot 5 2.01 - 1.94 1.99 - 1.92
Mean: 2.01 1.95 2.00 1.93

Experimental t-value*: 8.5 Experimental t-value*: 10.7

100 pg-L*t
Assay 1 Assay 2

Week: 0 4 8 0 4 8
Aliquot 1 102 99 97 99 98 98
Aliquot 2 100 98 98 101 99 96
Aliquot 3 101 -- 97 102 -- 97
Aliquot 4 104 -- 98 99 -- 96
Aliquot 5 100 -- 99 99 -- 95
Mean: 101.4 97.8 100.0 96.4

Experimental t-value*: 4.3 Experimental t-value*: 4.4

--: without data

*Critical t-value: 2.3

Table A6: Photochemical degradation (UV lamp) of celecoxib in river water. Mean value and
individual data of each assay.

Concentrations (pg-L?)

Day Assay 1 Assay 2 Mean

0 2.00 2.02 2.01

1 1.57 1.63 1.60

2 1.34 1.30 1.32

3 1.11 0.95 1.03

4 0.76 0.78 0.77

5 0.62 0.68 0.65

R? 0.98 0.99 0.99

t1/2 (days) 2.72 2.81 2.77

R%: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.

185



Resultados y discusion

Table A7: Concentrations of celecoxib (in pg-L?) found in the degradation assays over time on
W1 sample at 2 and 100 pg-L. Two or five sample aliquots were taken. A t-test (p=0.05, n=5)
was applied to check for differences between the initial and final mean concentrations of the

assay.
2 pglL?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 2.01 2.00 1.97 1.94 2.00 2.01 1.97 1.95
Aliquot 2 2.00 1.98 1.96 1.93 2.01 1.99 1.96 1.94
Aliquot 3 1.98 - - 1.95 2.01 - - 1.93
Aliquot 4 1.98 - - 1.94 2.00 - - 1.96
Aliquot 5 2.02 - - 1.93 2.02 - - 1.93
Mean: 2.00 1.94 2.01 1.94
Experimental t-value*: 6.8 Experimental t-value*: 9.5
100 pg-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 100 99 99 98 99 100 97 96
Aliquot 2 101 100 98 99 101 99 96 97
Aliquot 3 100 -- -- 97 100 -- -- 97
Aliquot 4 101 -- -- 96 100 -- -- 98
Aliquot 5 102 -- -- 98 101 -- -- 97
Mean: 100.8 97.6 100.2 97.0
Experimental t-value*: 5.1 Experimental t-value*: 6.5

--: without data
*Critical t-value: 2.3
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Table A8: Concentrations of celecoxib (in pg-L?) found in the degradation assays over time on
W2 sample at 2 and 100 pg-L. Two or five sample aliquots were taken. A t-test (p=0.05, n=5)
was applied to check for differences between the initial and final mean concentrations of the

assay.
2 pg-Lt
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 1.99 1.98 1.96 1.94 2.00 1.97 1.96 1.95
Aliquot 2 2.01 1.99 1.96 1.95 2.01 1.99 1.95 1.93
Aliquot 3 2.00 - - 1.96 2.00 - - 1.92
Aliquot 4 2.01 - - 1.95 2.01 - - 1.95
Aliquot 5 2.01 - - 1.94 2.00 - - 1.94
Mean: 2.00 1.95 2.00 1.94
Experimental t-value*: 10.2 Experimental t-value*: 10.4
100 pg-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 102 101 99 98 98 98 96 97
Aliquot 2 101 99 98 98 100 98 97 98
Aliquot 3 100 -- -- 97 101 -- -- 96
Aliquot 4 99 -- -- 98 99 -- -- 96
Aliquot 5 100 -- -- 96 100 -- -- 96
Mean: 100.4 97.4 99.6 96.6
Experimental t-value*: 4.6 Experimental t-value*: 4.6

--: without data
*Critical t-value: 2.3
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Table A9: Concentrations of celecoxib (in pg-L?) found in the degradation assays over time on
SED sample at 2 and 100 pg-L ™. Two or five sample aliquots were taken. A t-test (p=0.05, n=5)
was applied to check for differences between the initial and final mean concentrations of the

assay.
2 pgL?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 1.25 1.26 1.22 1.20 1.23 1.20 1.19 1.17
Aliquot 2 1.27 1.24 1.23 1.22 1.23 1.22 1.19 1.19
Aliquot 3 1.29 - - 1.21 1.23 - - 1.16
Aliquot 4 1.24 - - 1.20 1.22 - - 1.18
Aliquot 5 1.26 - - 1.21 1.24 - - 1.19
Mean: 1.26 1.21 1.23 1.18
Experimental t-value*: 5.8 Experimental t-value*: 7.8
100 pg-L?
Assay 1 Assay 2
Week: 0 12 24 36 0 12 24 36
Aliquot 1 60 60 59 58 62 61 60 59
Aliquot 2 59 60 58 59 63 62 59 58
Aliquot 3 62 -- -- 57 60 -- -- 61
Aliquot 4 59 -- -- 57 60 -- -- 57
Aliquot 5 61 -- -- 58 61 -- -- 58
Mean: 60.2 57.8 61.2 58.6
Experimental t-value*: 3.5 Experimental t-value*: 2.9

--: without data
*Critical t-value: 2.3
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3.2 Detection and Identification of degradation products

The fragmentations of celecoxib and their degradation products observed in the MS/MS
spectra were relatively simple. Most of the fragment-ions could be explained by the typical
fragmentation patterns of some functional groups. Thus, the MS/MS spectrum of celecoxib
(C17H13F3N30,S) showed the loss of SO, (from the benzenesulfamide group), N2 and HCCH (from
the pyrazole ring), HF and CF; radical; these losses were commonly combined to yield the

corresponding fragment-ion.

The structure of DP381 (Cy7H12F3N,03S) kept the number of rings and double bonds (RDBs)
with respect to celecoxib, an oxygen atom was incorporated and fifteen units of mass (NH) were
lost. DP381 was tentatively identified as the sulfonic derivative of celecoxib. The losses of SO, and
CO; in the spectrum of DP410 (C;7H11FsN3s04S) suggested the presence of a sulfonamide group and
a carboxylic acid, respectively, in its structure; it was identified as a carboxylic derivative of
celecoxib (a [(4-carboxyphenyl)-pyrazolyl] benzenesulfonamide), a known degradation product
yielded in the metabolic processes of the living organisms [4, 6, 7]. Other compound (DP394,
Ci7H11F3N30sS) kept the three nitrogen atoms in its structure and the loss of SO, was seen in the
MS/MS spectrum which suggested the presence of the sulfonamide substituent; a fragment at m/z
302 was assigned to the joint loss of SO, and CO, and the presence of an aldehyde group was
assumed from the loss of CO. It was thought that DP394 was a [(4-
formylphenyl)pyrazolyllbenzenesulfonamide derivative, in which the methyl group of the
celecoxib had been less oxidized in relation to DP410. Similarly, the loss of SO, was observed in the
spectrum of DP395 (Ci7H10F3sN204S) and a fragment-ion at m/z 263 was attributed to the loss of
SO,, two molecules of HF and CO; DP395 was identified as a [(4-
formylphenyl)pyrazolyllbenzenesulfonic acid in agreement also with the estimated elemental

composition.

A few fragment-ions were recorded in the spectrum of DP396 (Ci7Hi3FsNsOsS) whose
molecular formula incorporated an oxygen atom with regard to that of celecoxib; the ion-fragment
at m/z 302 indicated the loss of SO, and H,CO. Undoubtedly, a hydroxyl substituent was present in
the structure of DP396 but its position has not been elucidated in this work. There are two
possibilities for this compound: one of them involves the hydroxylation in the terminal methyl
group to yield a known metabolic oxidation product [4, 6, 7] and the other implies the
hydroxylation of an aromatic ring. As regards DP269, its molecular formula (Ci;HsFsN»0,) indicated
the losses of five carbon atoms and a nitrogen atom related to the parent compound;
furthermore, CO, was removed in some ions of its MS/MS spectrum. DP269 is proposed to be 3-

(trifluoromethyl)-5-p-tolyl-1H-pyrazole-1-carboxylic acid.

The molecular formula of DP378 (Ci17H11F3sN30,S) showed the loss of two hydrogen atoms
with respect to celecoxib, the number of RDBs was increased in a unit and the fragmentations in
the spectrum were similar to those of celecoxib, too. It was identified as a phenanthridine-9-

sulfonamide derivative; two hydrogen atoms close to each other were removed to form a new six-
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membered cycle by the bond of the corresponding carbon atoms. The phenanthridine core was

also observed in the degradation products commented below.

DP 408 (Ci7HsFsNs04S) was identified as a sulfonamine-pyrazolophenanthridine-carboxylic
acid, similar to above-described degradation product DP410. The loss of a NH; radical to yield a
radical ion was observed in the spectrum in addition to the losses of SO, and CO, among other
simple molecules. The MS/MS spectrum obtained for DP392 (Ci7HsF3N303S) was very simple, with
low-abundance ions. However, the molecular formula and number of RDBs suggested that it was a
6-formyl-pyrazolophenanthridine-sulfonamide derivative, similar to DP394. A well-defined
structure is not proposed for DP424 (Ci7HsFsNsQs), its molecular formula contained two oxygen
atoms more than the structure of DP392 while the number of RDBs was the same; the
fragmentations found in the spectrum suggested the losses of SO,, CO,, HF and H,0; it is assumed
that DP424 is a compound similar to DP392 but dihydroxylated in the benzene rings. The
photochemical origin of this degradation product in water leads to think that the hydroxyl
substituents could be placed in meta position with regard to the sulfonamide and aldehyde groups
because the free hydroxyl radicals behave as strong electrophilic compounds and the order of
reactivity is similar to that found in an electrophilic aromatic substitution; in this case the
hydroxylation should be favored in meta position with respect to the sulfonamide and aldehyde

groups.

Finally, the MS/MS spectrum of DP409 (Ci;HsF3N,0sS) showed fragment-ions that were
explained by the loss of CO,, SO, and OH radical, among other small molecules, which indicated
the presence of sulfonic and carboxylic acids in its structure. These data together with the
estimated elemental composition and number of RDBs prompted to identify DP409 as a 9-sulfo-
pyrazolophenanthridine-carboxylic acid. Curiously, this is the only detected degradation product in
which two frequent transformations coexist: the oxidation of the terminal methyl to carboxylic

acid and the conversion of the sulfonamide group to sulfonic acid.
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3.3. Occurrence of degradation products in photochemical and thermal degradation assays

Table A10: Peak areas of the degradation products in the forced assays on a sample spiked

with celecoxib at 2 or 100 pg-L™. Peak areas are referred to the initial peak area of celecoxib in

each experiment, to which a value of 100 was assigned. Mean values after the analysis of two

aliquots.
Sunlight Heat, 70 °C ;Z:i”ur; Sunlight Heat, 70 °C ni‘;::’ursq
Weeks: 4 8 4 8 5 4 8 4 8 5
Assay 1,2 ug-L? Assay 2,2 ug-L?
DP396 - - - - - - - - - -
DP410 - - - - ~ - - - — -
DP381 0.21 0.51 -- -- -- 0.25 0.60 -- -- --
DP408 - - - - - - - - - -
DP394 - - - - - - - - - -
DP378 - - - - - - - - - -
Assay 1, 100 pg-L? Assay 2, 100 pg-L?
DP396 -- -- 0.05 0.12 -- -- -- 0.07 0.13 --
DP410 - 0.02 - - - - 0.02 - - --
DP381 0.30 0.58 0.04 0.07 0.02 0.28 0.61 0.03 0.07 0.02
DP408 - - - - - - ~ - - -
DP394 0.05 0.11 0.34 0.71 -- 0.06 0.12 0.31 0.69 --
DP378 -- 0.01 -- -- -- -- 0.01 -- -- --

-- 1 not detected
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Figure A13: Variation of peak areas of the degradation products in the sample subjected to
photochemical degradation (UV lamp). Peak areas are referred to the initial peak area of celecoxib
in each experiment, to which a value of 100 was assigned. Assay 1.
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Figure A14: Variation of peak areas of the degradation products in the sample subjected to
photochemical degradation (UV lamp). Peak areas are referred to the initial peak area of celecoxib
in each experiment, to which a value of 100 was assigned. Assay 2.
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Table Al11: Peak areas of the degradation products in the non-forced assays on river water samples spiked with celecoxib at 2 or 100 pg-L* (river
Pisuerga, W1; river Tuerto, W2; river Pisuerga in presence of sediment, SED). Peak areas are referred to the initial peak area of celecoxib in each

experiment, to which a value of 100 was assigned. Mean values after the analysis of two aliquots.

Sample: W1 W1 W1 W2 W2 W2 SED SED SED W1 W1 W1 W2 W2 W2 SED SED SED
Weeks: 12 24 36 12 24 36 12 24 36 12 24 36 12 24 36 12 24 36
Assay 1,2 pg-L? Assay 2,2 ug-L?
DP396 -- -- 0.41 -- -- 0.42 -- -- -- -- -- 0.37 -- -- 0.40 -- -- --
DP410 -- 0.31 | 0.64 - 0.34 | 0.68 -- -- 1.01 -- 0.40 | 0.62 - 0.39 | 0.62 -- -- 0.96
DP381 -- 0.35 | 0.72 -- 0.36 | 0.71 -- 2.10 | 4.83 -- 0.36 | 0.75 -- 0.33 | 0.70 -- 2.40 | 5.00
DP408 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
DP394 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
DP378 -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- --
Assay 1, 100 pg-L*? Assay 2, 100 pg-L*
DP396 0.04 0.20] 0.38 | 0.03 | 0.22 | 0.42 -- 0.12 | 0.21 § 0.04 | 0.22 | 0.39 | 0.03 | 0.24 | 0.43 - 0.15 | 0.24
DP410 0.12 | 0.38 | 067 | 0.10 | 0.37 | 0.69 | 003 | 0.62 | 1.11 §J 0.11 | 0.40 | 0.64 | 0.12 | 0.39 | 0.65 | 0.06 | 0.55 | 1.05
DP381 0.12 | 042 | 0.78 | 0.5 | 037 | 0.75 | 0.52 | 220 | 5.00 § 0.11 | 041 | 0.79 | 0.15 | 041 | 0.74 | 043 | 2.30 | 5.10
DP408 -- -- 0.05 -- -- 0.04 -- -- 0.02 -- -- 0.05 -- -- 0.03 -- -- 0.01
DP394 -- 0.01 | 0.04 -- 0.01 | 0.05 -- -- 0.01 -- 0.01 | 0.05 -- 0.01 | 0.04 -- -- 0.01
DP378 -- -- 0.01 -- -- 0.01 -- -- -- -- -- 0.01 -- -- 0.01 -- -- --

-- : not detected

Su013Ipuo? paliof-uou ui spnpo.d uonpPPIBaP o 32ULINII0 b
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Figure A15: Superposition of extracted ion chromatograms ([M+H]  + 0.01 for all compounds) for a water sample spiked with 100 ug L, after 36
weeks under non-forced conditions.

204



Resultados y discusion

4.5. TENOXICAM, PIROXICAM Y MELOXICAM

Chemosphere 191 (2018) 903—-910

journal homepage: www.elsevier.com/locate/chemosphere

= ==

Contents lists available at ScienceDirect
Chemosphere

Chemosphere

Forced and long-term degradation assays of tenoxicam, piroxicam and
meloxicam in river water. Degradation products and adsorption to

sediment

Juan J. Jiménez "

, Beatriz E. Munoz

@ CrossMark

¢, Maria I. Sanchez €, Rafael Pardo

@ Department of Analytical Chemistry, Faculty of Sciences, Campus Miguel Delibes, University of Valladolid, Paseo de Belén 7, 47011, Valladolid, Spain
by CINQUIMA, Campus Miguel Delibes, University of Valladolid, Paseo de Belén 5, 47011, Valladolid, Spain
€ Department of Analytical Chemistry, School of Industrial Engineers, University of Valladolid, Francisco Mendizabal 1, 47014, Valladolid, Spain

HIGHLIGHTS

GRAPHICAL ABSTRACT

e Tenoxicam, piroxicam and melox-
icam are not persistent in river water.
e The degradation rate increases in this

order: meloxicam, piroxicam,
tenoxicam.

o Sunlight promotes their degradation
and yields many degradation
products.

e Most degradation products arise
from the breakdown and oxidation of
their moieties.

e The three oxicams have certain ca-
pacity of adsorption on a river
sediment.

et Cancemtrmionin
10 » Beromicam smdimant |ng kg ")
i 500 —
14 * Proniam
: - - e
12y
Body of water o =
o ¥ il Isotherm of adsorption
LTy L
iy %00
L PR B -
[ 1 o Dy W "
PIRGKICAM o S M

Concantraticn inwater (=gl')
MELOXICAM

& “‘I*pn i ‘}_mn" T152
REE o, o
5,

Mlli@\

M98

ARTICLE INFO

ABSTRACT

Article history:

Received 11 August 2017
Received in revised form

6 October 2017

Accepted 9 October 2017
Available online 25 October 2017

Handling Editor: I. Cousins

Keywords:

Oxicams

Degradation products

River water

Adsorption coefficients
High-resolution mass spectrometry

The fate of the pharmaceutical drugs tenoxicam, piroxicam and meloxicam in river water is evaluated
here for first time. So, biological, photochemical and thermal degradation assays have been conducted to
estimate their degradation rates and know their degradation products. Results indicated that the direct
sunlight irradiation, without any protection, promoted a fast degradation of the oxicams while the
chemical reactions in solution were less important. The biological degradation in water was negligible
except for tenoxicam in whose case its influence was scarce. When the exposition of river water to
sunlight was partially limited and kept under the natural day-night cycle, as occurs inside a body of
water, tenoxicam, piroxicam and meloxicam (at 2 ug L~!) were detected during a period of 15, 27 and 45
days, respectively. Residues were monitored by ultra-pressure liquid chromatography/quadrupole time-
of-flight/mass spectrometry after solid-phase extraction and several degradation products were found
(10 for tenoxicam, 9 for piroxicam and 7 for meloxicam) and monitored over time. Their structures were
proposed from the molecular formulae and fragmentation observed in high-resolution tandem mass
spectra; the nature of the transformation products found in the long-term resulted to be very variable for
each oxicam. Furthermore, the degradation in presence of river sediment was also monitored over time,
with some differences being noted; the adsorption coefficients of the compounds on sediment were
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calculated, meloxicam exhibited a higher sorption capacity. The ecotoxicity of the different compounds in
aquatic ecosystems was predicted, too.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The presence of pharmaceutical drugs in surface waters and
sewage, which is the main introduction source of these drugs in the
environment, has been revealed in many publications since the
beginning of the 21st century. So, the stability of some drugs in
aqueous medium has been studied to foresee their degradation and
persistence in surface water. Among these microcontaminants are
tenoxicam, piroxicam and meloxicam, which are non-steroid anti-
inflammatory drugs prescribed for the treatment of painful
musculoskeletal disorders. There is much information in the sci-
entific bibliography about their pharmacokinetics but very few
manuscripts have considered their possible occurrence in surface
water. In this way, piroxicam has been detected in average con-
centrations of 103 and 15 ng L' in effluent wastewaters and sur-
face waters (Petre et al., 2016), and in concentrations lower than
32 ng L~ for 5 out of 17 samples collected in the Danube basin river
(Chitescu et al., 2015). In other work, meloxicam was detected in
the influent of a wastewater treatment plant at a concentration of
1.8 ug L~! but it was not detected in the effluent (Zhao et al., 2014).
There are no data for tenoxicam.

The behavior of piroxicam and meloxicam in aqueous solution
has been assessed in some works in order to test their stability in
pharmaceutical preparations. Thus, it has been stated that melox-
icam is stable in water at room temperature for at least 7 days
(Ingrao et al., 2013) and that both compounds are insensitive to
alkaline hydrolysis under reflux while they are decomposed at
acidic pH (Bandarkar and Vavia, 2009; Suntornsuk et al., 2005). In
other work it is remarked that piroxicam and meloxicam in water-
acetonitrile solution are labile compounds under hydrolytic,
oxidative and photoneutral conditions besides describing some
degradation products (Modhave et al., 2011). Various degradation
products arisen from biological processes are known for tenoxicam,
piroxicam and meloxicam; they are found in plasma, urine and
feces of human or animal origin and, mainly, they are hydroxylated
derivatives of the three oxicams (Aberg et al., 2009; Dell et al., 1984;
Grude et al., 2009; Marland et al., 1999; McKinney et al., 2004;
Milligan, 1992; Rédenas et al.,, 1998; Wasfi et al., 2001). A micro-
bial transformation of meloxicam by fungi isolated from soil has
been reported, too (Prasad et al., 2009).

Reliable information about the fate of the three oxicams in
surface water and especially about their long-term fate in non-
forced conditions is not available. In this context, river water
spiked individually with each oxicam at trace level was subjected to
degradation studies in this work to ascertain the importance of the
chemical, photochemical and biological processes in their degra-
dation in surface water. Moreover, their behavior in a body of water
over time under non-forced conditions has also been simulated.
Water aliquots were analyzed by ultra-pressure liquid chroma-
tography/quadrupole time-of-flight/mass spectrometry, and the
structures of the degradation products found have been tentatively
elucidated from the molecular formulae and fragmentation
observed in high-resolution tandem mass spectra. The evolution of
the degradation products was also monitored over time to estimate
their occurrence and propose a degradation pathway. In addition,
the adsorption capacity of the oxicams on a sediment was evalu-
ated by calculating the corresponding adsorption coefficients and

ecotoxicities were predicted.
2. Experimental
2.1. Material and reagents

Water samples were collected from the rivers Pisuerga (pH
value 7.8, chemical oxygen demand value 4.6 mg L~1), in the urban
area of the city of Valladolid, and Tuerto (pH value 7.4, chemical
oxygen demand value 3.9 mg L7), in the rural area of the La
Baneza, province of Ledn. A sediment sample (total organic carbon
1.2%; clay 11%, silt 44%, sand 45%) was collected from the river
Pisuerga. Cellulose nitrate disks from Sartorius (Barcelona, Spain)
were used: river water was filtered through 0.2 pm pore-size disks
for the estimation of adsorption coefficients, through 3 um pore-
size disks to carry out biodegradation experiments, and through
0.45 pm pore-size disks for other degradation experiments.

Tenoxicam, piroxicam and meloxicam (99% purity) were ob-
tained from Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade
methanol, acetonitrile and formic acid were supplied by Panreac
(Barcelona, Spain) and ultrapure water was obtained from a Milli-Q
plus apparatus (Millipore, Milford, MA, USA). Analysis-grade sodium
hydroxide, potassium dihydrogen phosphate and sodium azide
were purchased from Panreac. Oasis HLB cartridges (60 mg) for
solid-phase extraction were purchased from Waters (Milford, MA,
USA) and PTFE disposable syringe filter units, 0.20 pm pore size,
were obtained from Scharlab (Barcelona, Spain). A vacuum centri-
fuge evaporator, Myvac model, was provided by Genevac (Ipswich,
UK), a PK120 centrifuge by ALC (Winchester, VA, USA) and a Promax
2020 reciprocating platform shaker by Heidolph (Germany).

2.2. Biological degradation

2.2.1. Aerobic degradation

Biological degradation assays were carried out individually for
each compound with water from the river Pisuerga (pH 7.8) which
was spiked to achieve a concentration of 2 ug L' for each analyte. A
volume of 50 mL of river water was transferred into a 100 mL
Erlenmeyer flask, which was then coated with aluminum foil to
avoid exposure to sunlight but allowing the exchange of air with
the atmosphere. An analyte control solution was similarly prepared
in ultrapure water (pH 7.8 adjusted with NaOH) containing 0.02%
(W/V) sodium azide as a biocide. Water blanks were prepared as
well. Samples were run in parallel; flasks were shaken in a recip-
rocating shaker at a rotation speed of 130 r min~' for 5 weeks,
within a temperature range of 18—21 °C. Aliquots (5 mL) were
collected each week and subjected to analysis. Evaporation water
losses were periodically restored by addition of water of the same
type. All biological experiments were carried out in duplicate.

2.2.2. Anaerobic degradation

River water (pH 7.8) spiked at 2 pg L~ ! was placed in 15 mL vials,
completely filled to avoid the presence of air in the headspace. The
vials were closed, protected from light by coating them with
aluminum foil and kept in a temperature range of 18—21 °C. Control
solutions with analyte in ultrapure water (pH 7.8 adjusted) con-
taining 0.02% sodium azide, and the corresponding blanks, were



Resultados y discusion

J.J. Jiménez et al. | Chemosphere 191 (2018) 903—910 905

also run in parallel. A batch of vials was assembled to withdraw
weekly samples over a period of 5 weeks; a volume of 5 mL from
each withdrawn vial was collected for analysis.

2.3. Photochemical and thermal degradation

River water (pH 7.8) spiked individually with each oxicam
(2 ng L1) was placed in a quartz cuvette, which was closed and
placed on the outer edge of a window, south-facing, to allow its
direct exposure to sunlight. The assay was performed in the city of
Valladolid (latitude: 41°38'15”N, longitude: 4°44’17"W), in the
month of May. Aliquots (0.25 mL) were withdrawn at regular time
intervals and injected into the chromatographic system. Control
samples, protected from sunlight with aluminum foil, were pre-
pared as well.

For thermal degradation, a volume of 50 mL of individually
spiked river water (2 pg L~') was placed in a closed 100 mL glass
bottle. This was coated with aluminum foil and placed in an oven at
70 °C. Aliquots were collected periodically for its analysis. All ex-
periments were done in duplicate.

2.4. Non-forced degradation assays

A simple approach was adopted to simulate the concurrent
natural process in a body of water. River water was placed in a
transparent glass container with air-tight seal, which was opened
weekly to collect a sample aliquot and replace the air inside in
contact with the water surface. The container was kept at labora-
tory temperature (18—21 °C) under the natural day-night cycle and
directly exposed to sunlight for several days. In these conditions,
the solar radiation must pass through the laboratory window glass
and the container glass to reach the body of water; the glass ab-
sorbs UV radiation and the behavior of the oxicams in the glass
container simulates, in a greater or lesser extent, that in a body of
water where the penetration of solar UV radiation is diminished
with depth. The attenuation of the radiation was estimated by
measurements of transmittance through the two types of glass
(container and window), the UV—visible absorption spectra of the
glasses were recorded; so, it was quantified that the percentages of
radiation transmitted to the body of water were 40%, 1.3%, 0.02%,
8 x 107%% and 8 x 107°% at wavelengths of 350, 320, 310, 305 and
290 nm, respectively.

Volumes of 2500 mL of river water placed in glass containers
were spiked individually to achieve an initial concentration of
2ug L~!in each degradation assay. Aliquots of 25 mL were collected
periodically and subjected to SPE; extracts were injected in the
chromatographic system to follow the degradation, identify
degradation products and monitor them. Degradation experiments
were carried out in the months of June and July with waters from
the rivers Pisuerga (W1 sample) and Tuerto (W2 sample). Simul-
taneously, the degradation in the W1 sample was also studied in
presence of sediment by adding river sediment to the container in a
sediment-to-solution ratio of 0.10 g mL~! (SED sample).

It was verified that W1 and W2 river water samples were free of
oxicam residues. First, water blanks were subjected to analysis to
test for the absence of the parent compounds. Once the degradation
products were known, tests were also performed to verify that they
were not present in the water extracts. Similarly, the absence of
residues in the sediment sample was confirmed; to this aim, sedi-
ment was extracted with methanol by mechanical shaking and the
extract was concentrated for analysis.

2.5. Study of adsorption to sediment

Experiments were conducted to investigate the adsorption

capacity of the sediment for tenoxicam, piroxicam and meloxicam.
The adsorption coefficient (Kqg) of the three compounds to sediment
(sieved through 0.5 mm mesh) was determined by using a batch
approach. River water (100 mL) spiked with the compounds was
added to sediment (10 g) to achieve a sediment-to-solution ratio of
0.10 g mL~; oxicam concentrations were 400, 500, 600, 700 and
800 ng L. River water contained 0.02% sodium azide as a biocide
to minimize any possible microbial activity and pH (7.8) was
controlled with phosphate buffer (0.02 M). Control solutions
without sediment were prepared as well. The flasks, protected from
sunlight with aluminum foil, were manually shaken for 1 min and
left standing at 20 + 1 °C for a period of 24 h. Afterwards, an aliquot
of 20 mL, previously centrifuged to remove solids, was collected to
determine the oxicam concentration at equilibrium. Adsorption
isotherms were drawn in duplicate. The concentration adsorbed on
the sediment was not directly measured.

2.6. Sample preparation

Except for the photochemical and thermal degradation studies,
river water aliquots were eluted through Oasis cartridges previ-
ously conditioned by successive elution of methanol (6 mL) and
water (6 mL). The cartridges were washed with water (3 mL) after
sample elution. The stationary phase was dried with air for 3 min
and the compounds were eluted with methanol (4 mL) by gravity.
Then, the extract was evaporated in 30 min by a vacuum centrifuge
evaporator heated at 40 °C, and the dry residue was re-dissolved in
0.5 mL of methanol, which was filtered through a 0.20 pm pore-size
PTFE filter for chromatographic analysis.

2.7. Determination by liquid chromatography — mass spectrometry

An Acquity ultra-pressure liquid chromatograph from Waters
coupled to a Maxis Impact quadrupole time-of-flight tandem mass
spectrometer from Bruker Daltonics (Bremen, Germany) was used.
Analyses were performed with electrospray ionization in positive
and negative modes. The chromatograph was fitted with a Waters
BEH ODS column (50 mm x 2.1 mm, 1.7 pm particle size). The
mobile phase flow rate was 0.5 mL min~! and consisted of 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B).
Assays were performed under gradient conditions, from 0% B to 2%
B in 1 min, then 28% B in 3.5 min for tenoxicam; from 0.5% B to 10%
Bin 2.5 min, then 44% B in 2 min for piroxicam; from 0.5% B to 18% B
in 2.5 min, then 46% B in 2 min for meloxicam. The injection volume
was 5 and 7 pL in positive and negative mode, respectively.

The operating parameters of the electrospray ionization source
for the MS and MS/MS experiments in positive and negative (in
parenthesis) modes were as follows: nebulizing gas pressure, 0.4
(2) bar; end plate offset voltage, —2500 (1000) V; capillary
voltage, —3500 (2900) V; drying gas temperature, 200 (200) °C; dry
gas flow, 8 (6) L min~ . Nitrogen was used as drying and nebulizing
gas. Mass calibration adjustments were performed by using a
10 mmol L~ sodium formate solution in 2-propanol/water. MS/MS
experiments based on collision-induced dissociation with nitrogen
gas were performed. The quantitation of the analytes was accom-
plished using linear calibration graphs based on the measurement
of peak areas in the chromatograms extracted for the ion [M+H]"
generated in the electrospray source by MS experiments, with a
mass range of +0.001 Da. Similarly, peak areas of degradation
products were integrated in the chromatograms extracted for the
corresponding [M+H]" or [M — H]J ions.

As regards the sample preparation method, the mean recoveries
of the oxicams (2 pg L~!) were about 90—92% with repeatabilities in
the range 4.1—4.5% (RSDs, n = 5). Solutions with the degraded
parent compounds were used to estimate the performance of the
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method in the monitoring of the degradation products; the re-
coveries varied widely between 37 and 79% whiles the RSDs were
comprised between 4.5 and 14.1%, n = 5 (Table SM1).

3. Results and discussion
3.1. Degradation of oxicams

Fig. 1 shows the variation of the oxicam concentrations over
time in the high temperature and photochemical assays; data are
the average of two independent experiments whose results are
shown in Tables SM2-SM3 presented as supplementary material.
Tenoxicam, piroxicam and meloxicam were gradually broken down
in water river at 70 °C; concentration data over time were fitted to
first-order kinetics equations with half-lives of 2.75 (R?> = 0.92),
28.24 (R? = 0.95) and 73.76 (R? = 0.93) d, respectively. Tenoxicam
was only detected for 5 d. The degradation rate was faster when the
oxicams were exposed directly to the UV radiation from the sun-
light; concentration data were also fitted to first-order kinetics,
with half-lives of 188.63 (R? = 0.99), 528.58 (R? = 0.94) and 649.51
(R? = 0.93) min for tenoxicam, piroxicam and meloxicam, respec-
tively. After 5 weeks, the degradation of piroxicam and meloxicam
in river water resulted to be negligible under aerobic and anaerobic
conditions at room temperature, while tenoxicam showed certain
degradation: its concentration decreased by 8.7 and 2.7% in aerobic
and anaerobic conditions, respectively. The results of the individual
assays can be seen in Tables SM4-SM6.

It is deduced from these assays that the UV radiation promote a
fast degradation of oxicams in river water and that the chemical
reactions in aqueous medium, at pH 7.8, can also affect to the sta-
bility of the oxicams although its reaction rate at environmental
temperature could be rather slow. The biological processes only
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Fig. 1. Degradation of oxicams in river water according to assays under forced con-
ditions. Data are the mean of two experiments.

degrade minimally to tenoxicam. In fact, tenoxicam presents the
lowest persistence in the three degradation studies; piroxicam and
meloxicam show a relatively similar behavior, mainly under the
sunlight assays. As regards these observations, it should be noted
that the chemical structure of tenoxicam differs in greater exten-
sion from those of piroxicam and meloxicam, which are more
similar to each other because both only differ in a substituent: a
pyridyl or a thiazolyl group.

The evolution of the oxicam concentrations over days in the
long-term assays can be seen in Tables SM7-SM9. Fig. 2 resumes
the results for W1 and SED samples. Tenoxicam, piroxicam and
meloxicam were detected for 15, 27 and 45 d in the W1 and W2
samples, respectively. The concentrations decreased gradually
until they were lesser than the corresponding detection limits
achieved by the method, which were estimated to be about
10 ng L. The degradation in presence of sediment (SED sample)
followed in general terms the same pattern than in its absence but
the degradation of tenoxicam was slightly favored by the sediment
particles while the persistence of piroxicam and meloxicam was
somewhat enhanced. Experimental data were also well fitted to
first-order Kkinetics; half-lives for tenoxicam were 1.95
(R? = 0.997), 1.95 (R?> = 0.996) and 1.82 (R?> = 0.96) d for W1, W2
and SED samples, respectively. For piroxicam and meloxicam half-
lives were 3.62 (R? = 0.99) and 6.22 (R?> = 0.99) d for W1 sample,
3.64 (R?> = 0.996) and 6.26 (R? = 0.99) d for W2 sample, and 3.75
(R? = 0.99) and 6.99 (R? = 0.99) d for SED sample, respectively. As
in the forced assays tenoxicam is the least stable compound and
meloxicam is the most stable. On the other hand, the measured
initial concentrations in the SED samples were lower with regard
to the previous assays, which suggested a possible adsorption of
the oxicams to sediment.
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Fig. 2. Degradation of oxicams in W1 river water under non-forced conditions. Data
are the mean of two experiments.
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Table 1

Retention times (RT), masses measured in the mass spectra for the [M+H]" ion (positive mode; POS) or the [M — H] ion (negative mode; NEG), errors in the determination of

exact masses, molecular formulae and number of rings and double bonds (rdb) of the corresponding structures for the detected degradation products.

Mode RT Molecular Exact mass Measured  Error rdb Compound Abbreviation
(min) formula (Da) mass (Da) (ppm)

POS 0.42 CsH7N3 95.0604 95.0603 1.1 35 2-aminopyridine T95

POS 0.64 CeHgN30™" 138.0662 138.0662 0.0 4.5 1-(2-pyridyl)urea T138

POS 0.66 C7H7N,04 167.0451 167.0450 0.6 5.5 (2-pyridylcarbamoyl)formic acid T167

NEG 133 CsH305S5 206.9427 206.9423 19 4.5 3-sulfotiophene-2-carboxylic acid T207

POS 1.39 C7H10N30™ 152.0818 152.0821 -2.0 4.5 1-methyl-3-(2-pyridyl)urea T152

POS 1.62 CgHgN30™ 162.0662 162.0665 -1.9 6.5 1,2-2H-1-(2-pyridyl)-imidazole-5-one T162

POS 1.75 C7HgN,03 153.0659 153.0660 -0.7 4.5 2-hydroxy-N-(2-pyridyl)acetamide T153

NEG 1.92 CsH304S2 190.9478 190.9476 1.1 4.5 2-formyltiophene-3-sulfonic acid T191

NEG 2.22 CgHs504S2 204.9635 204.9632 1.5 4.5 2-propionyltiophene-3-sulfonic acid T205

POS 2.70 CgH19N303 180.0768 180.0767 0.6 55 N-methyl-N‘-pyridin-2-yl-oxalamide T180
N-methyl-N‘-(2-pyridyl)oxalamide

POS 418 Ci3H12N304S5  338.0264 338.0269 -15 9.5 4-hydroxy-2-methyl-N-(2-pyridyl)-2H-1-thieno[2,3-e][1,2]thiazine-3-  Tenoxicam
carboxamide 1,1-dioxide

POS 0.29 CsH7N3 95.0694 95.0606 -2.1 3.5 2-aminopyridine P95

NEG 0.44 C7H505S~ 200.9863 2009865 -1.0 55 2-sulfobenzoic acid P201

POS 0.35 CgHgN30™" 162.0662 162.0666  -2.4 6.5 1,2-2H-1-(2-pyridyl)-imidazole-5-one P162

POS 0.45 C7HgN,03 153.0659 153.0662 -2.0 4.5 2-hydroxy-N-(2-pyridyl)acetamide P153

POS 0.51 C7HqoN3 136.0869 136.0870 -0.8 4.5 N-methyl-N'-(2-pyridyl)formamidine P136

NEG 0.67 C7H504S 184.9914 188.9915 -0.5 5.5 2-formyl-benzenesulfonic acid P185

NEG 0.73 CgH705S~ 215.0020 215.0021 -0.5 5.5 2-(2-hydroxyacetyl)benzenesulfonic acid P215

POS 0.92 CgH1oN303 180.0768 180.0769 -0.6 5.5 N-methyl-N‘-pyridin-2-yl-oxalamide P180
N-methyl-N‘-(2-pyridyl)oxalamide

NEG 1.72 CgHgNO4S™ 214.0180 214.0184 -1.9 5.5 2-((N-methylamine)sulfonyl)benzoic acid P214

POS 3.99 Ci5H14N304S"  332.0700 3320705 -15 10.5  4-Hydroxy-2-methyl-N-(2-pyridyl)-2H-1,2-benzothiazin-3- Piroxicam
caboxamide 1,1-dioxide

NEG 0.35 C7H504S 184.9914 184.9915 -0.5 5.5 2-formyl-benzenesulfonic acid M185

POS 0.87 C4H7N,S? 115.0324 115.0326  -1.7 2.5 5-methylthiazol-2-amine M115

NEG 0.88 CgHgNO4S™ 214.0180 214.0185 -23 5.5 2-((N-methylamine)sulfonyl)benzoic acid M214

POS 1.58 C5HgN30S™ 158.0383 158.0381 13 35 1-(5-methyl-2-thiazolyl)urea M158

POS 1.71 CsH7N203S™ 187.0172 187.0175 -1.6 4.5 ((5-methyl-2-thiazolyl)carbamoyl)formic acid M187

POS 2.68 CgHgNO5S™ 198.0221 198.0219 -1.0 5.5 2-methylbenzoisothiazol-3-one 1,1-dioxide M198

POS 2.88 C7H1oN30,8" 200.0488 200.0491 -15 4.5 N-methyl-N'-(5-methylthiophen-2-yl)oxalamide M200

POS 4.29 Cy4H14N304S3  352.0420 352.0422 -0.6 9.5 4-hydroxy-2-methyl-N-(5-methyl-1,3-thiazol-2-yl)-2H-1,2- Meloxicam

benzothiazine-3-carboxamide 1,1-dioxide

3.2. Detection and identification of degradation products

The presence of degradation products of the oxicams was
established by the observation of new chromatographic peaks in
the MS chromatograms, which were present neither in the previous
chromatograms nor in blanks, and the gradual variation of their
peak areas over time. In this way, ten, nine and seven degradation
products of tenoxicam, piroxicam and meloxicam, respectively,
were found in the extracts analyzed by electrospray ionization in
positive and negative mode. The [M+H]" or [M — H] ion of each
degradation product, and the parent compounds, was isolated and
fragmented by collision-induced dissociation to obtain structural
information. MS/MS spectra (Figs. SM1-SM24), a brief discussion of
the fragmentation patterns, and the interpretation of the fragment-
ions can be found in the supplementary material. Table 1 shows the
molecular formulae established, the identifications proposed for
the compounds and the abbreviations used in the manuscript.

In summary form, it can be stated that the three oxicams are
constituted by two basic moieties. These moieties are a thiazol-
amine or pyridylamine group, and a benzothiazine or thienothia-
zine group, and these moieties are combined together one to
another. In this way, the found degradation products derived from
these basic moieties and some of them were the same for different
oxicams. In general terms, the degradation products from the
benzothiazine or thienothiazine groups were benzoic or benzene-
sulfonic acid derivatives commonly detected in negative electro-
spray ionization, while those arisen from the benzothiazine or
thienothiazine groups had a more varied nature but always con-
taining an aminopyridyl or aminothiazolyl substituent that facili-
tated its monitoring by positive electrospray ionization. Only the

compounds P95, P180, M115, M187 and M198 had been previously
noted as degradation products of piroxicam and meloxicam in a
study under various forced conditions (Modhave et al., 2011).

3.3. Occurrence of degradation products in forced and over time
degradation assays

A few degradation products were found in the assays carried out
at 70 °C (see Figs. SM25-SM27); they were T95, T152, T207 and
T191 for tenoxicam, P95 for piroxicam, and M115, M198 and M214
for meloxicam. The degradation products belonged to the two main
moieties of the oxicams, excepting piroxicam and they were found
in relatively small amounts. Fig. 3 shows the evolution of the
detected compounds when river water was irradiated with sunlight
without any limitation, in each assay a value of 100 was assigned to
the initial peak area in mode positive electrospray ionization for the
corresponding oxicam (hour 0), and all other peak areas were
referred to this value; data are the mean of two assays whose in-
dividual data can be seen in Figs. SM28-30. Nine, eight and four
degradation products were found for tenoxicam, piroxicam and
meloxicam, respectively, in amounts much higher in comparison
with the assays at 70 °C.

Peak areas of the degradation products were also monitored for
W1 water sample in the degradation study over time to simulate
the behavior of the oxicams inside a body of water (Fig. 4,
Figs. SM31-33). T95, T138, T152, T162, T167, T180, T191 and T207
were the degradation products of tenoxicam detected in W1 sam-
ple. T138, a pyridylurea derivative, was only detected under non-
forced conditions while the oxidation photoproducts T153 and
T205 were not seen in these assays. As happened for the other
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oxicams, all degradation products observed in the assays at 70 °C
were detected in the long-term degradation, too. According to the
results, the compounds T95, T152, T191 and T207 are, presumably,
more likely to be found in the analysis of real surface waters when
tenoxicam has been completely degraded.

Other eight compounds were found in the degradation of pir-
oxicam over time, they were P95, P136, P153, P162, P180, P185,
P201 and P214. P215 was only detected in the non-forced study
while P153 was only seen in the photochemical degradation. P201
was the major degradation product after 27 days in terms of peak
area, and perhaps it could be easily detected in surface waters; P95
and P215 were also detected but in very low amount with regards
to P201. Finally, M115, M158, M198, M200 and M214 were the
degradation products recorded during the degradation of melox-
icam. In this case, M158 was exclusively detected in the non-forced
assay while M185 was detected only in the photochemical degra-
dation assay. M115 was the main degradation product in terms of
peak area.

a)“

The evolution of the degradation compounds in W1 sample was
also monitored in presence of sediment (SED sample, Figs. SM34-
36). The same degradation products were observed in SED sam-
ple, and their evolution with time followed the evolution profile
observed for W1 sample, with the difference that the peak area
values were different although the relative amounts among the
different compounds were similar, in general terms, to those
recorded without sediment. On the other hand, no degradation
products were detected in the biological assays.

Fig. 5 shows a degradation pathway for the three oxicams in
river water and outlines a possible photochemical reaction mech-
anism because the photo-induced reactions are the main reason of
the degradation of the oxicams in water. It must be remarked that
the transformation compounds resulted from the hydrolysis of the
parent compounds and the oxidation to acids or alcohols. Although
there are structural similarities among the three oxicams it is not
possible propose a completely common degradation pathway and
some observed transformations are not easily explainable. For
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Fig. 5. Degradation pathway of tenoxicam (a), piroxicam (b) and meloxicam (c) in river water.
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instance, a degradation product for piroxicam similar to M198
would be expected in agreement with the likeness of the structures
of meloxicam and piroxicam, but it had not been detected. On the
contrary, P214, the same compound than M214, has been detected,
and M214 is supposed to arise from M198 throughout a hydrolysis
reaction. .

3.4. Prediction of ecotoxicity

The toxicity of the oxicams and degradation products has been
predicted for three ecotoxicological endpoints by the TEST software
(version 4.1) from the US Environmental Protection Agency, which
applies quantitative structure activity relationships (QSARs)
methodologies. Data are presented in Table SM10. As regards the
parent compounds, tenoxicam seems more toxic than piroxicam
and meloxicam for the three endpoints and the three drugs seem
more toxic to fathead minnow than Daphnia magna and Tetrahy-
mena pyriformis. Their degradation products are, in general terms,
less toxic for the three endpoints. Only T95/P95, P136 and M200
had a toxicity towards Daphnia magna scantly lower but compa-
rable to that of the drugs; M198 was about two-fold more toxic
than meloxicam for Tetrahymena pyriformis. On the other hand,
Tetrahymena pyriformis is theoretically the ecological endpoint less
affected by the presence of oxicams and their degradation products.

3.5. Distribution between water and sediment. Adsorption
coefficients

Fig. SM37 shows the adsorption isotherms obtained for tenox-
icam, piroxicam and meloxicam in the batch experiments. The Kq
estimated values were 2.83, 3.82 and 15.31 L kg’l, respectively,
which corresponds to Ky (organic carbon normalized adsorption
coefficient) values of 236 (3.9%), 318 (5.2%) and 1276 Lkg ' (5.3%),
respectively; the RSDs of the experiments (n = 10) are shown in
parenthesis. The K, values of tenoxicam and piroxicam were
comparable for instance to those of microcontaminants such as
alachlor, 4-chlorophenol or chlorbromuron, while the K, value of
meloxicam was similar to that of biphenyl or malathion in agree-
ment with data published in the bibliography (Delle-Site, 2001).
The water-sediment interaction is complex and only a sample of
water and sediment has been considered to estimate the adsorp-
tion coefficients, however meloxicam seems to have a higher
sorption capacity than tenoxicam and piroxicam.

4. Conclusions

Tenoxicam is the oxicam most affected by the chemical,
photochemical and biochemical processes in river water in com-
parison with piroxicam and meloxicam. Meloxicam is the most
persistent oxicam while the behavior of piroxicam is more similar
to that of meloxicam, perhaps as consequence of the great simi-
larity between their structures. The three drugs do not appear to be
persistent in surface water in the medium-term.

Many degradation products have been characterized and iden-
tified; some of them could be detected in real water samples when
the parent compounds have been degraded completely. There is
not an absolute concordance between the degradation products
found in the forced and non-forced assays for the three oxicams.
Degradation products are mainly yielded from photochemical
reactions.

The presence of sediment in water modifies very slightly the
half-life of the oxicams during the degradation over time. The

nature of the degradation products and their relative amounts in
the assays with sediment seem similar to those obtained without
sediment. Sorption coefficients of the oxicams to a sediment have
been evaluated.
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2.7. Determination by liquid chromatography — mass spectrometry

Table SM1: Recoveries and repeatabilities (expressed as RSDs) achieved in the determination
of oxicams and degradation products on the W1 river water sample by the solid phase
extraction method (n=5). See section 3.2 for compound identification.

Compound Recovery (%) RSD (%)
T95 47 9.6
T138 46 8.9
T167 46 8.9
T207 43 5.6
T152 44 9.0
T162 72 5.5
T153 48 10.6
T191 50 5.2
T205 51 6.0
T180 63 5.6

Tenoxicam 90 4.5
P95 51 7.7
P201 37 141
P162 68 6.6
P153 50 9.3
P136 60 7.3
P185 37 6.9
P215 41 7.4
P180 61 4.9
P214 63 5.4

Piroxicam 92 4.1
M185 40 8.7
M115 66 4.8
M214 69 5.3
M158 56 5.6
M187 52 5.0
M198 79 3.7
M200 72 5.6

Meloxicam 92 4.2
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Table SM2: Thermal degradation at 70°C of tenoxicam, piroxicam and meloxicam on river water spiked with 2 pg-L%. Individual data of each assay.

Tenoxicam Piroxicam Meloxicam
Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2
Day Conce_nt. Day Conce_nt. Day Conce_nt. Day Conce_nt. Day Conce_nt. Day Conce_nt.

(ng-L?) (ng-L?) (ng-L?) (ng:L?) (ug-L?) (ug-L?)

0 2.01 0 2.02 0 2.00 0 1.99 0 2.01 0 2.00

1 1.35 1 1.34 2 1.81 2 1.80 2 1.93 2 1.92

2 0.98 2 0.99 4 1.61 4 1.64 4 1.83 4 1.82

3 0.75 3 0.73 6 1.41 6 1.45 6 1.77 6 1.77

4 0.68 4 0.69 8 1.34 8 1.29 8 1.67 8 1.65

5 0.64 5 0.62 12 1.23 12 1.25 12 1.62 12 1.60

15 1.14 15 1.13 15 1.59 15 1.57

19 1.02 19 1.02 19 1.55 19 1.50

23 0.92 23 0.94 23 1.51 23 1.48

28 0.88 28 0.85 28 1.49 28 1.46

33 0.77 33 0.81 33 1.45 33 1.42

40 0.72 40 0.73 40 1.38 40 1.32

49 0.64 49 0.62 49 1.24 49 1.25

R? 0.92 R? 0.92 R? 0.94 R2 0.95 R? 0.93 R? 0.92
t1/2 (days) 2.78 ti/2 (days) 2.73 ti/2 (days) 28.30 ti/2 (days) 28.18 | ti2 (days) 74.99 ti/2 (days) 72.53

R?: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.

swpaixo fo uonppoibaqg ‘1°s

uoisnasip A soppinsay



Table SM3: Photochemical degradation under sunlight of tenoxicam, piroxicam and meloxicam on river water spiked with 2 pg-L. Individual
data of each assay.

Resultados y discusion

Tenoxicam Piroxicam Meloxicam
Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2
Minute Concent. Minute Concent. Minute Concent. Minute Concent. Minute Concent. Minute Concent.
(ng-L?) (ng:L?) (ng-L?) (ng:L?) (ng-L?) (ng:L?)
0 2.01 0 2.00 0 2.00 0 1.99 0 2.00 0 1.99
40 1.74 40 1.72 95 1.64 95 1.65 115 1.67 115 1.62
95 1.36 95 1.34 160 1.31 160 1.35 235 1.35 235 1.30
140 1.19 140 1.17 235 1.21 235 1.18 325 1.12 325 1.10
190 0.94 190 0.96 325 1.06 325 1.07 460 0.94 460 0.92
235 0.87 235 0.84 418 0.94 418 0.92 575 0.84 575 0.84
280 0.75 280 0.78 530 0.82 530 0.82 690 0.80 690 0.78
325 0.66 325 0.68 618 0.75 618 0.75 807 0.74 807 0.74
715 0.72 715 0.71 910 0.70 910 0.69
805 0.68 805 0.66 1030 0.65 1030 0.65
910 0.66 910 0.64 1155 0.62 1155 0.62
R? 0.991 R? 0.987 R? 0.933 R? 0.942 R? 0.929 R? 0.922
ti2 (min) | 185.33 | ti2(min) | 192.00 | tyz2(min) | 536.60 | tiz2(min) | 520.75 | tiz2(min) | 643.14 | tiz2(min) | 656.12

R2: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.
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Table SM4: Concentrations (in pg-L?) of tenoxicam found in the biological degradation assays at 2 ug-L", under aerobic and anaerobic
conditions. Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the
initial and final mean concentrations of the assay.

Aerobic conditions

Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.00 1.96 1.92 1.89 1.84 1.81 2.01 1.97 1.95 1.90 1.85 1.82
Aliquot 2 2.01 1.98 1.94 1.88 1.85 1.83 2.02 1.95 1.93 1.91 1.88 1.84
Aliquot 3 2.02 -- -- -- -- 1.85 2.02 -- -- -- -- 1.85
Aliquot 4 2.00 -- -- -- -- 1.83 2.00 -- -- -- -- 1.86
Aliquot 5 1.99 - - - - 1.82 2.01 - - - - 1.83
Mean: 2.00 1.83 2.01 1.84
Experimental t-value*: 21.0 Experimental t-value*: 21.5

Anaerobic conditions

Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.01 2.00 1.98 1.97 1.96 1.94 2.01 1.99 1.99 1.98 1.96 1.95
Aliquot 2 2.00 1.99 1.98 1.96 1.97 1.96 2.01 1.98 1.98 1.97 1.97 1.96
Aliquot 3 2.00 - -- -- -- 1.95 1.99 -- -- - -- 1.96
Aliquot 4 1.98 - -- -- -- 1.93 2.00 -- -- - -- 1.95
Aliquot 5 1.98 - -- -- -- 1.94 2.02 -- -- - -- 1.93
Mean: 1.99 1.94 2.01 1.95
Experimental t-value*: 6.4 Experimental t-value*: 7.5

--: without data
*Critical t-value: 2.3
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Table SM5: Concentrations (in pg-L?) of piroxicam found in the biological degradation assays at 2 pg-L, under aerobic and anaerobic
conditions. Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the initial

and final mean concentrations of the assay.

Aerobic conditions

Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.00 1.99 1.99 2.01 2.02 2.01 2.02 2.00 1.99 2.01 2.00 2.00
Aliquot 2 2.00 2.00 2.01 2.01 2.00 1.99 1.99 2.00 2.01 2.00 1.99 2.01
Aliquot 3 2.01 -- - - -- 2.01 2.01 -- - - - 1.98
Aliquot 4 2.00 - - - - 2.01 2.01 - - - - 2.01
Aliquot 5 1.99 -- - - -- 2.00 2.02 -- - - - 2.00
Mean: 2.00 2.00 2.01 2.00
Experimental t-value*: 0.8 Experimental t-value*: 1.3

Anaerobic conditions

Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.02 2.00 1.98 2.00 1.99 1.99 1.99 1.99 2.00 2.01 1.99 1.97
Aliquot 2 2.01 2.00 2.01 2.02 1.98 1.98 2.01 2.00 2.01 1.98 2.00 2.00
Aliquot 3 1.99 -- - -- -- 1.99 1.98 -- - - -- 2.00
Aliquot 4 1.99 -- - - -- 2.00 1.99 -- - - - 1.99
Aliquot 5 2.01 -- - - -- 2.01 1.98 -- - - - 1.98
Mean: 2.00 1.99 1.99 1.99
Experimental t-value*: 1.9 Experimental t-value*: 0.3

Resultados y discusion

--: without data
*Critical t-value: 2.3
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Table SM6: Concentrations (in pg-L) of meloxicam found in the biological degradation assays at 2 ug-L™%, under aerobic and anaerobic

conditions. Two or five sample aliquots were taken each week. A t-test (p=0.05, n=5) was applied to check for differences between the

initial and final mean concentrations of the assay.

Aerobic conditions

Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 2.03 2.01 2.00 2.00 2.01 2.02 2.01 2.02 2.00 2.00 2.01 2.01
Aliquot 2 2.02 2.00 2.01 2.03 2.01 2.00 2.01 2.03 2.02 2.02 2.01 2.03
Aliquot 3 2.01 -- -- -- -- 2.02 2.03 -- -- - -- 2.00
Aliquot 4 2.00 - -- -- -- 2.01 2.02 -- -- - -- 2.00
Aliquot 5 2.01 - - - - 2.00 2.02 - - - - 2.01
Mean: 2.01 2.01 2.02 2.01

Experimental t-value*: 0.6 Experimental t-value*: 1.2
Anaerobic conditions

Assay 1 Assay 2
Week: 0 1 2 3 4 5 0 1 2 3 4 5
Aliquot 1 1.99 2.00 2.01 1.99 2.00 2.00 2.00 2.01 1.98 1.99 2.01 2.01
Aliquot 2 1.98 1.99 1.98 2.00 2.00 2.01 1.99 2.00 2.02 2.00 1.99 2.01
Aliquot 3 1.99 - - - - 1.99 2.01 - - - - 1.99
Aliquot 4 2.00 - - - - 1.99 2.01 - - - - 1.98
Aliquot 5 2.00 - -- -- -- 2.01 2.01 -- -- - -- 1.99
Mean: 1.99 2.00 2.00 2.00

Experimental t-value*: 1.4

Experimental t-value*:

11

--: without data

*Critical t-value: 2.3
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Table SM7: Degradation of tenoxicam on river water samples spiked with 2 pg-L* under non-forced conditions (river Pisuerga, W1; river

Tuerto, W2; river Pisuerga in presence of sediment, SED). Individual data of each assay.

W1 sample W2 sample SED sample
Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2
Day Conce_rlwt. Day Conce_Tt. Day Conce_rlwt. Day Conce_Tt. Day Conce_rlwt. Day Conce_Tt.
(L) (gL (L) (gL (L) (gL
0 1.99 0 2.02 0 2.00 0 2.01 0 1.62 0 1.63
2 1.02 2 1.05 2 1.03 2 1.04 2 0.84 2 0.87
4 0.61 4 0.61 4 0.61 4 0.59 4 0.34 4 0.32
8 0.17 8 0.18 8 0.18 8 0.19 8 0.054 8 0.047
12 0.030 12 0.038 12 0.031 12 0.037 12 0.032 12 0.031
15 0.019 15 0.014 15 0.015 15 0.017 15 -- 15 --
R2 0.99 R2 0.998 R2 0.99 R2 0.996 R2 0.96 R2 0.95
t1/> (days) 1.97 |ty (days) 1.92 t1/> (days) 1.91 ti/> (days) 1.98 t1/> (days) 1.84 |ty (days) 1.80

R?: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.
--: non detected
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Table SM8: Degradation of piroxicam on river water samples spiked with 2 pg-L'* under non-forced conditions (river Pisuerga, W1; river Tuerto, W2;
river Pisuerga in presence of sediment, SED). Individual data of each assay.

W1 sample W2 sample SED sample
Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2
Day Conce»nt. Day Conce»nt. Day Conce»nt. Day Conce_nt. Day Conce»nt. Day Conce_nt.

(ugl?) (ug-l?) (ngl?) (ng-L?) (ugl?) (ng-L?)

0 2.01 0 2.01 0 2.00 0 2.00 0 1.44 0 1.47

2 1.42 2 1.37 2 1.39 2 1.46 2 1.04 2 1.14

4 1.10 4 1.14 4 1.13 4 1.11 4 0.81 4 0.84

8 0.58 8 0.59 8 0.61 8 0.58 8 0.42 8 0.48

12 0.23 12 0.24 12 0.25 12 0.22 12 0.19 12 0.24
15 0.11 15 0.12 15 0.11 15 0.13 15 0.071 15 0.094
19 0.068 19 0.074 19 0.081 19 0.077 19 0.052 19 0.062
23 0.042 23 0.042 23 0.040 23 0.033 23 0.028 23 0.025
27 0.015 27 0.019 27 0.018 27 0.020 27 0.021 27 0.018
R? 0.99 R? 0.995 R2 0.99 R? 0.996 R? 0.98 R? 0.99
t1/2 (days) 3.55 ti/2 (days) 3.67 ti/2 (days) 3.64 ti/2 (days) 3.63 ti/2 (days) 3.81 ti/2 (days) 3.70

R2: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.
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Table SM9: Degradation of meloxicam on river water samples spiked with 2 pg-L'' under non-forced conditions (river Pisuerga, W1; river
Tuerto, W2; river Pisuerga in presence of sediment, SED). Individual data of each assay.

Resultados y discusion

W1 sample W2 sample SED sample
Assay 1 Assay 2 Assay 1 Assay 2 Assay 1 Assay 2
Day Conce_n;\t. Day Conce_r11t. Day Conce_n;\t. Day Conce_r11t. Day Conce_n;\t. Day Conce_r11t.

(ug-L™) (g-L?) (ug-L™) (g-L?) (ug-L™) (g-L?)

0 2.01 0 2.02 0 2.00 0 2.00 0 0.82 0 0.81

2 1.63 2 1.64 2 1.66 2 1.64 2 0.67 2 0.69

4 1.25 4 1.27 4 1.31 4 1.26 4 0.52 4 0.51

8 0.64 8 0.73 8 0.80 8 0.82 8 0.28 8 0.38

12 0.37 12 0.38 12 0.50 12 0.60 12 0.24 12 0.21

15 0.26 15 0.27 15 0.31 15 0.30 15 0.13 15 0.14
19 0.18 19 0.17 19 0.18 19 0.19 19 0.080 19 0.10
23 0.14 23 0.12 23 0.14 23 0.13 23 0.061 23 0.082
27 0.11 27 0.090 27 0.11 27 0.10 27 0.041 27 0.064
31 0.07 31 0.062 31 0.078 31 0.080 31 0.032 31 0.035
34 0.040 34 0.051 34 0.051 34 0.050 34 0.021 34 0.024
38 0.035 38 0.039 38 0.038 38 0.039 38 0.016 38 0.018
42 0.024 42 0.023 42 0.031 42 0.033 42 0.014 42 0.016
45 0.017 45 0.021 45 0.019 45 0.018 45 0.013 45 0.013
R2 0.99 R2 0.98 R2 0.99 R2 0.99 R2 0.98 R2 0.99
ti2(days) | 6.17 | tip(days) |  6.25 |tya(days) | 6.28 | tie(days) | 6.25 | tiya(days) | 6.61 | tie(days) | 6.76

R2: Coefficient of regression of the fitting; kinetics of first-order reactions.
t1/2: half-life time.
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3.2 Detection and Identification of degradation products
3.2.1. Tenoxicam

The MS/MS spectrum of tenoxicam in positive mode was characterized by fragment-ions
arisen from the thienothiazine and N-(2-pyridyl) formamide groups (Fig. SM1); the degradation
products of tenoxicam were related to these two constituent moieties, too. Those degradation
products detected by electrospray ionization in positive mode contained a pyridyl substituent in
their structure, and basically they were different derivatives from 2-pyridylformamide; this was
the case for compounds such as T138, T167, T152, T162, T153 and T180 (Figs. SM2-SM7). T95 (Fig.
SM8) was identified as 2-aminopyridine, the simpler degradation product from tenoxicam. The
fragmentations observed in the MS-MS spectra of these degradation products were relatively
simple and they were attributed to the loss of small molecules such as NCO, alkylamines, CO; and
H,CO.

As regards the fragmentation recorded in negative electrospray ionization it was verified, for
the three oxicams, that the fragment-ions yielded by collision-induced dissociation in the MS/MS
spectra were also observed in the corresponding MS spectra. Three degradation products (T207,
T191 and T205) were observed in the analysis of the samples spiked with tenoxicam by negative
electrospray ionization; they were structurally related with the tiophenesulfonic acid, which arised
from the thienothiazine moiety of the tenoxicam (Figs. SM9-SM11). The compound T167 was

detected in negative mode, too.

The MS and MS/MS spectra of tenoxicam, piroxicam and meloxicam in negative mode were
characterized by the losses of simple neutral molecules; thus, it was common the presence of

fragment-ions yielded by loss of CO; and SO; in addition to other such as CO and H,CO.
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Figure SM5: MS/MS spectrum of the degradation product T153. Positive mode. Collision energy:

20 eV. Exact mass and experimental in the measurement.
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Figure SM6: MS/MS spectrum of the degradation product T162. Positive mode. Collision energy:

20 eV. Exact mass and experimental in the measurement.
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Figure SM7: MS/MS spectrum of the degradation product T180. Positive mode. Collision energy:

20 eV. Exact mass and experimental in the measurement.
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Figure SM8: MS/MS spectrum of the degradation product T95. Positive mode. Collision energy: 22

eV. Exact mass and experimental in the measurement.
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Figure SM9: MS spectrum of the degradation product T207. Negative mode. Exact mass and

experimental error in the measurement.
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Figure SM10: MS spectrum of the degradation product T191. Negative mode. Exact mass and

experimental error in the measurement.
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Figure SM11: MS spectrum of the degradation product T205. Negative mode. Exact mass and

experimental error in the measurement.
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3.2.2. Piroxicam

Nine degradation products were seen in the degradation assays for piroxicam whose MS/MS
spectrum by positive ionization electrospray is shown in Fig. SM12, it had several fragmentations
that involved the breakdown of the carboxamide group. Five degradation compounds were
ascertained in positive mode. As it happened for tenoxicam they were those compounds
containing a pyridyl substituent; in fact, some of the degradation products of piroxicam (P95,
P162, P153 and P180) are the same as in the case of tenoxicam because both drugs have a great
structural similarity. A formamidine derivative, labeled as P136, was only seen in the piroxicam

assays (Fig. SM13). The loss of alkylamines was frequent in their MS/MS spectra.

Four degradation products were observed in negative mode; they were benzene derivatives
from the benzothiazine moiety of the piroxicam and all of them kept the SO, group in their
structures. These degradations products (P201, P185, P215 and P214) were relatively simple
compounds as it can be seen in the spectra shown in Figs. SM14-SM17). The acquirement of
structural information by MS/MS experimentation was required for P215 since it was not observed
fragmentation in its MS spectrum unlike what happened for the other degradation compounds in

negative mode.

The compounds P95 and P180 had been previously reported in the bibliography as
degradation products of piroxicam in water subjected to stress conditions [D.T. Modhave, T.
Handa, R.P. Shah, S. Singh, Successful characterization of degradation products of drugs unsing LC-
MS tools: Application to piroxicam and meloxicam, Anal. Methods 3 (2011) 2864-2872]; other
degradation products described in that work had not been found in the experimentation

presented here
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Fig. SM12: MS/MS spectrum of piroxicam. Positive mode. Collision energy: 30 eV. Exact mass and

experimental in the measurement.
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Fig. SM13: MS/MS spectrum of the degradation product P136. Positive mode. Collision energy: 14
eV. Exact mass and experimental in the measurement.
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Fig. SM14: MS spectrum of the degradation product P201. Negative mode. Exact mass and

experimental error in the measurement.
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Fig. SM15: MS spectrum of the degradation product P185. Negative mode. Exact mass and

experimental error in the measurement.
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Fig. SM16: MS/MS spectrum of the degradation product P215. Negative mode. Collision energy:

16 eV. Exact mass and experimental in the measurement.

233



234

Resultados y discusion

100 7 o
Intens.
(%) | o
80 @ ﬁ _NH—
A N
1 7 Yo 0o 'O
& C7HgNO,§ CgHgNO, S
Exact Mass: 170.0281 Exact Mass: 214.0180
] -0.6 ppm -2.1 ppm
40 \ \
20 4
04 L Y . T - : :
100 120 140 160 180 200 miz

Fig. SM17: MS spectrum of the degradation product P214.

experimental error in the measurement.
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3.2.3. Meloxicam

Fig. SM18 shows the MS/MS spectrum of meloxicam in positive mode which show
fragmentations arisen from its two basic moieties (benzothiazine and thiazolamine groups)
according to the interpretation carried out from the high-resolution mass spectrometry data,
although the ions containing the thiazolamine group are the predominant. Seven degradation

products were elucidated.

Five degradation products were detected by positive electrospray ionization, one of them,
M198 (Fig. SM19), derived from the benzothiazine moiety and the other four compounds, M115,
M158, M187 and M200 (Figs. SM20-SM23) from the methylthiazolamine. Only two degradation
compounds were seen in negative mode; they were related to the benzenesulfonic acid and one of
them, M185, was detected and identified in the assays done with piroxicam, too. The spectrum of
the other compound, M214, is presented in Fig. SM24. The neutral losses observed in the positive

and negative mode spectra were simple as for the above-described compounds.

The degradation products M115, M187 and M198 had already been described previously by
Modhave et al. [D.T. Modhave, T. Handa, R.P. Shah, S. Singh, Successful characterization of
degradation products of drugs unsing LC-MS tools: Application to piroxicam and meloxicam, Anal.
Methods 3 (2011) 2864-2872].
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Fig. SM18: MS/MS spectrum of meloxicam. Positive mode. Collision energy: 25 eV. Exact mass and

experimental in the measurement.
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Fig. SM19: MS/MS spectrum of the degradation product M198. Positive mode. Collision energy: 15

eV. Exact mass and experimental in the measurement.
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Fig. SM20: MS/MS spectrum of the degradation product M115. Positive mode. Collision energy: 28

eV. Exact mass and experimental in the measurement.
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Fig. SM21: MS/MS spectrum of the degradation product M158. Positive mode. Collision energy: 20

eV. Exact mass and experimental in the measurement.
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Fig. SM22: MS/MS spectrum of the degradation product M187. Positive mode. Collision energy: 20

eV. Exact mass and experimental in the measurement.
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Fig. SM23: MS/MS spectrum of the degradation product M200. Positive mode. Collision energy :20

eV. Exact mass and experimental in the measurement.
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Fig. SM24: MS spectrum of the degradation product M214. Negative mode. Exact mass and

experimental error in the measurement.
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3.3. Occurrence of degradation products in forced and over time degradation assays.
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Fig. SM25: Peak areas of the degradation products of tenoxicam in the forced degradation assays
at high temperature. Peak areas are referred to the initial peak area (positive mode) of tenoxicam

in each experiment, to which a value of 100 was assigned.
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Fig. SM26: Peak areas of the degradation products of piroxicam in the forced degradation assays

at high temperature. Peak areas are referred to the initial peak area of piroxicam (positive mode)

in each experiment, to which a value of 100 was assigned.
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Fig. SM27: Peak areas of the degradation products of meloxicam in the forced degradation assays

at high temperature. Peak areas are referred to the initial peak area of meloxicam (positive mode)

in each experiment, to which a value of 100 was assigned.
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Fig. SM28: Peak areas of the degradation products of tenoxicam in the forced degradation assays

under solar irradiation. Peak areas are referred to the initial peak area of tenoxicam (positive

mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM29: Peak areas of the degradation products of piroxicam in the forced degradation assays
under solar irradiation. Peak areas are referred to the initial peak area of piroxicam (positive

mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM30: Peak areas of the degradation products of meloxicam in the forced degradation assays

under solar irradiation. Peak areas are referred to the initial peak area of meloxicam (positive

mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM31: Peak areas of the degradation products in the non-forced assays on W1 river water
sample spiked with tenoxicam .Peak areas are referred to the initial peak area of tenoxicam

(positive mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM32: Peak areas of the degradation products in the non-forced assays on W1 river water
sample spiked with piroxicam. Peak areas are referred to the initial peak area of piroxicam

(positive mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM33: Peak areas of the degradation products in the non-forced assays on W1 river water
sample spiked with meloxicam. Peak areas are referred to the initial peak area of meloxicam

(positive mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM34: Peak areas of the degradation products in the non-forced assays on river water sample
spiked with tenoxicam in presence of sediment (SED sample). Peak areas are referred to the initial

peak area of tenoxicam (positive mode) in each experiment, to which a value of 100 was assigned.
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Fig. SM35: Peak areas of the degradation products in the non-forced assays on W1 river water
sample spiked with piroxicam in presence of sediment (SED sample).Peak areas are referred to the
initial peak area of piroxicam (positive mode) in each experiment, to which a value of 100 was

assigned.
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Fig. SM36: Peak areas of the degradation products in the non-forced assays on W1 river water

sample spiked with meloxicam in presence of sediment (SED sample).Peak areas are referred to

the initial peak area of meloxicam (positive mode) in each experiment, to which a value of 100 was

assigned.
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Figure (*): Superposition of extracted ion chromatograms ([M+H]" + 0.01 for all compounds) for a

water sample spiked with 2 pg L'}, under non-forced conditions
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3.4. Prediction of ecotoxicity.

Table SM10: Predicted 50% lethal concentrations (LCsp, M) and 50% growth inhibition
concentrations (IGCso, LM) of oxicams and degradation products for different tests.

Daphnia magna Tetrahymena pyriformis Fathead minnow
LCso (48 hr) IGCso LCso (96 hr)

T95 68 6761 3715
T138 240 5248 4571
T167 631 9120 1202
T207 1698 1175 501
T152 479 4571 1202
T162 562 4074 389
T153 398 8318 2188
T191 741 759 240
T205 575 724 126
T180 617 5754 1148
Tenoxicam 11 55 1

P95 68 6761 3715
P201 355 1906 617
P162 562 4074 389
P153 398 8318 2188
P136 49 8318 912
P185 219 1479 186
P215 832 1318 468
P180 617 5754 1148
P214 98 1259 589
Piroxicam 23 1175 2

M185 219 1479 186
M115 324 3801 4365
M214 978 1259 589
M158 389 2188 4571
M187 468 5623 1514
M198 448 468 214
M200 135 6607 2042
Meloxicam 29 933 2
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3.5. Distribution between water and sediment. Adsorption coefficients.

Concentrationin
3500 - A Meloxicam

sediment (ngKg?)
4500 | e Piroxicam
A ® Tenoxicam
3500
2500 A
@
O @
1500
500
150 250 350 450 550 650

Concentration in water (nglL?)

Fig. SM37: Adsorption isotherms of tenoxicam, piroxicam and meloxicam (n = 2).
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5. RECUPERACION Y PRECISION, PRODUCTOS DE DEGRADACION

Asumiendo que los productos de degradacién mayoritarios encontrados en los ensayos de
degradacién bajo condiciones no forzadas son aquellos que probablemente pueden ser detectados
en el analisis de muestras reales de agua superficial se han calculado sus tasas de recuperacién y
precision, mediante el método de analisis ensayado para la determinacion de drogas a nivel de
trazas, con el fin de verificar si se pueden monitorizar conjuntamente con el principio activo. Para
ello se ha dopado 1 L de muestra de agua de rio con una disolucién que contenia los productos de
degradaciéon y se ha realizado la extraccion en fase sdélida con el cartucho seleccionado para el

compuesto precursor.

Dado que no se dispone de patrones analiticos para la mayoria de los productos de degradacién
identificados se ha planificado la estrategia que ahora se comenta para calcular las tasas de
recuperacion. Alicuotas de agua dopadas con las drogas a elevada concentracién (1 mg-L?) fueron
sometidas a los ensayos de degradacién para generar los productos de transformacion y se usaron
después para dopar el agua de rio, libre de analitos, con el fin de calcular las recuperaciones. Asi, la
concentracién nominal de droga en el agua dopada para hacer las extracciones era del orden de 1-
2 pg-Ll, entendiendo la concentracién nominal como la concentracién del principio activo sin

degradar.

Es necesario disponer de una disolucién de referencia conteniendo los analitos para calcular las
tasas de recuperacién después de la preparacion de muestra. En esta experimentacidon esta
disolucién fue preparada por dilucién de la disolucién con productos de degradacion usada para
dopar las muestras de agua; la dilucidn se hacia con metanol de modo que se obtuvieran
concentraciones (o areas de pico) iguales a aquellas que se obtendrian en los extractos de muestras
si la recuperaciones fueran del 100%. Evidentemente, las concentraciones de los productos de
degradacién no son conocidas pero las areas de pico medidas proporcionan una indicacién de su

cantidad en estas disoluciones.
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Tabla 26: Recuperaciones (REC) obtenidas para los productos de degradacidn mayoritarios
(n=5). Se indica también el tipo de cartucho y modo de ionizacidn utilizados asi como el 4rea de pico
del compuesto en la disolucidn de referencia.

Area de pico
Precursor Producto-qe .M(?do -d,e (disoluciéi de REC (%) RSD (%)
degradacién ionizacién .
referencia)
2HP Positivo 119770 112 6.1
CP SO Positivo 127082 94 5.3
PRO SO NO Positivo 55418 82 4.4
2HP SO Positivo 82472 101 11
| . 2HP SO NO Positivo 83468 90 6.2
foc;fi’!cl’_m;)z'”a PRO SO Positivo 10532 148 22
CP SO NO Positivo 171485 64 4.0
BZ DIOL Positivo 16728 114 8.3
DHBT MET Positivo 6881 125 25
BT SO Positivo 3748 105 4.0
BT MET Positivo 26756 73 11
MMIA Negativo 39099 86 8.1
Indometacina CBA Negativo 115351 76 3.9
(EBH) AMBA Negativo 12866 80 7.2
DHINDO Negativo 14243 90 7.6
DP300 Positivo 21592 83 6.5
g‘:jﬁ:ig DP327-1 Positivo 8811 78 10
DP327-3 Positivo 9360 81 7.2
. DP381 Negativo 15749 82 6.2
Celecoxib -
(EBH) DP410 Negat!vo 17163 81 7.3
DP396 Negativo 8655 84 6.6
T95 Positivo 40089 53 8.8
Tenoxicam T152 Positivo 47582 41 10
(Oasis HLB) T191 Negativo 57516 57 6.6
T207 Negativo 98367 51 6.7
P201 Negativo 114388 40 11
Piroxicam P214 Negativo 29752 69 5.9
(Oasis HLB) P215 Negativo 31163 43 6.4
P95 Positivo 32047 57 7.1
M115 Positivo 57487 69 5.1
. M198 Positivo 39875 77 4.2
Meloxicam M214 Positivo 34420 62 47
(Oasis HLB) —
M200 Positivo 42511 68 5.0
M158 Positivo 28754 61 4.8

En la Tabla 26 se observa que las recuperaciones y precisiones de los productos de degradacién
varian ampliamente. Las recuperaciones medias para los productos de degradacion de la
clorpromazina usando cartuchos Oasis HLB varian entre el 64 y el 148% mientras que la desviacion
tipica relativa estd comprendida en el rango comprendido entre 4.4 y 25%, sin que sea posible, en
principio, establecer una relacion entre la naturaleza del producto de degradacién (algunos de ellos

de elevada polaridad) y los resultados de recuperacion y precision obtenidos.



Resultados y discusion

Las recuperaciones medias de los productos de degradacién de la indometacina (cartuchos
EBH), alprazolam (cartuchos Oasis HLB) y celecoxib (cartuchos EBH) variaban entre los rangos 76-
90%, 78-83% y 81-84%, con precisiones del orden de 3.9-8.1%, 6.5-10% y 6.2-7.3%, respectivamente.
Los resultados obtenidos para estos productos de degradacién son, en lineas generales, similares a

los de sus correspondientes compuestos precursores.

Finalmente, se observa en la Tabla 26 que las tasas de recuperacién medias de los productos de
degradacién de los oxicanes son relativamente bajas, variando entre el 41 y 57 % para tenoxicam,
entre el 40 y 69% para piroxicam y entre el 61 y 77 % para meloxicam, con desviaciones tipicas del
orden de 6.6-10 %, 5.9-11% y 4.2-5.1 % respectivamente. En este caso los productos de degradacién
son moléculas relativamente pequefias y presentan una polaridad elevada, y en consecuencia su
solubilidad en agua deberia ser elevada también, todo lo cual podria justificar los resultados

obtenidos.

Pensando en la posibilidad de monitorizar estos compuestos en aguas superficiales mediante el
procedimiento de analisis descrito se podria afirmar que esto es perfectamente factible para los

productos derivados del alprazolam, celecoxib, indometacina y clorpromazina.

El seguimiento de los compuestos de degradacidn de tenoxicam, piroxicam y meloxicam en agua
de rio mediante el método empleado para estos seria menos recomendable en funcion de las tasas
de recuperacion estimadas. La deteccidon de los compuestos en los cromatogramas podria ser
posible pero la determinacidn de la cantidad presente, en términos de concentracién o de forma

relativa frente al precursor, tendria un caracter semicuantitativo mas que cuantitativo.

6. ROBUSTEZ, PRODUCTOS DE DEGRADACION

Se ha estudiado la posibilidad de determinar los productos de degradacién mediante el método
de preparaciéon de muestra aplicado a las drogas de las cuales provienen, y al igual que para éstas
se ha considerado también la robustez del método en lo que ataie a la determinacién de los
productos de degradacion. De esto modo, se planted y llevé a cabo un disefio de experimentos
similar al descrito en la seccion 3 del capitulo “Resultados y Discusion” para estudiar la influencia de
los mismos cuatro factores: pH de la muestra de agua, volumen de elucidon con metanol, volumen
de la disolucién de lavado y tiempo de evaporacién del extracto para tener en cuenta su posible

inestabilidad térmica.

El experimento se ha hecho para los productos de degradacién mayoritarios y los resultados se

resumen en la Tabla 27.

Si se comparan los efectos en valor absoluto se puede comprobar que el efecto de cada factor
es siempre menor que el efecto critico por lo que se puede afirmar que la determinacién de los

productos de degradacion es robusta para un nivel de significacion p=0.05.
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Tabla 27: Resultados del disefio de experimentos para evaluar la robustez del método de

analisis de productos de degradacion.

Precursor Producto de E. E (pH) E E E (tiempo
degradacién (V metanol) | (Vlavado) evaporacion)
2HP 9192 4434 5147 2923 2466
CP SO 62356 | -430 24860 13 39284
PRO SO NO 4347 | 2320 617 ~1099 3815
2HP SO 4568 | -2015 2459 1746 362
Clorpromazina | 2HP SONO 25845 315 9047 4479 5529
(Ousis HLB) PRO SO 36190 | 13337 13799 7835 11845
CP SO NO 8219 | -3053 3339 1344 1421
BZ DIOL 3213 20 371 756 618
DHBT MET 5876 849 188 533 1821
BT SO 412 ~105 55 ~40 104
BT MET 9922 492 ~4492 1993 4811
MMIA 25500 | 2571 2350 12292 1971
Indometacina | CBA 76572 | 6961 6073 132863 4211
(EBH) AMBA 5023 397 690 2656 770
DHINDO 12285 | -397 1632 3782 144
DP300 3903 2400 515 2088 779
Alprazolam DP327-1 1479 | -1046 621 1031 155
(Oasis HLB)
DP327-3 18035 | 5425 ~1661 13237 2330
Celecoib DP381 1023 294 275 385 851
8 DP410 1771 185 736 284 94
DP396 1506 585 158 117 452
T95 9026 595 1456 1664 2132
Tenoxicam T152 5936 127 673 854 736
(Oasis HLB) T191 4174 833 635 812 1238
7207 6516 1192 1415 204 1218
P201 8951 | -2597 1796 3830 1687
Piroxicam P214 7187 192 747 875 572
(Oasis HLB) P215 4481 1547 1859 396 2756
P95 3648 1434 791 3086 397
M115 6905 218 387 378 1751
oxi M198 6200 953 1680 2308 1576
%:s:ﬁ?) M214 7735 849 2888 2276 1611
M200 5507 | -1138 459 2788 402
M158 4699 250 1258 309 2797
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— Los cartuchos de extraccion Oasis HLB y EBH de 60 mg proporcionan recuperaciones
similares (p=0.05) para la determinacién de alprazolam, clorpromazina, indometacina, celecoxib y
piroxicam en agua de rio, mientras que para la extraccion de tenoxicam y meloxicam es preferible

el uso de cartuchos Oasis HLB.

— Después de seleccionar un tipo de cartucho para cada compuesto, las recuperaciones
medias en agua de rio dopada a nivel de trazas son superiores al 70 %, excepto para la
clorpromazina, con repetividades del orden del 6.0-11 %. Los limites de deteccién son inferiores a 1

ng-LL.

— Los productos de degradacidon mayoritarios pueden ser monitorizados conjuntamente con
la droga precursora mediante el mismo procedimiento de preparacién de muestra, si bien las
recuperaciones de los compuestos derivados de los oxicanes son relativamente bajas. La
repetitividad del andlisis de algunos productos de degradacién de la clorpromazina es escasa en

comparacion con la de los demds compuestos.

— Se ha comprobado la robustez del método de andlisis de principios activos y residuos
detectados para cuatro parametros de operacion mediante un disefio de experimentos Plackett-
Burman que incluia factores simulados. Los parametros de operacién considerados son el pH de la
muestra de agua, el volumen de metanol usado para eluir el cartucho, el volumen de disolucidn de

lavado de los cartuchos y el tiempo de evaporacion del extracto.

— La radiacion solar promueve la degradacion fotoquimica de clorpromazina, tenoxicam,
piroxicam, meloxicam e indometacina en agua de rio. El celecoxib es también degradado por la luz
solar pero muy lentamente. La atenuacién de la radiacién solar con la profundidad que tiene lugar
en una masa de agua disminuye considerablemente la velocidad de degradacidon de estos

compuestos.

— Las reacciones quimicas en agua de rio a pH ligeramente alcalino afectan muy escasamente
a las siete drogas estudiadas. Sin embargo, son la causa principal de la degradacién del alprazolam.
Son también relevantes en la transformacién de la indometacina, y en menor medida, de los tres

oxicanes.

— La degradacion bioldgica, tanto en condiciones aerdbicas como anaerdbicas, y sin adicion
de nutrientes, de alprazolam, celecoxib, indometacina, piroxicam y meloxicam en agua de rio no es
significativa, mientras que tenoxicam muestra cierta degradacidn tanto en condiciones aerdbicas

como anaerdbicas.

— En condiciones no forzadas las concentraciones de alprazolam y celecoxib en agua de rio
disminuyen menos de un 5% (4.9 y 3.1%, respectivamente) en un plazo de 36 semanas, y pueden

ser considerados como microcontaminantes persistentes en aguas superficiales bajo condiciones
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medioambientales. La vida media estimada en agua de rio no sometida a condiciones forzadas del
tenoxicam, clorpromazina, piroxicam, meloxicam e indometacina es del orden de 1.9, 3.2, 3.6, 6.2 y

35.3 dias, respectivamente.

— En presencia de sedimento la velocidad de degradacidon de alprazolam, tenoxicam,
piroxicam y meloxicam en agua de rio es basicamente similar a aquella en agua sin presencia de
sedimento, siendo ligeramente mayor la velocidad de degradacién para indometacina (vida media,

23.7 dias) y celecoxib (degradacién, 4.2 % en 36 semanas).

— Laclorpromazina no se detecta en agua en contacto con un sedimento acuatico (0.03 kg/L)
debido a su elevadisimo coeficiente de adsorcién (41632 L/kg). Las otras seis drogas presentan una
cierta capacidad de adsorcidn sobre el sedimento; celecoxib es el mas adsorbido (44.4 L/kg), seguido
del meloxicam (15.3 L/kg), alprazolam (4.4 L/kg), piroxicam (3.8 L/kg) y tenoxicam (2.8 L/kg); la

indometacina es el compuesto menos retenido (1.8 L/kg).

— Se han detectado varios productos de degradacién en los ensayos de degradacién en
condiciones forzadas y no forzadas, proponiéndose las estructuras de la mayoria de ellos a partir de
las férmulas moleculares y fragmentaciones observadas en los espectros de masas en tandem
obtenidos en un equipo de alta resolucién; 16 productos de degradacién para la clorpromazina, 6
para la indometacina, 9 para el alprazolam y piroxicam, 10 para el tenoxicam, 7 para el meloxicam

y 11 para el celecoxib.

— Los productos de degradacion se originan, en lineas generales, mediante reacciones de
oxidacién de grupos funcionales, hidroxilacién de anillos aromaticos, apertura de estructuras
ciclicas e hidrdlisis. En el caso de la clorpromazina existen también procesos de descloracién y en el

caso del alprazolam hay reacciones de adicién de agua a estructuras ciclicas aromaticas.

— En condiciones no forzadas similares a las que se podrian encontrar en una masa de agua
los productos de degradacién mayoritarios del celecoxib son celecoxib sulfénico, celecoxib acido y
un derivado hidroxilado mientras que para el alprazolam éstos son basicamente un triazolfenil-

fenilmetanol, dihidro-hidroxifenil-benzodiacepina e hidroxiciclohexadien-benzodiacepina.

— Los productos de degradaciéon a largo plazo de la clorpromazina son derivados del
benzo[1,4]tiazinol; de la indometacina son los correspondientes acidos clorobenzoico y acetamido-
metoxibenzoico; para el caso de los oxicanes, derivan de la aminopiridina para tenoxicam vy
piroxicam y de metiltiazolamina para meloxicam, o bien de los acidos tiofensulfénico para el primero
y bencenosulfénico para los otros dos. Estos productos de transformacion podrian usarse como

indicadores de la presencia de los compuestos padre después de su degradacion total.

— Los productos de degradacidn presentan en general una menor capacidad de adsorcién
sobre un sedimento acuético con respecto a sus precursores. Unicamente aquellos compuestos con

una amina libre en su estructura tienen coeficientes de adsorcion ligeramente mayores.
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