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Pr evio us repo rts o n h ow c a rb on n a n o materi als ( C NM s ) a ec t t h e bi od eg radati on an d mi n eral izat ion o f org a n icff

c o n t a m i n a n t s a r e ma i n ly li m i t e d t o p u r e cu l t u r e s t u d i e s , b u t l i t t le i s kn o w n a b o u t t h e m i n e r a li z a t i o n p r o c e s s by

m or e c o m p l e x a n d e n v i r on m e n t a l l y - re l e v a n t mi c r o b i a l c o m m u n i t i e s . T h i s s t u d y i n v e s t i g a t e d t he i m p a c t o f

f u l le re n e s C a n d t w o m u l t i - w a ll e d c a r bo n n a no t u b e s ( o u t e r di a m e t e r < 8 n m : M 8 ; > 50 n m : M 5 0 ) a t 3 0 0 a nd

3 00 0 mg /kg o n t he mi neralizati on k ineti cs of C-p hen an th ren e ( 18 . 5 mg /k g) b y i nd ig en o u s mic ro or gan is m s in

a n a t u r a l s o i l f o r 1 2 0 d a y s . P hen a n t h r e n e m i n e r a l i z a t i o n k i n e t i c s t t e d we l l w i t h t he l o gi st i c g r o w t h e q u a t i o nfi

r ega r dl es s o f t h e CN M s p re se nt (R = 0. 9 6 5 0 . 9 8 5 ) . T h e m a x i m u m mi n e r a l i z a t i on ra t e s a n d t h e t o t a l mi n e r -–

a l i z a t i o n f r a c t i o n w e r e p o s i t i v e ly c o r r e l a t e d w i t h t h e i n i t i a l p he na n t h r e n e b i o a v a il a b i l i t y , a s s e s s e d v i a - H P C Dβ

e x t r a c t i o n . P h e n a n t hre ne ex p o s u r e i nd u c e d s i g n i c a n t r es pon s es of the c atab ol ic ge ne b io mark er , f u ng i a n dfi nidA

bacteri a co mmu ni ti es b y 2 75 , 3 0, a nd 5 t i mes , res pecti v e l y , i n d ic a t i n g a n o n - n e g le ct a b l e r o l e o f t h e fu n g a l

c om mu n it i es in p he na n t h ren e mi n era l i z a t i on . C N M s e x e r t e d a so r p t i o n - a n d l e v e l - de p e n de n t s u p p r e ss i on

( 7 . 4 4 7 . 2 % ) o n t h e t o t a l p h e na n t h r e n e m in e r a li z a t io n f r a c t io ns a t 12 0 d. Ca r bo n n a n ot u b e s ( 30 0, 3 00 0 m g / kg )–

c a u s e d si gn i ca n t a d v e r s e e ec t s o n t h e bi o m a ss o f b a ct er i a l ( 4 7 . 8  6 0. 7 % ), f u ng a l ( 3 1 . 4 7 1. 6 % ) a n d -fi ff – – nidA

c a rry ing de grad ers ( 25 . 7 5 9.9 % ) i n t h e absenc e or p res e n c e of p hen a n t h r e n e , wh ic h c o nt r ib u t e d t o t h e in -–

hibiti on o f the t otal miner a li zatio n fr ac ti ons a t 1 20 d . B a c t e r i a l c om m u n it y s t r u c t u r e wa s n o t s ig n i c a n t ly i m -fi

pac t ed b y CN M s al on e o r c o-e xpos u re of C N M-p hen an th ren e. H ow ever , t he f u n gal c om mun ity s h ow ed a si g-

n i ca n t s h i f t u p o n ex p o su r e t o ca r b o n n a n o t u b e s , e s p e c ia l ly M 8 , w i t h t h e r e l a t i v e a b u n d a n c e o f p o t e n t i a l P A Hfi

d eg ra d e rs re p r e s s e d (8 . 5 4 0 . 3 % ) a t b o t h l e v e l s o f M 8 t e s t ed. Th is co rro bo rates t he hi gh er s en s iti v ity o f f un g a l–

c om mu n it i es . T h e n di ng s f ro m t h is s t u d y a re i mp o rt a n t t o in f or m h ow t h e r el ea s ed C NM s a ect s oi l mic ro bi a lfi ff

com muniti es t hat p lay a ke y ro l e in t he fate an d r emed iati on of or ganic c ontami nant s i n s o il.

1. Introduction

S o i l i s a n i m p o rt a n t si n k f or m a n y p e r s i s t en t or g a n i c c o n ta m i n an t s

s uc h as po l y c y cl i c a r om a ti c h y dr o ca r b on s ( PA H s) . Mi c ro or ga n i sm s pl a y

a n i mp or t an t r ol e i n P A H a t te n u at i on in so i l , w h i c h i s a h ig h l y c om p l ex

s y s t em e n r ic h e d in a co n s i d e ra b l e d iv e rs i ty o f m i c ro b ia l c om m u n i t i es

( ) . T h e P A H ri n g - h y d ro x y l at i n g d i ox y g e n a s e (P A H -V in a s e t a l ., 20 0 5

R H D ) in i t i at e s t h e ae ro b i c d eg ra d at i on o f P A H s . T h e g en e s ( P A H -R HD )

e n c o di n g t h e l a rg e sub u n i t of t h i s e n z y me h a v e b e en w id e l y us ed asα

b i o ma r ke rs f or as ses s i n g t h e P A H -d e g r ad a t io n p o te n t i al i n so il s a n d

s ed i m en t s ( ; ; ) .Di n g et a l ., 2 0 10 J u re l ev i c i us e t a l ., 2 01 2 Xi a e t al . , 2 01 5  

De b ru y n e t al . ( 20 07 ) f o u n d a s ig n i c an t l y pos it i v e c o rr el a t i on be t w e enfi

t h e ge n e a n d p y re n e d eg ra d a ti o n . A l t h o u g h b a c t er i a ar e a s s u m e dnidA

t o p l a y a d o mi n a n t r ol e i n h y dr o ca r b on d eg ra d at i on e s p ec i al l y i n

m ar i ne e c os yst em s, fu n gi we re sh ow n t o b e m or e i m po rt a nt i n fr e sh -

w a t er a n d t er re s t r i al e n v ir on me n t s ( ;Ola ji r e a n d E s si en , 2 01 4 S alv o

et a l ., 2 00 5 ). A gr ou p o f f u n g i w i t h i n , su ch a s ge n e raAscomycota As-

pergillus Pensillium Cephalosporium Fusarium, , a n d ar e c a pa b l e o f d e-

gr ad i n g c ru d e o il a n d a r om a ti c h y d ro c ar b on s ( ) .S in g h , 2 0 06 W i n q u i s t

et al. ( 20 1 4) f o u n d t h at t h e f u n g a l c om m u n i t y re s p on d e d m o re ra p i d l y

t o th e pr es e n c e o f b en z o[ ] p y re n e t h a n t h e b a c t er i al c om m u n i t y , re -a

fl fie c t in g n o n - s p e c i c n a t u r e o f f u n g a l P A H d e g r ad a t io n .
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T h e r a pi d d ev e l op m en t of n a n ot e c h n ol o gy h a s i n c re a se d t h e l i ke -

l i h o od of a cc i d en ta l an d i n c id e n t al re l e as e of n a n om a t er i al s t o t h e en -

v i r on m e n t , e sp ec i al l y r ea c h i n g so il sy s te m s t h at se rv e s as a m a i n r e -

c e pt o r of t h e se m a te r ia l s. T h e p re se n c e of c a rb o n -b a se d n a n om a t er i al s

( C N M s ) i n s oi l m a y st r on g l y a e ct t h e b i oa v a il a b i l it y of P A H s t o so ilff

m i c ro o rg an i s m s , d u e t o t h ei r h i g h a n i ty a n d s or p t i on c a p a c it y fo rffi

s uc h h y dr o p h ob i c o rg an ic c o n t am i n a n t s ( ;W a n g et a l ., 2 01 0 Y an g e t a l .,

2 0 06 ) , w h i c h w ou l d i m p a c t t h e ir b io d eg ra d at i on b y i n d ig en ous m i -

c r oo r g a n i s m s . T h e e e c ts of C N M s o n m i c ro b ia l b i oa v ai l a b i l it y of or -ff

g a n ic c o n ta m i n an t s h a v e b e en w i d e l y st ud i e d ( ;C ui e t al . , 2 0 11 To w e l l

e t al . , 2 01 1 Xi a et a l ., 2 01 0 Xi a et al ., 2 0 13 Y a n g e t al ., 20 1 7 Z h an g; ; ; ;

e t al. , 2 0 16 Z h u et al. , 2 01 6 Oy e l am i a n d S em p le, 2 01 5; ; ) , b ut d at a on

h o w C N M s a ec t PA H mi n e ra l i z a t io n ki n e t i cs a re s c ar c e.ff Z h o u et al.

( 2 0 13 ) f ou n d a s i g n i c a n t i n h i b it i o n offi C -2 ,4 -d i c h l or op h en o l mi n e r-

a l i z a t i on b y 13 . 9 % a n d 1 0.2 % i n t h e pr es en c e o f 2 0 00 m g / kg s i n g l e-

w al l e d an d m u l t i - w a l l e d c a r b o n n an ot u b e s ( S WC N Ts a n d MW C N T s) ,

r e spe c t iv e l y , i n a r i ce pa dd y soi l . a l so r e po rt e d t h atS h a n e t a l . ( 2 0 15 )

t h e m i n e ra l i z a t io n of C -c a t ec h o l i n a n a g r i c u l t u r al s o il w a s si g -

n i c a n t l y r ed u ce d b y 1 6.5 17 . 7 % a n d 1 9. 2% w i t h a c t iv a t ed c a r bo n atfi –

a l l l e ve l s t es t ed ( 0.2 , 2 0, 2 00 0 m g /k g) an d S W C NT s a t 2 0 00 mg /k g,

r e spe c t iv e ly , b ut wa s st i mu l at e d ( 1 9. 0% ) in t h e ca se of 0.2 m g/ kg

M W C NT s. H ow ev e r, t h e spe c i c po l l ut a n t d e gr a de r s an d fu n ct i o n alfi

g e n es a e c te d b y C NM s w e re n o t id e n t i ed .ff fi

A l t h o u g h b i oa v ai l a b il i t y of o rg an ic c on t a m in an t s i s i mp or t an t f o r

b i o de g r a d at i on , k n o w l ed g e r eg ar d i n g t h e b i om a s s a n d s tr u c t u r e o f

s p e c i c m i c ro b ia l co m m u n i t ie s c an p ro v id e a r s t g l an c e a t d eg ra d a-fi fi

t i o n p ot e n t ia l a n d t h e p h y s i ol o g i c a l m e c h an i s m s t h a t m i g h t i mp ac t

d e g r a da t i on ( ) . A n t im i c ro b i al pr op e r t ie s o f C N Ms i nK o st ka e t al ., 2 0 11

c u l tu re c on d i t io n s h a s b ee n ob s e r v ed in m a n y p re v i ou s s t u d i es ( Ba i

e t a l ., 2 01 1 R od r ig ue s a n d E l i m e l ec h , 2 01 0 L i u et a l ., 20 0 9 J i n et al . ,; ; ;

2 0 13 ) . H ow ev e r, m u c h l es s i s k n ow n a b ou t t h e i r e ec t s o n i n d i g e n ou sff

m i c ro o rg an i sm s i n th e co m pl e x a n d r e al so il e n v ir on me n t , es pe ci a l l y

f or t h e fun g al c om m un i t y an d p ot e n t ia l d eg ra d er s. For i n st a n ce , C h u n g

e t al . ( 2 0 11 ) ob s e rv e d a si g n i c a n t i n h i b i ti o n of t h e m i c ro b i al b i om a s sfi

C a n d e n z y m a t ic a c ti v i t ie s u p on e x p os ur e t o 5 0 00 mg /k g M W CN T s

a f t e r 2 0 d . A s fo r t h e gr ap h en e o x id e w i t h mo re h y dr op h i l ic fu n c ti o n a l

g ro u p s t h an c a rb o n n an o t u b e s , n o s i g n i ca n t su p p r es s i o n e e c t o nfi ff

b i o ma ss C w a s ob se rv e d at 50 0 1 0 00 mg /k g t h ro ug h ou t t h e 5 9 d in -–

c u b at i on ( ) . N o si gn i c a n t e e c t of M WC N Ts w asC h un g e t a l ., 20 1 5 fi ff

o b se rv e d a t a c o n c en t r a ti o n u p t o 20 0 0 m g/ kg on s oi l m i c ro b i al b io -

m a ss C af t er 61 d i n c ub a t io n ( ), b u t t h e s am e co n -S h an e t a l ., 2 01 5

c e n t ra t i on o f si n g l e -w al l e d c a rb o n n an o t u b e s r e s u l t e d i n a si g n i c a n tfi

r e p r es s i on o f mi c r ob i al b i o ma s s C a n d a si g n i c a n t s h i f t in m i cr o b ia lfi

c o m mu n i ti e s . T h es e d iv e rg e n t ob s er v at i on s c o u l d re e c t d i e re n c e s i nfl ff

s pe c i c C N M a n d s oi l p r op er t ie s , m i c ro b ia l c o m mu n i ti e s a n d e x p o s u r efi

c o n d i ti o n s .

O v er al l , i n f or ma t i on o n h o w C N M s a e c t t h e m i n e ra l i z a t io n pa t -ff

t e rn s of o rg an ic c on t a m in an t s b y s o il i n d i g e n ou s mi c r oo rg an i s m s i s

s c ar c e an d t h e un de r l y in g m ec h a n i sm s a re n ot fully u n d er st oo d . Mo st

p re v i ou s s t u d i es a re c on st ra i n ed to sh o rt - t er m e e c t s u n d e r sc e n ar i osff

n ot re p r es en t i n g pl a u s i b l e e x p o s u r e s c e n ar i os . I n t h is w o rk , w e q u a n t i f y

c o p y n u m b er s of th e 1 6 S r R N A , 1 8 S r R N A a n d g en e s i n so i l asnidA

a ec t e d b y C NM s alo n e a n d CN M- c on t a m in an t c o- ex p osu re t o ga i nff

m e c h an i s ti c i n s ig h t o n t h e e e c t s o f C N M c o -e x p o s u r e on P A H m in er -ff

a l i z a t i on k in e t i c s . B ac t er i al a n d f u n ga l c o m mu n i ty s tr u c t u r es w er e al s o

de ter m in ed bef or e a n d a fte r e x pos ur e us ing a high- t hro ug h put se -

q ue n ci n g t e c h n iq u e. F i n d i n g s f ro m t h i s s t u d y ar e i m p or t an t fo r e v al u -

a t i n g h ow t h e fa t e an d r i s k of o rg an i c co n t am i n a n t s m i g h t b e a ec t e dff

b y C N Ms i n so il , w h i c h i n fo rm s b ot h r is k as se ssm e n t o f C NM s t o m i-

c r ob i a l ec o s y s t e m s e rv i c es a n d bi o re m ed i a ti o n o f h y dr o p h ob i c or g a n i c

p ol l u ta n t s .

2. Materials and methods

2.1. Chemicals

C -p h en an t h r en e ( 9 8% ra d i oc h e mi c a l pu ri t y ; 55 m Ci / m mo l ) w as≥

p u r c h a s ed fr om M or a v ek B io c h em i c al s C o. L t d . , U S A , a n d n on - l a be l e d

p h e n an th r e n e ( > 9 8 % p u r it y ) w a s o b t ai n e d fr o m A c cu S t an d a rd

C h em i c al L t d . , U S A . H y d ro x y p ro p y l - - c y c l o d e xt r i n ( -H P C D , 9 7 %β β ≥

p u r i t y ) a n d t h e o rg an ic s o l v en t s i n c l u d i n g -h e x an e, a c et o n e an dn

ac e t on i t r ile of H PLC gr ad e we re pur c h a sed fr om J & K S c i en t i c , US A .fi

T h e mu l t i- w a l l e d c ar b on n a n ot u b e s ( M W C N T s ) w i t h o u t e r di a -

m et e r < 8 n m ( M 8, > 95 % p u r i ty ) a n d > 50 n m ( M 50 , > 9 5 % p u ri t y )

we re pur c h as ed fr om C h en g d u Or ga n i c C h e mi c a l s C o. Lt d ., Ch i n e se

A c ad e my o f S c i e n c es. C f u l l e re n e s w i t h p u r i t y > 99 % w a s pr ov i d ed

b y t h e Y o n gx i n Ful l e re n e Co m pa n y i n H en a n P ro v in ce , C h i n a. S el e c t ed

ph y si c o ch e m i ca l p ro pe rt i e s o f c a rb o n n a n o m at e ri a l s a re s um m ar i ze d in

T ab l e S 1 a n d th e d e t ai l e d c h ar ac t e ri z at i on m e th o d s a re d esc r i b ed i n t h e

sup po rt i n g i n fo rm a t io n . Mo rp h ol o gy o f th e n a n om a te r ia l s w a s ob se rv e d

u s i n g t ra n s m i s s i o n e l ec t r on m i c ro s c op y ( F i g . S 1 ) . S o rp ti o n i s o t h er m s of

p h e n an th r e n e t o w ar d s so i l an d t h e C N M s w e re ob t ai n e d u s i n g b a tc h

ex p e r im e n t s w i t h th e in i t i al s or b at e co n c e n tr a ti o n s ra n g i n g in 1 0 9 0 %–

of i t s w a t er so l u b i l it y . T h e d e t ai l e d i n f o r ma t i on i s d es cr i b ed i n SI .

S or p t i on d a t a w e r e t t ed w i t h th e l og ar i t h mi c fo rm o f Fr eu n d l ic hfi

m od el a n d t h e i so t h er m s a n d pa r am e te r s a re p re se n t ed i n F ig . S 2 a n d

T ab l e S 2.

2.2. Soil

A c l a y l o am ( sa n d: 5 0.1 3 %, si l t : 2 6 .2 8% , a n d c l a y : 23 .5 9% ) w i t h pH

of 6 .6 3 a n d c at i on e x c h an g e c a pa ci t y ( CE C ) of 41 .8 8 c m ol / kg w a s

c ol l e c te d f ro m a fo re s t l an d in D eh u i , J i l i n Pr ov i n c e , C h i n a , w i th a n

or ga n i c ma t t er ( OM ) c o n t en t o f 3 21 .6 3 g /k g an d t o ta l or ga n i c ca r b on

( TO C ) c o n te nt of 1 0 .3 1% ( ) . T h e b a c kg ro und c on-Wa n g e t al ., 2 01 6

c en t r at i o n of ph e n an th r e n e w a s 12 1 .81 g/ kg a s r e por t ed i n o ur r ec e n tμ

s t u d y ( ) .Z h a n g e t a l ., 20 1 7

2.3. Mineralization

Mine ra liza tio n of C -p h en an t h r en e wa s i n v est i ga t e d us in g a r e-

spi r om e te r as d e sc ri b e d i n ou r p re v io us s tu d y (  ) .Y a n g e t a l ., 20 1 0

B r ie y , t h e re s p i r om e te r w a s m ad e b y at t a ch i n g a 2 . 0 -m L G C v i a l u n d erfl

t h e sc r ew c ap o f a 40 mL a mb e r v i al . T h e GC v i al w a s l l ed w it h 1. 5 m Lfi

of 1 M N aO H s ol u t i o n t o ca p t u r e t h e C O m in e r al i ze d by t h e in -

d ig en o u s m i cr o or g a n i s m s i n s o il . Fi v e gr a ms of t h e a ir - dr i ed s oi l w e re

ad d e d t o 40 mL a mb e r v i als , an d th en spi k ed w i th 10 0 L n o n -la b ele dμ

ph e n an th r e n e d i sso l v ed i n ac e to n e (1 0 00 mg / L ). H e re , a ce t on e w a s

c h ose n as t h e so l v en t b e ca us e i t i s r e ad i l y ev a po ra t ed an d is mu t ua l l y

d is sol v a b l e w it h me t h a n ol w h e r e C - p h e n a n th re n e i s d is sol v e d . Th e

s a me s ol v e n t w a s u se d f o r th e i n c u b a t i on c o n d u c t ed i n . Th eS ec t i on 2. 4

i n it i a l n o n -l a b el e d ph e n an th r e n e c on c e n t ra t io n i n so i l w as 1 8.5 m g/ kg .

T w e n ty m i c ro l it e rs o f C- ph e n a n t h re n e ( 9 .3 4 m g/ L , 0. 10 7 M Bq / m L )

d is sol v e d i n m et h a n ol w e re am e n d ed t o t h e vi a l us i n g a mi c r os yr i n g e t o

y i el d a ra d io ac t i v i ty o f 0. 0 1 15 Ci / g d r y s o i l ; t h e ch e m i c al c o n ce n t r a-μ

t io n of C - ph e n a n th r e n e wa s 0 .0 37 mg /k g d r y s oi l . T h e v i als w er e

op en e d a n d pl a c ed i n a fu me h o od fo r 0. 5 h t o e v ap or a te t h e so l v en t ,

an d th e n se a l ed a n d th or ou gh l y m i x ed on a r ot a ry sh a ke r a t 45 rp m fo r

72 h . F or t h e m i n e ra l i z a ti o n t es t s y s t em s i n w h ic h C N M s w e r e a d de d ,

t h e so il w as i n i t ia l l y s pi ke d w it h n o n -l a b el e d an d l ab e l e d ph e n a n t h re n e ,

t h or ou g h l y mi x e d a s d e s c ri b e d a b ov e an d t h en am e n d ed w i t h C , M 5 0,

or M8 in d r y p owd e r fo rm at c onc e nt ra t io n s o f 30 0 a n d 3 0 00 mg /k g d r y

s o il . T h e s e t w o am e n d m en t l e v e l s l i k e l y a p p e a r in s om e h o t sp ot s“ ”

w h e re t h e se m a te r ia l s ar e e n ri c h e d . Fu rt h e rm o re , t h e l o w a m en d m e n t

l e v e l w a s b e l o w th e m o s t f r e q u en tl y a d mi n i s t r at e d c o n c en t r at i on s in

t h e l it e ra t ur e ( 5 50 m g/ kg ) an d t h a t of 3 0 00 m g/ kg w a s a me n d e d as f or

t h e c om pa r is on w i t h ot h e r re l e v an t s tu d ie s ( ;F er gu son et al., 20 0 8 S h en

et a l ., 20 1 2 Pe t e rse n et a l ., 2 0 09 H ol d e n e t al ., 2 01 4 T o w e l l e t al .,; ; ;
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2 0 11 Oy e l a mi a n d S e m pl e , 2 0 15 C h un g e t al . , 2 0 11; ; ) . T h e b ot t l e s w e re

s ea l e d a ga i n a n d h o m og en iz ed fo r 72 h us in g t h e s am e ro t ar y sh a ke r .

C - M W C N T w a s u s ed t o d e te r mi n e t h e u n i f or mi t y of M W C N T s i n s o il ,

a n d t h e s t a n d ar d d e v ia t i on o f th e i r c o n ce n t r at i on s w as te s t e d t o

b e < 7 % of t h e m ea n v a l u e (n = 6 , Ta b l e S 3 ) . A ft e r h om o ge n iz a ti o n ,

t h e so il w a s m oi s t e n ed w i t h 2 m L st e ri l i z e d M il l i - Q w a te r an d eq u i l i-

b r a te d f o r 1 2 h , a n d th e n s t i rr e d w i t h a st ai n l e s s - s t e el sp a t u l a . A l l r e -

p i ro me t e rs w e re r u n in t r i p l i c at e a n d w er e i n c u b a t ed i n a c h am b e r i n

t h e d a rk a t 2 5 ° C w i t h 6 0 % re l a t iv e h um i d i ty . A t 1 , 4, 8, 14 , 2 0, 28 , 35 ,

4 5 , 60 , 9 0 , 1 2 0 d , t h e Na OH sol u ti o n w as sa m pl e d a n d m i xe d w i t h 4 m L

c o c kt a il b e f o re ra d io a ct i v i ty m e as u re m en t w i t h a l i q u i d sc in ti l l a t io n

c o un t e r ( L S C , L S 6 5 00 , Be c km a n Co ul t e r, U S A ). T h e m i n e ra l i za t io n

p er c e n ta ge of ph e n an t h r en e w a s c al c u l at e d a s a r a ti o o f t h e r a di o -

a c t i vi t y o f C O t o t h a t of t h e t ot a l C in so il . A pp ro xi m a te l y 0 .5 g d r y

s oi l w as co m b u s t e d a t 90 0 °C i n a b io l o g i c al ox i d iz er ( O X- 50 0 ; Z i n s s er

A n al y t i c , Ge r ma n y ) t o d et e r mi n e th e i n i ti a l t ot a l C r ad i oa c t i vi t y . T h e

C O w a s ab so r be d b y 1 5 mL o f a l ka l i n e c oc k t ai l Ox y so l v e C - 40 0

( Z i n s ser A n al y t i c , G er m an y ) a n d t h e r ad i o ac t i vi t y w a s d e t er m in e d

u si n g L S C . T h e N a O H - ca pt u r e d C ra d io a ct i v i ty i n s te r il i z ed so il w as

a l so m ea su re d so a s t o mo n i t or t h e p oss i bl e e v ap or at i on o f t h i s c o m-

p ou n d d u r in g 1 2 0 d i n c u b a t i on ; t h e re s u l ts s h o w e d t h at t h e C ra d io -

a c t i vi t y v al u es w er e a l l b el o w 20 dp m t h r ou g h o u t th e w h o l e pe r io d ,

w h i ch e x cl u d ed t h e b i as fr o m C - ph e n an t h r en e e v apo r at i on . A c o n -

c e pt ua l mo d el d es cr i b in g t h e i n t e ra c t io n s b et w ee n i n d i v i du al c om po -

n ents i n the C N Ms e xp osu re system s i s d is pla y ed as Fig. S3 in SI.

2.4. The total and mildly extracted phenanthrene from soil

T o e v a l ua te t h e i m pa c t o f C NM s on t h e to t al a n d bi o av a i l ab l e

f ra c t io n s o f ph e n a n th r e n e d ur i n g t h e 1 2 0 d e x po sur e , v a ri o us t r ea t -

m e n t s w i t h n o n - l ab e l ed ph e n a n t h r e n e a n d /o r C N Ms w er e si m ult a -

n eo u s l y c on d u c t e d . O n e h u n d re d a i r- dr i ed s o i l w a s a d de d t o 2 5 0 m L

b o t tl e s a n d t h e n am e n d ed w i t h 4 0 0 L of p h en a n t h r en e so l u t io nμ

( 5 0 00 mg /L ) d i sso l v ed in a ce t on e . A ft e r t h e so l ve n t w a s ev a po ra t ed i n a

f um e h oo d fo r 4 h , t h e b o t t l e w a s s ea l e d a n d v i go ro usl y sh a ke n o n a

r o ta r y sh a ke r a t 45 rp m f or 72 h . T r ea t m en t s am e n d ed w i t h CN Ms w er e

p re pa r ed th e sam e w ay as d e sc ri b e d i n . A ft er h om o-S e c t io n 2. 3

g e n iz at i o n , t h e so il w as t ra n s f er re d t o a 2 5 0 m L j ar a n d mo i s t en ed w it h

4 0 mL s te r il i z ed Mi l l i - Q w at e r t o r e ac h a n a pp ro x im a t el y 6 0% of th e

m a x im a l w at e r- h ol d i n g c a pa ci t y ; C NM s a t b o t h 3 0 0 a n d 3 00 0 m g /k g

d i d n ot s i g n i ca n t l y ch a n g e t h e w a te r h o l di n g c ap ac i t y of s o i l (T a b l efi

S 4 ) . T h e so i l s w e re e q ui l i br a te d f or ab o ut 12 h , an d t h e n st ir r ed w i t h a

s t ai n l e ss- st ee l spa t ul a . A ft er 1 , 4 , 8 , 1 4 , 20 , 28 , 3 5, 4 5 , 6 0 , 90 , 12 0 d ,

f re sh so il w a s sa m pl e d f ro m t h e t o p, m id d l e an d b o tt o m o f e a ch c o n -

t a i n er an d mi x e d; t h e t ot a l a n d m i l d l y e x tr a c te d f ra c t io n s w e r e m e a-

s ur ed f ol l o w i n g t h e pr oc e du re i n our re c e n t s tu dy ( ) .Z h a n g e t al ., 2 0 17

T h e t o t al p h e n a n t h re n e w a s e xt r ac t e d w it h 1:1 ( v : v ) h e xa n e /a c et o n e

a n d t h e n c l e a n ed u p on a si l i c a sol i d p h as e ex t r ac t i on c ol u m n ( CN W );

t h e b io a va i l a bl e fr ac t i on w as e x tr a c te d u si n g -H P CD . T h e ph e n a n -β

t h r e n e c on ce n t r at i on i n al l sa mp l es w a s a n a l y ze d w i t h HP L C e q ui p pe d

w i th a U V -d e t ec t or (A g i l en t 11 0 0 S e ri e s ) . D et a i l ed s am p l e p r ep ar at i o n

a n d c h e m ic a l a n a l y s i s ar e d es cr i b ed in S I . B ot h t h e t o ta l an d bi o av a i l -

a b l e ph e n a n t h re n e fr a c ti o n s in so il ( i n c l ud i n g t h a t a t 1 2 h e q ui l i b ri u m

s h ow n a s 0 d) w e re c al c u l at e d a s a p er c en t a g e of t h e i n i t i al c on -“ ”

c e n t ra t i on d et e rm i n ed b ef or e m o is te n e d .

2.5. Microbial biomass C

M i cr o b ia l b io m as s c ar b on w a s d e te r mi n e d u si n g t h e c h l o ro fo rm

f u m i g a t io n ex t ra c t i on m et h o d ( ). B ri e y , a t t h e en d o fVan ce et a l., 1 987 fl

1 2 0 d in cu b at i on i n , 5 g o f fr esh so il w a s sam p led f ro m e ac hS e ct i o n 2 . 4

c o n t ai n e r an d wa s fum i ga t ed w it h et h a n ol- fr ee c h lo ro fo rm in a v a cu um

d e s i c c at o r i n t h e da r k f o r 2 4 h . Th e n on -f u m ig at e d a n d f u m i g a t ed s oi l s

w er e e x t ra c te d w i th 2 0 m L of 0 .5 M K S O o n a r ot a ry sh a k er f or 3 0 m i n

a n d t h en l t er e d. T h e l tr a te w a s an a l y ze d fo r it s t o ta l o rg an i c c a rb o nfi fi

c o n c en tr a ti o n us in g a T O C a n a l y ze r ( S h i m ad z u T OC 5 00 0 a) . Th e

m ic r ob i a l b i om a s s C w as c a l cu l at e d us in g t h e fo l l ow i n g e q ua t io n :

=
E

Biomass C
0.45

c

w h e r e E i s t h e d i e re n c e b et w e e n T O C ex t r ac t ed f r om f u m i g a t ed an dff

n on -fu m ig at e d s oi l. Th e v alu e o f 0.4 5 i s a co e c i en t b e tw ee n b io m as s Cffi

an d E ( ) . T he m i cr o bia l b iom a ss C i s ex pr e sse d as m gV an c e e t a l ., 1 9 87

C /k g soi l .

2.6. Soil DNA extraction, PCR ampli cation and sequencingfi

A f t er 1 20 d i n c u b a ti o n , t ri p l i c a t e p o rt i on s o f th e t ot a l D N A i n t h e

fr es h s oi l (a pp ro x im a t el y 0.5 g) f ro m va r io us t re a t me n t s w a s e x tr a c te d

usi n g a P ow er S o il DN A e x tr a c ti o n k i t ( Mo B i o L ab o ra t or i es , I n c .,

C ar l sb a d, C A ) f ol l o w i n g t h e m a n ufa c t ur er ' s i n st ru c ti o n s. T h e n a lfi

c o n c e n t ra t io n a n d p uri t y o f D NA w er e d et e rm i n e d us i n g a Na n o D ro p

20 0 0 U V v i s sp e c t ro p h o to m et e r ( Th e r mo F i s h e r S c i e n t i c , W i l mi n g t on ,– fi

U S A ) . T h e D N A q u a l i t y w a s t e s t ed b y 1% ag ar os e g el e l ec t ro p h o re s i s

w i t h a v ol t a g e at 5 V / c m f or 30 m in . T h e u n i v er s a l p ri m e rs 5 1 5F (

G T G C C A G C M G C C G C G G ) a n d 9 07 R ( C C GT C A A T TC M T TT RA G T TT )

we re use d for a mp li c a t i on o f t h e V4 re gi o n of 1 6 S rR NA ge n e s.fi

Pr i me r s f or 1 8 S rR NA g en es w er e S S U 0 8 17 F ( TT A G CA T G GA A T A A T R -

R A A T A G G A ) a n d 1 1 96 R (T C T G G A CC T G G T G A G T T T C C) . P CR a m p l i -fi

c at i on fo r 1 6S rR NA a n d 18 S r R N A w a s p e rf or me d i n t ri p l i c a t e i n a 2 0 -

μ μL mi x t u r e c o n t ai n i n g 4 L o f 5 × P as tP f u Bu e r ( T ra n s G en , Be ij i n g ) ,ff

2 L of 2 .5 m M d N TP s, 0 .8 L of ea c h p ri m er ( 5 M) , 0 .2 L of B ov i n eμ μ μ μ

se ru m a l b um in , 0 .4 L of T r an s S t ar t Fa st Pf u D NA P ol y m e ra se a n d 1 0 n gμ

of t em p l at e D N A . T h e P CR r ea c t io n a n d t h e s u b s eq u en t p u r i ca t i on ar efi

d esc r i b ed i n S I .

R a w f as tq l e s w e re d e m u l t ip l ex e d , q u al i t y - l t e r ed byfi fi

T ri m mo m at i c an d m er g e d b y FL A S H w i t h th e fo l l ow i n g c ri t e ri a : ( 1 ) T h e

re a ds w e r e t run ca t e d at an y si t e re c e iv i n g a n av e ra ge q ua l it y sc or e <

2 0 o ve r a 50 b p sl i d in g w i n d o w ; ( 2 ) P ri m e rs w er e e x ac t l y m a t c h ed

al l o w i n g t w o n u c l e ot i d e mi s m a t ch i n g , a n d r ea d s c o n t a i n in g a m b ig u o u s

b as es w er e r em o v ed ; ( 3) S eq ue n ce s w i t h ov e rla p l o n ge r t h a n 10 b p

w e re me r ge d a c c or di n g t o t h e ov e rl a p se q ue n c e. O pe ra t io n a l t a xo n om i c

u n i t s (O T U s ) w er e c l u s t e re d w it h 97 % s i m i l ar i t y c u t o u s i n g U P A R S Eff

( ve r si on 7 .1 ) a n d ch i m e ri c se q ue n c es w er e i d en ti e d a n d re m ov e dfi

usi n g U C H IM E . T h e t a x on o m y of e a c h 16 S rR NA a n d 18 S rR N A ge n e

se que n c e wa s an a ly ze d by R D P C l as si er alg or i th m ag ai n st t h e S i l v afi

( S S U 12 3 ) 16 S rR NA d a ta b a se a n d S i l v a ( S S U 12 3 ) 18 S rR NA d a ta b a se

u s i n g c o n de n c e t h r e s h ol d of 7 0% .fi

2.7. qPCR

A s a p ro x y fo r sp e c i c m ic r ob i a l b i om a s s , t h e co p y n u mb e rs of 1 6 Sfi

rR NA, 1 8S r R NA a n d P AH-R HD g e n es w e re d e t er m in e d us i n g q P C R .

T h e g en e w as am p l i e d us i n g p ri m e rs F ( T TC C C G A G TA C G AnidA fi nidA

G G G A T A C ) a n d R ( T C A CG T TG A T G A A C G A C A A A ) ac c o rd i n g t onidA

De b ru y n e t al . ( 2 0 07 ) . q PC R w as pe rf or me d i n t r ip l ic a t e u si n g a r ea l-

t im e P C R sy s t e m L i n e G e n e 9 60 0 P l u s ( B i o er T e c h ol o g y Co . , L t d.,

C h in a ) . q P CR fo r 1 6 S rR N A , 1 8 S rR N A , a n d ge n e s w a s p er fo rm e dnidA

i n a 20 - L r ea c t io n m ix t u r e c o n ta i n i n g 1 0 L of 2 × S Y B R Mi x t u r e ( w i t hμ μ

R O X ) ( U PT E C H L i fe S c i en c e , C h in a) , 0.4 L of ea c h p r im e r ( 1 0 M ),μ μ

1 L of DNA , a n d 8. 2 L of R N a se- Fr e e d d Hμ μ O . T h e de t a i l e d q P C R

pr oc e du re i s d e sc r ib e d i n S I . T e n fo l d se ri a l di l ut i o n s o f P U C -T pl a sm id

( CW B IO , Ch i n a ) co n t ai n i n g a PC R f ra g m e n t a m p l i e d f ro m t h efi Es-

cherichia coli DH 5 g en es ( C WB I O , Ch i n a ) w er e u s ed t o es ta b l i s h th e

s t an da r d c u rv e s . S t a n da r d st oc k s ol u t io n s of 3 . 0 6 × 1 0 , 2 .9 × 1 0 an d

3. 22 × 10 c o pi e s/ L we re pr ep ar ed for 1 6S r R NA , 1 8 S r R NA a n dμ nidA

g e n e s , r e s p e c ti v e l y .

2.8. Data analysis

Ph e n a n th r e n e m i n er a l iz at i on d at a w e re t t e d w i t h t h e l o g i s t i cfi

gr ow th e q ua ti o n as fo l l ow s:
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=

+
−

−
M

a

e1
f t t

b
0

w h er e M is t h e m i n er a l iz at i o n fr a c ti o n ( % ) ; is t h e m ax i m u m m i n e r-a

a l i z a t i on fr a ct i on ( % ) ; i s t h e t i m e ( d );t t i s th e t im e w h en h a l f t h e

m a x im u m m i n e ra l i za ti o n f ra c t io n is r ea c h e d ( d) ; i s a pa r am e te r i n -b

d i c a ti n g a c cl i m a ti o n of t h e m ic r oo r g a n i s m s ( d ) . S ta t i s t ic a l s ig n i c an c efi

w as de t er m i n ed us i n g a o n e- w a y A N O V A w i th a T u k e y ' s m u l t i p l e

c o m p a ri s o n te s t in S P S S 20 . 0 ( I B M A n al y t i c s ) . Di er e n ce s w e r e c o n -ff

s i de r ed s ig n i c an t at < 0 . 0 5 .fi p

3. Results and discussion

3.1. Mineralization kinetics and microbial response in phenanthrene-spiked

soil

T h e m in e r al i z a t i on k i n et i c s o f ph e n a n t h re n e b y i n d ig en ous mi c r o-

o r g a n i s m s w a s t t ed w e l l w i t h t h e l og is ti c gr o w t h eq u at i o nfi

(R = 0 . 9 6 9, an d ) . M in er al i z at i on i n C N M -fr e e s oi l d i s -F ig . 1 Ta b l e 1

p l ay e d an ob v i ou s l a g ph a se ( 9 .27 d ) at t h e ve r y b e gi n n i n g, in di c a ti n g a

g ro w t h a n d/ o r a da p t a t io n of s oi l mi c r oo rg an is ms . I n c o n tr a s t , S h an

e t al . ( 2 0 15 ) did n ot nd such a l ag pha se d ur ing t he m i ne ra liza tio n offi

C - c at e c h ol b y i n d ig en o u s m i c ro or ga n i s m s i n a n ag ri c u l t u r e so i l ; t h e

m i n e ra l i z a t io n ra t e w a s t h e m a xi m u m at t h e b e g i n n i n g , fo l l o w ed b y a

s l ow de c l i n e un t i l t h e en d o f 60 d ex p o s u r e . A t a ro u n d 28 d , p h e n an -

t h r e n e m i n e ra l i z a t io n r e ac h e d a m ax i m u m r at e o f 0 . 3 6 % 1 / d ( ).T a bl e 1

A t t h e e n d o f t h e 1 20 d e x p o s u r e, t h e t o ta l m in er al i z ed fra c t i on w a s

1 5 . 5 8% of t h e in it i a l a m ou n t, i n d i c at i n g a l im i t ed m in er al i z at i on o f

p h en an t h r en e b y t h e in di g en o u s m i c ro or g a n i s m in t h i s s o il ( ) .F i g . 1

H o w e v er , t h e d eg ra d at i on fr ac t i on o f t h i s c om p o u n d c o u l d be g re at e r

b e c au se mi n e ra l i z a t io n i s t h e n a l st e p of t h e d eg ra d at i on , w h i chfi

i n v ol v e s b ot h tr a n s f o r ma t i on a n d m i n e ra l i z a ti o n p r oc e s s e s . Oy e l a mi

an d S em pl e (2 0 15 ) o b s e rv e d a m u c h h i g h er m i n e ra l i z a t io n fr a ct i on o f

ph e n an th r e n e ( 47 .8 % ) b y t h e in d i ge n o us mi c r oo rg an is ms in a pa st ur e

so il so l ut i on af t er 1 4 d i n c ub a t io n . In c o mp ar i son , S h a n e t a l . ( 2 0 15 )

fo un d 1 8 .5% m i n er a l iz a ti o n of C- c at e c h ol b y th e m i cr o or g a n i s m s i n

an a gr i c ult ur al so il a ft er 6 0 d ex po su re .

N o tw it h s t a n d i n g t h e l i m i te d m i n e ra l i z a ti o n , a 4 . 8 t i m es h i g h e r 16 S

rR N A g e n e a b u n d a n c e w a s d e te c t ed i n t h e ph e n an th r e n e- s p i k ed s o i l

re l a ti v e t o t h a t i n t h e c l ea n s oi l ( A ) , i n d i c at i n g a t i m e i n t eg ra t edF ig . 2

re sp onse of th e b acte ria l co m mu n itie s. w as t he mo stProteobacteria

ab u n d an t p h y l u m o f t h e b ac t er i a, a c co u n t i n g fo r 3 8 . 2% in t h e c on t r ol

so il , f ol l o w e d b y ( 1 7. 3% ) a n d (1 3 .4 %)Actinobacteria Acidobacteria

( A ) . M em b e rs of co n t a in m an y p ot e n ti a l d e g r ad e rsFig. 3 Proteobacteria

of P A H s suc h a s , , , an dPseudomonas Sphingomonas Burkholderia Ralstonia

Cycloclasticus ( ; ) . H ow e v e r,S a w ul s ki et a l ., 2 0 14 Ni e pc e ro n et a l ., 20 1 0

t h ese ge n e ra a c c ou n t e d fo r < 0 . 0 1 % of t h e t ot a l c o mm u n it y i n bo t h th e

c l ea n an d ph e n an t h r en e- spi k ed so il. suc h a s ,Actinobacteria Rhodococcus

Mycobacterium Nocardiaa n d h a v e b e en f oun d t o d eg ra d e P A H s i n pur e

c u l t u r e a n d t h e e n v ir o n m e n t ( ; ;W a l t e r e t a l . , 1 9 9 1 B o l d r i n e t a l . , 1 9 9 3

Mo od y et al . , 20 0 1 Z e i n al i et al . , 20 0 8; ) , w h i c h w er e a l l b el o w 0 .4 % of

t h e to t al b a c te r ia i n th e t es t s oi l. T h es e o bs er v at i o n s m a y be a sso c ia t ed

w i t h th e l i mi t e d m i n e ra l i z a ti o n fr ac t i on of ph e n an t h r en e a s m en t i on ed

ab o v e.

In ad d i t io n t o th e b ac t e ri a l a b un d an ce , ph e n a n t h re n e e x po sur e a l so

l ed t o a s i g n i c an t sh i f t i n t h e b a c t er i al s t ru ct u re a f t e r 1 2 0 d in cu b at i onfi

( A ) ; t h i s w a s al s o r e e ct e d by t h e ph e n a n th re n e gr ou p t h a t w asFig. 3 fl

d is ti n c t l y s e p a r at e d fr om t h e c o n tr o l ( A ) . S p e c i c al l y , th e r e l at i v eFig. 4 fi

ab u n d an c e of p h y l u m w a s n o t a b l y r e du c ed b y 1 8 . 5 % ,Proteobacteria

i n di c a ti n g an a d v er s e e ec t of p h en an t h r en e e xp osu re . W it h i n t h i sff

phylum , t he cla ss w a s re duced b y 6 1. 2% , w hileGammaproteobacteria

t h ose of - a n d - w e re i n cr e as ed t o 1 .7 a n d 1 .4Beta Delta proteobacteria

Fig. 1. M in e r a l iz a t io n f r a c t io n ( r e l e a s e d C O ) f ro m C - p h e n a n t h r en e b y s o i l i nd ig en o u s m i c r o b i a l co mm u ni t i e s a s a ec t e d b y Cff ( A) , M5 0 ( B) a n d M 8 ( C ) du r in g

1 20 d i nc u b a t io n . C o nt rol in di c a t es s o il s p i ked w it h p h en a n t hre ne a l on e. C“ ” L , M 5 0 L , a nd M 8 L in d i c a t e s o il a m e nd e d w it h p h e n a n t h r en e a n d 30 0 m g / k g o f t h es e

n a n o m a t e r i a ls ; C H , M50 H and M 8 H refer t o s oi l a me nd ed wi th ph enan t hr e ne a n d 3 0 0 0 mg / k g o f t h e s e n a n o m a t e ri a l s .

Table 1

Ki netics parame ters fo r t he m ineraliz a tio n of ph e n a n t hr en e by s o i l i n d i g e n o u s m i cro o r ga n i sm s

T r ea tm e nts ( %)a t ( d) (d ) Mine ral izat ion frac tion ( %) MMR (% 1/d)b Lag p has e (d) R

Co ntro l 13 . 92 ± 0 .3 7 28 .4 3 ± 1.17 9.58 ± 0 .8 8 15.58 0 .3 6 9.27 0.969

C60 L 1 3.95 ± 0 .4 0 30 .4 1 ± 1.30 10.52 ± 0.98 1 5.60 0.33 9.3 6 0.966

C60 H 13 .53 ± 0 .3 2 27 .9 3 ± 1.00 9.10 ± 0 .76 15.02 0 .3 7 10.87 0 . 975

M5 0L 12.95 ± 0.32 29.03 ± 1 .0 7 9.51 ± 0.81 14.42 0.34 10.01 0.97 4

M5 0H 10 .88 ± 0 .2 2 30 .3 6 ± 0.89 9.48 ± 0 .68 11.85 0.29 11.40 0.982

M8 L 1 2.18 ± 0 .3 4 28 .1 0 ± 1.18 9.07 ± 0 . 90 13.49 0 . 34 9.95 0.965

M 8 H 7. 8 0 ± 0 . 1 6 3 7 . 9 8 ± 1. 0 1 1 1 . 8 0 ± 0. 7 4 8. 2 3 0.17 14.39 0.985

C L , M5 0 L , a n d M8 L in d i c a t e s o i l a m e nd e d w i t h p h e n a nt h r e ne a n d 3 0 0 m g/ kg o f ca r bo n na n o m a t e r i a l s.

C H , M50 H a nd M 8H refer t o s oi l a me nd ed w it h ph enan thre ne and 300 0 mg /k g o f c a rb on nanomate rials.

S ig ni c a nt l e v e l :fi ( < 0.05 ) ;p ( < 0. 0 1) .p

M MR (m a x i m u m m i n e r a l i z a t i o n ra t e ) w a s c a lc u l a t e d b a s e d o n t he m a x i m u m s lo p e of t h e t a ng e n t l i n e .

L a g p h a se w a s c a lc u l a t e d a s t h e i n t e r s e c t i o n o f - a x i s wi t h t h e t a n g e nt l in e a t t h e p o in t wh il e t h e ma x i mu m d e g r a d a t i o n r a t e a c h i e v e d ( ) .x Bro os et a l . , 20 05
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t i m es t h at t h e c o n t ro l ( C ) . T h is o b s e rv a t io n w a s n o t i n ag re em e n tFig. 3

w i th p r e vi o u s s t u d i e s . F or in s ta n c e , o b s er v e d a nN ie pc e ro n et al . ( 20 1 3)

e a rl y a n d s u s t a i n ab l e in c r e as e i n r el a t i v e a b u n -Gammaproteobacteria

d a n c e fr om a g ra ssl a n d soi l spi k ed w i t h a PA H mi x t ur e ( 3 00 mg /k g)

f ro m 3 0 d to t h e e n d of t h e i n c u b at i o n ( 90 d ). T h e a u t h or s al s o d e te c t ed

a si g n i c a n tl y h i g h e r r el a t i v e a bu n d an c e o f i n t h i sfi Betaproteobacteria

m i c ro c os m, b u t t h e i n c r ea s e o c cu rr e d l at e a f t er 6 0 d in c u ba t i on an d di d

n ot l as t l o n g. T h e d issim i lar re spo nse s fr om sp eci c m i cro b ial c om -fi

m u n it i e s c o u l d re s u l t f ro m t h e t y p e s a n d c o n c en t r at i o n s of P A H s , as

w el l a s t h e d i s t i n ct s t ru c tu re a n d a b u n d a n c e of so i l m i c ro b ia l c o m mu -

n it i e s. Ph y l a an d a l so h av e b e en fou n d t oActinobacteria Acidobacteria

p l ay a si g n i c a n t ro l e i n P A H d eg ra d at i on ( ) , b u t afi S aw ulsk i et al., 20 1 4

s i g n i c an t i n cr e as e o f 2 0 . 1 % w a s o n l y f o u n d f or up onfi Actinobacteria

p h en an t h r en e ex po sur e ( A ) .Fig. 3

T h e 18 S rR N A ab u n da n c e w as 3 0 . 1 t i m es h i g h e r i n t h e p h en a n -

t h r e n e- s p i k ed so i l c om p a r ed t o t h a t i n t h e c l e an s oi l , i n d i c at i n g a m or e

p ro n o u n c ed ac t i v it y of t h e f u n g al co m m u n i t y ( B) . I t w a s r ep or te dF ig . 2

t h a t m o s t of t h e p ol l u t a n t d e g r ad e rs b e l on g t o th e p h y l a a n dAscomycota

Basidiomycota ( ; ).Ha r m s et al ., 2 01 1 S i n gh , 2 00 6

I n t h e p re s e n t s tu dy , ( 8 9.1 % ) p h y l u m w as th e mo s tAscomycota

a b u n d a n t in t h e c o n t ro l s oi l f o l l ow ed b y ( 3 . 1 %) a n dBasidiomycota

Amoebozoa ( 2 . 5 %) , r e ec t i n g a de g r a da t i on po t en ti a l of t h e fu n g alfl

c o m m u n i ty . N o s i g n i c a n t c h a n g e in ab u n da n c e w as o b -fi Ascomycota

s er v ed u p on e xp os u re t o p h e n a n t h re n e ( B) . H ow e v e r, w i t h i n t h i sFig. 3

p h y l um , t h e r el a t iv e ab u n da n c e o f t h e c l a ss w a s in -Sordariomycetes

c r e as e d to 3 . 0 t i me s t h at t h e c o n t ro l ( D) , in w h i c h t h e u n cl a s s i e dF ig . 3 fi

g e n er a b e l on g i n g t o o rd e r i n c re a se d b y 1 1.2 t im e s an dHypocreales

b e c am e th e m o s t d om i n a n t sp e c i es ( F) . T h i s o r de r w as re p o r te d t oFig. 3

b e a s s o c i at e d w i t h m et a b ol i z a t i on of p ol y c h l o ri n a te d di b e n z o -p -d i ox i n s

( ). I n c on t r ast , m e mb e rs of t h e c l as sHa r ms e t a l ., 2 01 1 Leotiomycetes

w e re s h ar pl y de c r ea se d b y 7 3 .6% ( D ), a cc o m pa n y i n g w i th a si g-F i g. 3

n i c an t ad v e rs e e e c t of p h en a n t h r en e ex p o s u r e o n t h e g e n u sfi ff Helotiales

w i t h in t h i s c l as s (F i g. 3 F ). T h e -d i v er s i t yα o f t h e f u n g al c om m u n i t y

sh o w e d a s l ig h t b u t i n si gn i c a n t de c re a se u pon p h en a n t h r en e ex po sur e ,fi

w h i l e t h at of t h e b a c t er i a w a s c o mp ar a b l e w i t h t h e c on t r ol ( Ta b l e s S 5

an d S 6 ) .

A s a g en e e n co d i n g th e -s u b u n i t of t h e d i ox y g en a s e i n v ol v i n g i nα

t h e rs t st e p of P A H d e gr ad a t io n , th e c op y n u mb e r o f g en e s a tfi nidA

12 0 d w a s si gn i c an tl y e n h a n ce d b y 2 75 .3 t i m es u pon ph e n a n t h re n efi

ex p o s u re ( C ). T h i s i n d i c at e d a p os i t i v e re s p on s e o f t h e d e g r ad e rsFig. 2

t o p h e n an t h r e n e e xp os ur e, w h i c h in t u r n l ed to it s m i n er a l iz at i o n i n

s o il . H ow e v e r, a s a s en s it i v e i n d i c at o r f or e ar l y c h an g es i n t h e f u n c t i on

of s oi l m i cr o bi a l c om m u n i t y , th e m ic r ob i a l bi o m as s C a t 12 0 d w a s n o t

si gn i c a n t l y a ec t ed b y th e ph e n a n t h re n e e x pos ur e a l on e ( D) .fi ff Fig. 2

T h is in d i c a te d l i t t l e n e t e e c t o n t h e gr ow t h of t h e o v er a l l mi c r ob i alff

c om m u n i t y at th e e n d o f e xp os u re . I t i s m os t l i ke l y t h at t h e t ra n s i t

c h an g e i n b i om as s C h a s o c c u r re d d u r i n g th e ex p o s u r e pe ri o d b u t -fi

n a l l y r ec o ve r ed t o t h e or i gi n a l st a t e.

3.2. Mineralization kinetics in uenced by CNMsfl

3.2.1. Lag phase, maximum mineralization rate and mineralization fraction

Th e m in er ali z at i on d y n a m ic s o f ph e n a n th r e n e i n t h e pr e sen ce of

C N M s w as a l s o t t ed w e l l w i th t h e l o g i s t i c g ro w t h e q u a t i onfi

(R = 0. 96 5 0 .9 85 , a n d ) . C– F i g . 1 T a b l e 1 d i d n ot si gn i c a n t l y a ec tfi ff

t h e l a g p h a s e at b o t h am e n d m en t l e ve l s ( ) . I n c o m p a r is on ,T ab l e 1

c ar b on n a n o tu b es r es ult ed i n l on g er l ag p h as es , w i th si g n i c a n t in -fi

c re as es b ei n g 1 . 2 a n d 1 . 6 t i me s t h e c o n t ro l u n de r t h e c o -e x p os u r e of

Fig. 2. C o p y n u m b e r s of 16 S r R N A ( A ) , 1 8S rR N A ( B ) a n d ge n e s ( C ) , a s w e l l a s m i c r ob ial bi omas s C ( D) i n s oil und er s i ng l e a n d co mb in ed expo s u res ofnidA

p hen an th ren e an d C NM s a f t er 1 20 d in c u bati on . C K i nd ic ates s oi l w ith out a n y a m e n d m e n t a n d P h e i nd i c a t e s t h a t w it h p he n a n t h r e n e a lo n e . C 6 0 L , M 5 0L a n d M 8L“ ” “ ”

m ean s s oi l a men d ed w ith 3 00 mg /k g C NM s ; C 60 H, M 50 H, an d M 8H ref er t o s oi l a men d ed wi t h 3 000 mg/ kg C NM s . Ho l lo w c o lu m ns den o t e s oi l w it h C N Ms a l on e,

a n d t ho se w i t h s l a s h s ha d o w s a r e s o i l a m e n d e d w i t h C N M s a n d p h e n a n t hr e ne . C o l u m n v a lu e s ma r k e d w i t h t h e s a m e l e t t e r a r e n o t s t a t i s t i c a ll y d i e r e n t ( < 0 . 05 ).ff p
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3 0 00 m g / kg M 5 0 an d M 8, r es p e c ti v e l y . Ca r bo n n a n ot u be s h a v e si t e s at

b o t h i n t er s t i t ia l a n d e x te r n al s u rf ac e s fo r p h en a n t h r en e s o rp ti o n , w h i l e

t h e sor p t i on s it e s f o r t h i s c om p o u n d b y C ar e o n l y l i mi t e d t o i t s

ex t e rn a l sur fa c es . A s sh ow n in Fi g. S 2 a n d T ab l e S 2 , th e s ur fa ce a r ea s of

M5 0 a nd M8 we re 44 and 2 22 tim e s t hat of C ; th e K v al u es o f

p h e n an th r e n e b y M 5 0 a n d M 8 w e re 3 3 an d 2 2 9 ti m e s th a t of C ,

Fig. 3. P h y lu m - ( A, B ) , C l a ss - ( C , D ) a n d g e n u s - ( E, F ) l e v e l c om m u n it i e s o f s o il b a c t e r i a l (A , C, E ) a n d fu n g a l ( B , D , F ) u n d e r s i n g le a n d c o m bi n e d e x p o su r es o f

p he n a n t h r e n e a n d c a r b o n n a n o m a t e r i a ls ( C N M s ) a f ter 12 0 d i nc ub atio n. C K in di cate s s o il w ith out an y a m e nd m e n t a n d P h e in d i ca te s t h a t w it h p h e n a nt h r e ne“ ” “ ”

al o ne . C 60 L, M 50 L, an d M 8 L i nd ic a te so il am en ded w ith 3 00 mg /k g C NM s ; C 60 H, M5 0H , and M 8H i n di cate s oil amen de d w ith 30 00 mg /k g C NM s . P C6 0L, P M 50 L

a n d P M 8 L in d i ca t e s o i l a m en d e d w i t h p he n a n t h r e n e an d 300 mg /kg C NM s; PC 60 H, PM 50H an d P M 8H i nd ic ate s o il a men d ed w ith p h en a n t hr en e a n d 30 00 m g/k g

C N Ms . B a ct e r ia p hy l a < 0. 0 1% , a s w e l l a s c la s s e s a n d g en e r a < 1 % we r e d i s p l a y e d a s o t h e r s . Fu n g a l p h y la < 0. 0 1 % , a s we l l a s cl a s s e s a n d g en e r a < 0. 5 % w e r e

d is p l a y e d a s o t h e r s .

Fig. 4. P r i n c i p a l co mp o ne nt a n a ly si s

( P C A) o f s o il ba c t e r ia l (A ) a n d f u n g a l ( B)

c o m mu n i t i e s u nd e r v a r i o u s t r e a t m e n t s

a f t er 12 0 d mi ne ra li za t i on . C K i nd ic a t es“ ”

s o i l w it h o u t a n y a m e n d m e n t a n d P h e“ ”

r e fe r s t o t h a t w it h p h e n a n t h r e n e a l o n e .

C 60 L , M 50L , a n d M 8 L in d ic a t e s oi l

a me nd ed w it h 300 mg/ kg C NM s ; C 60 H,

M 50 H, a n d M 8 H in d ic ate s oil amen d ed

w ith 3 00 0 mg /kg CN M s. PC6 0L, PM50 L

a n d P M 8 L in di c a t e so il a men d ed w it h

p h e n a n t h r en e an d 3 0 0 m g / k g C N M s ;

P C 6 0H , P M 5 0 H a n d P M 8 H i nd ic a t e s o i l

a m e nd e d w it h p hen a n t h r e n e a n d

3 000 m g/ kg CN M s .
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r e spe c t iv e l y . L a g p h as es u n de r a h ig h l ev e l o f C NM s ex h i b i te d a n or d er

o f C < M 50 < M8 , w h i c h w a s c o n s i s t e n t w i t h t h e so r p t i on st re n g t h .

L ag ph a s es fr om a l l t r ea t me n t s d i s p l a y e d a s i g n i c an tl y n e g a t i v e c or -fi

r e l at i on w i t h t h e in it i a l b i oa v ai l a b il i t y (P e ar s o n c o rr el a t i on c oe c ie n tffi

r p= 0. 8 8 2 , s ig n i ca n c e l e v e lfi = 0 .0 0 9), su gge s ti ng a fa ster accli-

m a t io n o f t h e mi c r oo rg an i s ms i n t h e c a s e w i t h a h i g h e r b i oa v ai l a b i l it y

o f p h en a n t h re n e . T h e i n i ti a l b io a va i l a bl e ph e n a n t h re n e i n so i l (i n -

d i c a te d a s “0 d” –i n F i g . S 4 , A ) ac c ou n t ed fo r 1 5. 1 3 1. 0 % of t h e t o ta l

c o n c en tr a ti o n in t h e ab s e n c e a n d p r ese n c e o f C N M s. T h e c o m p o u n d

b i o av a i l ab i l i ty d ec r ea s e d f as t in t h e i n i ti a l f ew d ay s , f ol l o w e d b y a r e -

l a t i v el y sl o w de c l i n e t o < 6 % a f t e r 1 2 0 d . A si g n i c a n t i n c re a s efi

( 1 1 .4 1 2. 9% ) in c o n ta m i nant b i oa v ai l a b i l it y w a s ob se r v ed upo n ex -–

p os ur e to 3 0 00 m g/ kg C d u r in g t h e r st 1 4 d. T h efi K v a l u es o f p h e -

n an t h r en e b y C , M5 0, a n d M 8 w er e 2 , 75 , a n d 51 7 t i me s t h a t b y s oi l ,

r e s p e c t iv e l y ( F i g . S 2 , Ta b l e S 2 ) . A s su ch , o n c e w at e r w as a d d ed t o so i l ,

t h e c o n t am i n a n t w o u l d tr a n s f e r f ro m t h e s o i l m a tr i x t o t h e a m en d e d

c a r bo n n a n om a te r i al s . I n t h i s p ro c e s s , t h e ph e n a n t h re n e fra c t i on i n

p or e w a te r m a y b e h i g h er th a n t h e so i l w it h o ut an y a me n d m en t . Be -

s i de s, ph e n a n t h re n e s or b ed on s oi l -C m i xt u re w i th sl i g h tl y g re a te r

s or pt i on s tr e n gt h ma y n o t b e r e c al c i t ra n t t o b e ex t ra c t ed b y - H PC D,β

t h u s i n c r ea s i n g t h e a p p ar e n t b i o av a i l ab l e fr ac t i on . I n c on t r as t, ca r b on

n an o t u b e s h av i n g m u c h h i g h e r s or p t i on st r e n g t h fo r p h e n a n t h re n e

s i g n i c an t l y r ed u c e d p h en a n t h r en e b io av a i l ab i l i t y d u ri n g t h e rs tfi fi

1 4 20 d, e sp ec i al l y f or M8 . H ow e v er , a ft er 28 d , th e d i e re n c es in– ff

c o n t am i n a n t b i oa v ai l a b i l it y w e r e n o t si g n i ca n t a mo n g a l l tr e at m en tsfi

a n d t h e c on tr o l , w h i c h m a y b e at t r ib u te d t o t h e ra t h er l o w b i o av a il a b l e

f ra c t io n s af t er t h i s t i m e poi n t ( ). O n t h e c o n t ra ry , aZ h an g et al ., 2 01 7

p os it i v e c or re l a ti o n w a s ob s e r v ed b e t w e en t h e l a g p h a s e an d t h e i n it i a l

r e s i d u al c o n t en t s ( = 0.9 3 6, = 0 . 0 02 ) ; th i s i n d i c at e d t h a t t h e m i -r p

c r oo r g a n i s m s n ee d a l o n g a da p t a t io n w h e n t h e t ot a l ph e n an t h r e n e

c o n c en tr a ti o n is h ig h , w h ic h p ro b ab l y i s as so ci a t ed w i th t h e h ig h

t o x ic i t y t o t h e m i c ro b es .

T h e m a x im um m i n e ra l i za t io n r a te s ( MM R ) r ea c h ed at

2 7 .8 7 3 7.9 6 d fo r v a ri o us C NM t r ea t m en t s. B ot h l ev e l s of C– , a s w e l l a s

t h e l o w l e ve l of M5 0 a n d M 8 h a d l i t t l e e e c t o n MM R co m p a re d to t h eff

c o n t ro l ( ) . H ow ev e r, a h i gh l e ve l of M 50 a n d M8 e x h ib i t e d aT a b l e 1

s i gn i c an t supp re ss io n on t h e M MR b y 20 .9 % a n d 5 4. 5% , r esp ec t i v ely .fi

T h e MM R ob t a in e d f r om th e c on t r ol a n d C N M tr e at m en ts w as p osi t i v el y

c o rr e l at e d w it h t h e c o rr e s p o n d in g i n it i a l b i o av a i l ab i l i t y ( = 0. 96 9 ,r

p = 0 . 0 0 0) a n d n e g a t iv e l y c o rr e l at e d w i t h t h e i n i t ia l r e s i d u al c on t e n t s

( = 0 .9 75 , = 0.0 0 0) . A l t h ou gh t h e b io a va i l a bi l i t y d ur i n g t h e l a t err p

p h as e o f e xp osu re w as co m pa ra b l e un d e r v a ri o us C NM t r ea t m en t s, t h e

i n i t i al b i oa v ai l a b i l it y w a s a p o te n t i al fa c t or i m p a c t in g t h e l a g p h ase an d

M M R o f c o n t am i n a n t b y so i l i n d i g e n o u s m ic r o o r g a n is m s . Th i s s ug -

g e s t ed a po s s i b l e pr ed i c ti o n o f t h e mi n e ra l i z a t io n k i n et i c s u n d er c e rt a i n

C N M t re a t me n t s ac c o rd i n g t o t h e i n i t i al b i oa v ai l a b i l it y an d r es id u a l

c o n t en t s o f p h e n an th r e n e i n s o i l .

C N M s r es ul t ed i n v a ry i n g e e ct s on t h e t o ta l m i n e ra l i z a t io n f ra c t io nff

o f ph e n a n th r e n e, r a n gi n g fro m 8 .2 3 1 5 .60 % . S p ec i c al l y , C– fi at bo t h

3 0 0 a n d 3 0 00 m g/ kg ex h i b it e d in si gn i c an t e e c t o n t h e t ot a l mi n e r -fi ff  

a l i z a t i on fr ac t i on of ph e n a n t h re n e a f t e r 1 20 d ( A ) , i n di c a t in g l i t t l eF i g . 1

e ec t on t h e d e g r ad a t io n a ct i v i ty . T h i s w a s i n ag re e me n t w i t h t h eff

fi n di n g s b y t h a t p h en an t h r en eO y el a m i a n d S em pl e ( 20 1 5)

m in e r al i z a t i o n w a s n o t s ig n i c an t l y a e c t ed b y t h e c o - ex p os e d Cfi ff a t

c o n c e n t ra t io n s ra n g in g f ro m 0. 0 1 t o 1 % . I n c o m p a r is o n , M W C N T s e x -

h i bi t e d a l e v e l -d e p e n de n t su p p r es s i on on t h e 12 0 -d m i n e ra l i z a t io n

f r ac t i on . F or in st an c e , t h e m in e r al i z at i on f ra c ti o n s w e r e 7.4 % an d

23 .9 % ( M5 0 ), a s w e l l a s 13 .4 % a n d 4 7 .2% ( M8 ) l o w e r t h a n t h e c o n t ro l

at 3 00 an d 3 00 0 m g /k g, r esp ec t i v ely . H o we ve r , th e e e ct w a s on lyff

si gn i c a n t at th e h i g h a m e n dm e n t l e v el ( B, C ) . A s t h e CN Ms w er efi F ig . 1

am e n d ed a t a ce r ta i n l ev e l , t h e m i n er a l iz at i on f ra c t io n d is pl a y ed an

or d er of C > M5 0 > M 8, w h i ch w a s op p o s i t e to t h ei r so r p t i on

st re n g th . T h i s i n d i c at e d a n i m po rt a n t ro l e o f b i oa v a il a b i l it y i n m i n er -

al i z at i on o f ph e n an th r e n e b y i n d i g e n o us m icr o or ga nism s, esp ecia lly in

t h e t re a tm e n t w it h c a rb o n n a n o tu b es p oss es si n g gr ea t er s o rpt i o n

stre ng th than C a n d so i l m at r i x. S pe ci c a l l y , t h efi K va l ue s (a t 0 .1 S )

b y M 50 a n d M 8 w e r e 7 5 a n d 5 1 7 t im e s th a t b y so i l , a n d w er e 3 3 an d

22 9 t i m es t h a t b y C , re sp ec t i ve l y ( Fi g. S 2, T a b l e S 2 ). A si g n i c a n tfi

po si ti v e co r re l at i o n w a s ob se r ve d b et w e e n t h e t ot a l m i n e ra l i za t io n

f r ac t i on a n d th e in it i a l b i o av a i l ab i l i ty o f p h e n a n t h re n e ( = 0.9 5 4,r

p = 0. 00 1 ). T h e to t al m i n e ra l i za ti o n fr ac t i on w a s a l so si gn i c a n tl yfi  

n e ga ti v e l y c o rr e l at e d w it h t h e i n i t ia l re si d ua l co n t en ts ( = 0 .9 4 3,r

p = 0. 00 1 ).

3 . 2 . 2 . T i m e -d e p e n d e n t m in e ra l iz a t i o n ra t e

To u n d e rst a n d th e m in er al i z at i on r a te of ph en an t h r en e a t e a ch

s a mp l i n g p o i n t, t h e i n c u b a t io n pe ri o d w as d i v i de d in t o v a ri o u s t i me

i n te r v al s a s sh o w n i n . T h e c o rr e l at i on w it h b i oa v ai l a b il i t yT ab l e 2

( M S ) w as s ig n i c an t fo r t h e ti m e i n t e rv a ls fr om 1 to 28 dfi

( = 0 .7 50 0. 85 9 ,r – p = 0–0 .00 2 ) . H o w e v er , t h is c o rr el a t i on w a s n o t

si gn i c a n t a ft e r 2 8 d , w h i c h w as du e t o t h e c o mp ar a b l e b i oa v ai l a b i l it yfi

am o n g C N M t re a t me n t s a f t e r t h is t i me p oi n t (F ig . S 4 , A ) . Th e r ef or e, t h e

m in e r al i za t i on r a te w a s si gn i c a n t l y d e pe n d en t o n t h e b i oa v ai l a b il i t yfi

d uri n g ea r l y e x po sur e p er i od b ut was n ot r ela t ed t o i t a ft e r 2 8 d .

H ow e v e r, t h e mi n e r al i z a t i on ra t e i n e ac h t im e i n t e rv a l w a s n e g a ti v e l y

c or re l a te d w i t h t h e so i l re si d ua l c on t e n t s ( f ro m 0 .85 3 t o 0.9 8 0,r

p = 0– –0. 04 3 ) e xc e p t f or 0 1 d . A l t h o u g h t h e s o i l a m en d e d w i t h M 5 0

an d M 8 re sul t e d in 1 .6 6.2 t i me s h i gh e r re si d ua l c o n te n t s o f ph e n a n -–

t h re n e ( F i g . S 4 , B ) , m o s t of t h e m c o u l d n o t b e r ea d i l y m i n e ra l i z e d b y

the i nd ig en ou s m icro or g anism s. B ase d on a bove , in t he p re se n ce o f

C N M s , b io av a i l ab i l i t y i s a n e e c ti v e i n d i c at o r fo r t h e in i t i al m i n e r-ff

al i z at i on r at e b u t l os t i ts r ol e a s t h e c o m p ou n d i n t er a ct e d w i t h s o i l f or a

l on g er t i m e. H o w e v er , t h e r esi d u a l c on t e n t s pe rf or m ed v e ry w el l in t h e

p r ed i c t io n o f m i n er a l iz a ti o n r at e f or s ev e ra l m o n t h s .

3 . 2 . 3 . C o m mu n it y - s p e c i fic effec t on th e t o ta l m in e ra l i za ti o n f ra c ti o n

In ad d it i o n to t h e r o l e o f b i oa v ai l a b i l it y in mi n e ra l i z a t io n , t h e a c -

t iv i t y an d f u n c t i on of m i cr o b ia l c o mm u n it i e s a l s o m at t e r t o th e p r oc e s s .

A s m en t i o n ed i n , m i c ro b ia l c om m u n i t i es s h ow e d a s i g -S e c t io n 3 . 1

n i c an t r es p o n s e t o t h e ph e n an th r e n e e x p o s u r e a l o n e , w h i c h i s al s o a nfi

i mp or t an t in di c a to r f or th e mi n e ra l i z a t i on pr oc e s s a s a e ct e d b y t h eff

ex p o s u re t o CN M s . C N M s m ay p os e n e g a t iv e or p o s i t iv e e e c t o n m i -ff

c ro b ia l co m mu n i ti e s r es ul t i n g fr o m C NM s al o n e an d / or C N M- ph e n an -

t h re n e c o m p l ex . S p e c i c al l y , C N M s on t h e i r ow n re s u l t e d i n a s i g -fi

n i c an t sup pre ss io n on t h e m i c ro b ia l b i om as s C ( D) , i n d ic a t in gfi F i g . 2

a d v e r s e e e ct s o n t h e m i c r o b ia l g r o w t h . I n a d d it i o n , t h e s u p p r e s s i o nff

Table 2

C o r r e l a t i on be t we e n t he m i n e r a l iz a t ion r a t e ( M , % · 1 / d ) of p h e n a n t hr e ne a n d t h e b i o a v a i l a b i l i t y ( S , % ) or re s i du a l c o n t e n t ( S , % ) a t t h e s t a r t i n g p o i n t of ea c h

t i m e i nt er v a l .

T im e in te r val (d) 0–1 1–4 4–8 8– – – – – – – –14 14 20 20 28 28 35 35 45 45 60 60 90 90 120

M S r 0 . 7 50 0 . 8 57 0 . 7 66 0. 8 19 0. 8 590.013 0.049 0.152 0.12 9 0.408 0.298

p 0 . 0 02 0 . 0 00 0 . 0 01 0 . 0 00 0. 0 000.965 0.868 0.604 0.66 1 0.148 0 . 301

R 0.000 0.002 0.02 4 0 .017 0.166 0.0880. 5 64 0. 7 34 0. 5 87 0. 6 70 0. 7 37

M S r 0. 9 46 0 . 98 0 0. 9 0 9 0 . 9 38 0 . 99 1 0. 9 74 0 . 91 50.000 0 . 77 0 0. 8 53 0 . 90 6

p 0 . 0 01 0 . 0 00 0 . 0 05 0 . 0 02 0. 0 00 0. 0 00 0. 0 04 0. 0 43 0. 0 15 0. 0 050.999

R 0.000 0. 8 93 0. 9 60 0. 8 27 0. 8 79 0. 9 82 0. 9 49 0. 8 38 0. 5 93 0. 7 26 0. 8 21

r is P ears on c orr el a tio n co e c ien t ; Sig n i c a n t c o rrel a tio n s a r e in ital ic .ffi fi
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e ec t w as mo r e si g n i ca n t a t a h i gh e r l e v e l o f a ce r ta i n C NM ; re d uc -ff fi

t i o n s o f m i c ro b i al b io m as s C w er e 22 .8 % , 3 1.6 % , an d 25 .4 % , a s w e l l a s

4 0 .4 %, 2 8.2 % an d 41 .1 % fo r th e c o -e x po sur e t o 3 0 0 a n d 3 0 00 mg /k g

C , M5 0 a n d M 8, r e spe c ti v e l y . A s f or a g i ve n a me n d m en t l ev e l , th e

m i c ro b i al b i om a s s C fo l l ow ed t h e or d er of C > M5 0 > M 8, w h ic h

w as r e ve r se t o t h e so rpt i o n s tr e n gt h o f C NM s ( Fi g . S 2 an d Ta b l e S 2 ) . J i n

e t a l . ( 2 01 3 ) f ou n d a si g n i c a n t n e ga ti v e c or re l a ti o n b et w e e n t h e m i -fi

c r ob i a l b i o ma s s C a n d N w it h t h e s u rfa c e a r ea of c a rb o n n an o t u b es i n a n

u rb a n so il . T h e su p p r e s s i o n e e c t i n o ur r e su l t s m a y s t e m fr om gr e a t e rff

m i c ro o rg an i s m - CN T i n t er a ct i o n s or t h e a l te r at i on o f soi l st r u c t u r e an d /

o r p h y s i c oc h e mi c a l p ro p e rt i e s ( ; ).Ji n e t a l ., 2 01 3 Sh a n e t a l ., 20 1 5

F ur t h er m or e, t h e c o mm u n it i e s c ar ry i n g g en e w e re al s o si g -n i d A

n i c a n t l y in h ib i t ed b y 42 .1 59 .9 % u n d er al l C NM e xp osu re s ( C) ,fi – F i g. 2

b u t n o d i er en ce s w e re o b se rv e d a mo n g t h es e t re at m e n t s, re ec t i n g aff fl  

d i s s im i l a r m e c h an i s m c o mp ar ed to t h at o n t h e to t al m ic r ob i a l b i o ma s s .

N ev e r th e l e s s , t h es e o bs er v at i o n s s u g g e s t ed a n e g a t i ve e e c t of C N Ms onff

t h e ov e ra l l mi c r ob i al c o mm u n it i e s a n d t h e PA H de g r a de r s , w h i c h m a y

h a v e i n h i b i te d th e t ot a l m i n er a l iz a ti o n f ra c t io n of p h en a n t h r en e ,

e s p ec i a l l y fo r t h e c a s e w it h c a rb o n n a n o tu b es . C a t b o t h l e v e l s e x -

h i b i t ed a s i g n i c a n t su p p r ess io n on t h e m i cr o bi a l b i o ma s s C ( D) ,fi F i g. 2

w h i ch w as n o t in a gr e em e n t w i th o t h er s tu di e s s h ow in g l i m i te d e ec t sff

o f C on s o i l m i c ro b ia l c om m u n i t i es ( ;T on g e t a l ., 2 00 7 Ny b e rg e t a l .,

2 0 08 ) . W it h re sp ec t t o t h e sp ec i c co m m un i t y , t h e 16 S rR NA ge n efi

a b u n d a n c e w as n o t si g n i c a n t l y i mp ac t e d b y C NM s o n t h ei r ow n , r e-fi

fl ffe ct i n g l i t t l e e e c t o n t h e b ac t e ri a l bi o m as s af te r 1 2 0 d in c u b at i on

( A ) . I t i s p o s s i b l e th a t t h e b a c te r ia l co m m u n i t ie s r ec o v er e d fr omF ig . 2

t h e C N M e e c t d u r i n g t h e l o n g - t er m e x p o s u r e. i n -ff R en et a l . ( 2 0 15 )

v e st i ga t ed th e e e c t o f gr ap h en e ( 10 10 0 0 m g/ kg ) o n th e 16 S rR NAff –

c o p y n u m b e rs i n a p ad d y s o il . T h e y o n l y fo u n d a t r an s ie n t in cr e as e

( a f t e r 4 d i n c u b a ti o n ) i n t h e g en e ab u n da n c e u n d er 1 0 0 m g /k g g r a -

p h en e, w i t h th e ot h e r t re a t me n t s ex h i b i ti n g n o si g n i c a n t e e c tfi ff

t h r ou gh o u t th e 60 d i n c u b a t i on . o b s er v e d aR o d ri gu es e t al . ( 2 01 2 )

t r a n si en t an d a dv e r se e e c t of c a rb o xy l - fu n c ti o n a l iz ed S WC N Ts ( up t off

5 0 0 m g / k g ) o n t h e n u m b e r of b ac t e ri a l c ol o n y -f or m in g u n i t s (C F U ) i n

3 d ay s , b ut a n e a rl y f ul l re c o ve r y in 7 1 4 da y s; h o w e v er , fu n ga l c om -–

m u n it y d i d n o t r e co v er fr om t h e d os e- d ep en d e n t s u p p re ssi o n o f t h e

S W C N T s. I n t h is st u d y , t h e fun g a l b i o ma ss ( 1 8 S r R N A g en e co p y

n um b er s pe r gr a m so i l ) w a s si gn i c a n t l y st i m ul a t ed un d e r t h efi

a m e n dm e n t o f 3 00 m g/ kg C NM s an d 30 0 0 m g/ kg C , w h ic h w a s

1 . 7 3. 3 ti m e s t h a t o f t h e b l an k so il ( B ) . Th i s a g a i n i n d i ca t e d a– Fig. 2

s or p t i on - d ep en d e n t r ol e o f C N Ms i n t h e g ro w t h o f f u n g a l c o m mu n i ty as

o b s e rv e d in t h e ca s e w i t h mi c r ob i al b i om a s s C . T h e d i s c r ep an c i e s

a m on g b ac t e ri a l , fu n g al a n d ab u n da n c e s i n t h i s s t u d y su g g e s t e d an id A

co m mu n ity- sp eci c r e spo n se to wa rd s the ex p osu re of C NM s, w hich w asfi

a s s oc i at e d w i t h t h e d is s i mi l a r i n t er ac t i on s b e t w ee n th e s e c o m mu n i ti e s

a n d C N Ms.

C o -e x p os u r e of ph en an t h r en e w i t h C N M s a l s o r es u l t ed i n v a ry i n g

e ec t s on t h e b i o ma s s o f sp ec i  c m i c ro b i al c om m u n i t i es a s c om p a r ed t off fi

t h e c a s e w i t h p h e n a n t h re n e al o n e ( ) . Th e b i om a s s C o f t h e t ot a lFig. 2

c o m mu n i ty e xh ib i t ed a lev e l- de pe n d en t d ec r e ase un d e r th e c o- ex po sur e

o f C an d M5 0 ( D ) . F or i n s ta n c e , CF ig . 2 a t 3 0 0 a n d 3 0 00 mg /k g

s i gn i c an t l y de c r ea se d t h e m ic r ob i a l b i om a ss C by 1 3 .5 % an d 2 1 .4% ,fi

r e spe c t iv e l y ; co - ex po sur e w it h M 50 al so re d uc e d i t b y 1 4.9 % a n d 21 .0 %

a t 30 0 a n d 3 0 00 m g/ kg , re spe c t i ve l y . I n c om pa ri s on , M 8 a t bo t h l ev e l s

e x h i b it e d c o m p a ra b l e m i c ro b i al b i om a s s C t o t h at w it h p h e n a n t h re n e

a l o n e, s u g g e s t i n g l it t l e n e t e e ct on th e t o ta l m i cr ob i a l c o mm u n i t y . C o -ff

e x po sur e o f ph e n a n t h re n e w i th 3 00 mg /k g C NM s si gn i c a n t l y r e du c edfi

1 6 S r R NA a n d 18 S rR NA ge n e a b un d a n c e b y 5 1. 8 5 8.0 % a n d–

6 3 .4 7 1 .6% a s c om pa re d t o t h e ca se w it h ph en an t h r en e a l o n e ( A ,– F i g. 2

B ) . H ow ev e r, t h e re w er e n o s ig n i c an t di er e n ce s a m on g t h e C NM s. I nfi ff

c o m p a ri s o n , th e ab u n da n c e w as n o t c h a n g e d b y t h e c o - ex p os u re ton id A

3 0 0 m g/ k g C NM s ( C ) , w h i c h w a s c o n si st e n t w it h t h e c o m pa ra b l eFig. 2

m i n e ra l i z a t io n f r a ct i o n in th e s e t re a tm e n t s . A s t h e C N M l e v el w a s i n -

c r e ase d t o 30 0 0 m g/ k g, th e ab un da n c e s o f 16 S r R NA a n d ge n esni dA

s h ow ed a si m il a r t re n d of C > M5 0 > M 8 , w i t h t h e C a t t h i s l ev e l

s h o w in g n o si g n i c a n t e e ct s c o m p ar e d t o t h o s e w i t h p h e n an th r e n efi ff

alo n e ( A , C ). A s f or f un g i, CN Ms at 3 00 0 m g /k g als o l e d to s ig -F i g. 2

n i c an t re d u c t i on s i n i t s ab u n da n c e b y 3 1. 4 6 5.7 % , b u t s h ow ed afi –

d i e re n t t r en d of M 5 0 > Cff > M8 ( Fig. 2 B ). O v er a l l , th e m i cr o bi a l

c om m u n i t ie s s u b je c te d to CN Ms b e t w e en t h e ca s e w i t h a n d w i t h out

p h e n an th r e n e a re d is s i m il a r , w h i ch i n t u r n re e c t ed t h e m i c ro b ia lfl

s t ru c tu re sh i f t u p o n ph e n a n t h re n e e x p o su r e a l o n e. A h i g h l e v e l o f

c ar b on n a n ot u b e s e xe r te d n e g a t i v e e e ct s on t h e b i o ma s s of b a c te r ia l ,ff

fun ga l a n d - c ar r y in g co m m un i t ie s, w h i c h m ad e i t a po ssi b l e r ea so nni dA

f o r t h e i n h i b it i on o f m i n e ra l i z a t io n i n t h e s e c as es .

3 . 2 . 4 . T o t a l mi n e r a li z at io n f r a ct io n a s s o ci a t e d w i t h m i c ro b ia l st ru c t u re

Th e a m e n d m en t o f C N M s o n t h e i r o w n a t b o t h l o w a n d h i g h l e v el s

d id n ot r e s u l t in a si g n i c an t e e ct o n t h e b a c te r ia l co m p o s i ti o n af t erfi ff

12 0 d i n c u b a ti o n ( ), a s r e ec t e d b y t h e c on v e r g e n c e o f t h eseF i g. 3 fl

t re at m e n t s ( A ) . S i m i l ar l y , as t h e CN Ms w er e c o -e x p o s ed w i t hF i g. 4

p h e n an th r e n e, t h e t r ea t m en t gr o u p s a l s o di s p l ay e d a c l os e d i s t an c e

f r om t h at w i t h p h e n an th r e n e a l on e ( A ) . I n ad d i ti o n , t h e d i v er s i t yFig. 4

i n di c e s in a l l t h es e t r e at m en t s w e re c o m p ar a b l e w i th t h at o f t h e c on t r ol

( Ta b l e S 5 ). Ca r bo n n an o t u b e s on t h e i r o w n t en d e d t o i n c r ea s e th e r e-

l at i v e a b u n d a n c e of ( A ), w h ic h c on t a i n m a n y P A HP r o t e o b a c t e r i a Fig. 3

d eg ra d er s . T h is i n d i c at e d t h a t t h e m i n e ra l i z a ti o n in h i b i t io n f r om

c ar b on n a n o tu b es m a y n ot st em fr om t h ei r i m p a c t o n t h is p h y l u m .

W it h i n t h is p h y l u m , t h e r el a t iv e ab u n da n c e o f G a mm ap ro teo bac te ri a

c l as s an d t h e ge n u s b el o n g i n g t o th i s c l a s s g e n e r a l l y e x -Ly sob a c ter

h i bi t e d a tr e n d o f C < M 50 < M 8 a t a c er t ai n a me n d m en t l e ve l ,

re g a r dl e s s o f th e pr e s en ce of ph e n an t h r en e ( C , E ) . l a c kF ig . 3 L yso b a cte r

fla g e l l a b u t a r e h i g h l y m o b i l e vi a a g l id i n g m e c h a n i s m ; t h e e x a c t

f u n ct i o n o f th i s ge n u s i s u n cl e a r, b u t t h e y a r e kn ow n t o p r o d u c e ex -

t ra c el l u l ar en z y me s t o c o p e w i t h en vi r on m e n t al st r es s e s ( K o b ay a s h i a n d

C ro uc h , 2 0 09 To n g e t a l ., 20 1 2; ) . In t h i s s tu dy , t h e a me n d m en t of M 8

d id n ot i n h i b it b u t t e n de d t o i n c re a s e th e r el a t i ve a b u n d a n c e o f L ys o -

b a cte r ( E ), w h i ch w as th e d om i n a n t sp e c ie s i n t h e te s t so i l , s u g -F ig . 3

g e s t i n g l i t tl e ad v e rse e e c t o n t h i s g en u s th a t mi g h t i n v o l ve i n t h eff

p h e n an th r e n e m in e r al i z at i o n .

Di e r en t fr om b a ct e ri a , c ar b on n a n o tu b es o n th e i r o w n l e d t o aff

s i g n i c a n t s h if t i n th e c om p o s i t i on of fu n g a l co m m u n i t y , es p ec i a l l y f orfi

M 8 ( B) . Pa r ti c u l a r l y , M 8 si g n i c a n t l y d e c re a s ed t h eF ig s. 3 a n d 4 fi A s -

co myc ot a r e l at i v e a b un d a n c e b y 11 .8 % a n d 8.5 % at 3 00 an d 3 00 0 mg /

kg , r e spe c ti v e l y ; on l y 3 00 mg /k g M 50 r es ul t ed in a d e c re a se o f 13 .7 %

( B ) . CFig. 3 a t b o t h l e v e l s a n d M5 0 a t a h ig h l ev e l e x h ib i t e d l i t t l e

e e ct o n t h e fu n g al c o mp os it i on , b u t s ig n i ca n t l y re d u c e d i t s - di -ff fi α

v er si t y as s h ow n i n T a b l e S 6 . Ov e ra l l , al l C NM s o n th e i r o w n e x er t ed a

n e ga ti v e e ec t ei t h e r o n t h e re l a ti v e a b un d a n c e o f t h e po t en ti a l de -ff

g r ad e rs or t h e d iv e rs it y of f u n g a l co m m u n i t y , w h i c h m a y l e ad t o t h e

i n h ib i t i on o f m in er al i z at i on p ro c es s. In c o m p a ri s o n , c o- ex p o s u re of

C NM s w i th p h en a n t h r en e di d n ot si gn i c a n t l y al t e r t h e f un g al c om -fi

po si ti o n c om pa r ed t o t h a t ex po se d t o ph e n a n th r e n e a l o n e, w i th t h e se

t re at m e n t s c l u s t e re d to g e t h er a s sh ow n i n B . D i e re n t f ro m ou rFig. 4 ff

ob s e r v at i on s , f oun d a si g n i c an t s h i f t i n b ac t e ri a lGe e t al . ( 2 01 6 ) fi

c om m un i t ie s b y 10 0 0 m g/ kg of n a r ro w M WC N Ts ( ou t er d ia m et e r < 8

n m ) a n d g r a p h e n e af t er 1- y e ar e x p o s u r e, b u t n o su c h c h a n g e w a s o b -

s e rv e d f or t h e f u n g al c o mm u n it i e s . A s f o r t h e s oi l p l a n t ed w i th s oy -

b ea n s, o bs er v ed a si g n i ca n t a l t er a ti o n of pr o ka ry o t icG e et a l . ( 2 01 8 ) fi

c om m un i t ie s a t t h e r ep ro d uc t iv e st ag e un de r t h e a m en dm e n t o f

0. 1 1 00 0 m g /k g M WC N Ts a n d gr ap h en e w i th a n ex c e p t i on of t h e–

h i gh e st l e v el o f M W CN T s, w h il e t h a t a t t h e v eg et a ti v e st a ge w a s o n l y

c h an g ed b y 0.1 m g/ kg M W C NT s. T h e d i sc re pa n t n d in g s l ar ge l y re -fi

sul t e d f ro m t h e di ss im i l a r c a rb o n n an o m at e ri a l s, m ic r ob i a l co m mu -

n i ti e s , ex p o s u re du ra t i o n an d co n d i ti o n s .

4. Conclusions

Ph e n a n th r e n e m i n e ra l i za ti o n i n t h e n a tu re s oi l w a s l i mi t e d, b u t t h e

ex po su re d id i nd u ce a sig n i cantly po siti ve re spo n se o f the m icro bia lfi

c o m m u n i t ie s , un d e rl i n i n g a se l ec t i ve mi c r ob i al s h i f t a n d a p ro m is in g

d eg ra d er i s o l a ti o n w h er e l o w c on t a mi n a n t m in e r al i z at i on i s ob s er v ed .

H . Z ha ng et a l. NanoImpact 11 (2018) 146–155

153

Page 8 of 10Carbon nanomaterials differentially impact mineralization kinetics of phenanthrene and in...

8/7/2018https://reader.elsevier.com/reader/sd/74FE95D7CE57152B019149530CE492BD60E5FBDC...



A s co n t am i n a n t s usu al l y w e a th e r t o va r y in g ex t e n ts in t h e r e al e n -

v i r on m e n t , th e c on t a mi n a n t b io a va i l a bi l i t y ma y n ot b e a n e e ct i v eff

i n d i c at o r fo r i ts m i n er a l iz at i on r at e . C a rb o n n a n ot u b e s re l ea s e d t o t h e

e n v i ro n m e n t h a s a n eg a ti v e e e c t on t h e a bu n d an c e o f b ac t e ri a l , fu n ga lff

a n d n i dA - c a rr y i n g c om m u n i t i es , w h ic h l i ke l y po s e s a t h r ea t to th e

f u n c t i on o f t h es e c o mm u n i t i es . M 8 s ig n i c an t l y i n h i b it e d t h e p ot e n t ia lfi

f un g al d eg ra d er s an d h ad si g n i c a n t e e c t o n P A H m i n e ra l i z a ti o n i nfi ff

t h e so il d ep os it e d w it h t h i s n an om a te r ia l . Mo r e a tt e n t i on i n fu t u r e

s t u d ie s sh o u l d b e pa i d t o th e r o l e o f i n di g en o u s f u n g a l c om m u n i t ie s i n

t h e m i n e ra l i za t io n an d d eg ra d at i on o f o rg a n ic c on t a mi n a n t s.
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