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M esoporous Silica w ith  a  large m esopore channel w as synthesized using the  sol-gel m ethod  for dye adsorption . A 
dual tem plate  consisting o f P123 an d  gela tin  a t d ifferen t ra tios w as em ployed in  th e  sol-gel synthesis to  enhance 
surface a rea  and  m esopore d iam eter. G elatin  is a  g reen  pore  directing  agen t th a t strengthens P123 therm al 
s tab ility  during  the  calcination  o f s ilicate gel. O ptim ization  o f P123:gelatin  ra tio  to  1:0.02 increased  the  surface 
a rea  o f m esoporous silica to 561.9  m  /g  and  expanded th e  pore d iam eter to 10 nm . The large pore  d iam eter and 
surface a rea  enhanced m ethylene blue adsorp tion  capacity  to 363.63 m g/g . The adsorp tion  o f m ethylene blue on  
m esoporous silica follows the  pseudo second-order k inetic and  th e  Langm uir m odel. R egeneration  studies using 
therm al and  chem ical trea tm en ts exhib ited  the  po ten tia l o f m esoporous silica as an  adsorben t for m ultiple 
adsorp tion-desorp tion  o f dyes.

1. In troduction

W a te r  p o l lu t io n  fro m  u n tr e a te d  d y e s  h a s  b e c o m e  a  s e v e re  g lo b a l 
is su e  t h a t  r e q u ire s  im m e d ia te  a t te n t io n  ( K a rth ik  e t  a l.,  2 0 1 5 ). M e th y le n e  
b lu e  (M B) is a n  a z o  h e te ro c y c lic  d y e  u s e d  in  th e  te x ti le  in d u s try  w ith  
c a rc in o g e n ic ,  m u ta g e n ic ,  a n d  to x ic  p ro p e r t i e s  (X ue  e t  a l.,  2 0 2 2 ). 
M e th y le n e  b lu e  re m o v a l in  w a s te w a te r  h a s  b e e n  w id e ly  in v e s t ig a te d  v ia  
b io re m e d ia t io n  (U p e n d a r  e t  a l.,  2 0 1 7 ), o z o n a t io n  a n d  c h lo r in a t io n ,  
c o a g u la tio n , a n d  a d s o r p t io n  ( E tc h e p a re  e t  a l.,  2 0 1 5 ). M e th y le n e  b lu e  
re m o v a l v ia  a d s o r p t io n  is a  lo w -c o s t, p ra c tic a l ,  s t r a ig h tfo r w a rd  p ro c e ss  
(K a rth ik  e t  a l.,  2 0 1 5 ; R a fa tu lla h  e t  a l.,  2 0 1 0 ). A c tiv a te d  c a rb o n  a n d  
z e o l i te  a re  tw o  m a te r ia ls  c o m m o n ly  u ti l iz e d  fo r  d y e  a d s o rp t io n ,  w i th  th e  
m o d if ic a tio n  o f  p o re  s ize  a n d  s t ru c tu re  b e in g  a c t iv e ly  in v e s t ig a te d  to  
e n h a n c e  th e  a d s o r p t io n  c a p a c ity  (Li a n d  W u , 2 0 0 9 ). M es o p o ro u s  s ilic a  
e x h ib i te d  a  h ig h  a d s o r p t io n  c a p a c ity  d u e  to  its  la rg e  p o re  s t ru c tu re

( 4 .6 - 3 0  n m ) to  a llo w  d if fu s io n  o f  la rg e  s t ru c tu re  d y e , th ic k  p o re  w a lls  
t h a t  a re  s ta b le  d u r in g  r e g e n e r a t io n  o f  a d s o rb e n t ,  a n d  u n ifo rm  s ize  w ith  
h ig h  s u rfa c e  a re a  fo r  la rg e  a d s o r p t io n  c a p a c i ty  (A lb a y a t i e t  a l .,  2 0 1 9 ; 
C h en  e t  a l.,  2 0 1 7 ; S ari Y ilm az , 2 0 2 2 ). M es o p o ro u s  s ilic a  a s  m e th y le n e  
b lu e  a d s o r b e n t  p ro v id e s  m o n o la y e r  a d s o r p t io n  w ith  19 2  m g /g  a d s o r p 
t io n  c a p a c ity  ( H a n  e t  a l.,  2 0 2 1 ).

S o l-g e l is a  s ta n d a rd  m e th o d  fo r  s y n th e s iz in g  m e so p o ro u s  s ilic a  
(Z h a n g  e t  a l.,  2 0 0 9 ; R e h m a n  e t  a l.,  2 0 1 4 ). S u r fa c ta n t is u s e d  in  so l-g e l 
s y n th e s is  to  im p ro v e  u n ifo rm ity , in c re a se  th e  s u rfa c e  a re a ,  a n d  p r o 
d u c e  h o m o g e n e o u s  p o re s  th ro u g h  th e  fo rm a t io n  o f  m ic e lle s  (W u stn e c k  
a n d  K ragel, 1 9 9 8 ) (K a rak ilig  e t  a l .,  2 0 1 9 ) (X ie e t  a l.,  2 0 1 6 ). S y n th e tic  
s u r fa c ta n ts  is s e e n  a s  n o n -e n v iro n m e n ta l  f r ie n d ly  b e c a u s e  o f  th e  d iff i
c u l ty  o f  d e g ra d in g  b y  n a tu re .  A s a  te m p la te ,  i t  h a s  a  lo w  a ff in i ty  d u e  to  
th e  la c k  o f  a t t r a c t in g  g ro u p s  (R a je n d h ir a n  e t  a l.,  2 0 2 1 ), a n d  lo w  m e 
c h a n ic a l  s ta b i l i ty ,  p a r t ic u la r ly  a t  h ig h  te m p e ra tu re s  (H e a n d
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Fig. 1. Schem atic d iagram  to illustra te  the  synthesis o f m esoporous silica an d  th e  adsorp tion  studies.

A le x a n d r id is , 2 0 1 8 ). G e la t in , g u m  A ra b ic , a n d  s ta r c h  a re  th r e e  n a tu ra l ly  
o c c u r r in g  p o re -d ir e c tin g  te m p la te s  u ti l iz e d  fo r  s y n th e s iz in g  m e s o p o ro u s  
m a te r ia ls  ( U lfa  e t  a l.,  2 0 2 0 ; T a k o  e t  a l.,  2 0 1 4 ). A  lo w  c o n c e n tr a t io n  o f  
g e la tin  is  r e q u ir e d  to  fo rm  a  h ig h  s u rfa c e  a re a  a n d  p o ro u s  h e x a g o n a l 
fla k e -lik e  h e m a ti te  (a -F e 2O 3) a n d  c a r b o n  m ic ro s p h e re  (M C M s) ( U lfa 
e t  a l.,  2 0 2 0 ; U lfa  e t  a l.,  2 0 2 1 ). G e la t in  a lso  a c ts  a s  a  s tru c tu re -d ir e c t in g  
a g e n t  to  d e v e lo p  v a r io u s  m o rp h o lo g ic a l  s t ru c tu re s  s u c h  a s  m ic ro s p h e re s ,  
w o rm h o le - l ik e ,  a n d  s p o n g e - s h a p e d  c a r b o n  ( U lfa  e t  a l.,  2 0 2 0 ; U lfa  e t  a l.,  
2 0 1 8 ).

D e sp ite  its  p o te n t ia l  p ro s p e c t  a s  a  g re e n  te m p la te ,  g e la tin  is u n s ta b le  
fo r  h ig h  t e m p e ra tu re  s y n th e s is  a n d  o f te n  p ro d u c e s  m a te r ia ls  w ith  lo w  
p o ro s ity  (V eisi e t  a l.,  2 0 2 0 ). T h is  p ro b le m  c a n  b e  s o lv e d  u s in g  a  h y b r id  
te m p la te  c o m b in in g  g e la t in  w i th  s y n th e t ic  s u rfa c ta n t .  T h e  h y b r id  te m 
p la te  m in im iz e s  s y n th e t ic  s u r fa c ta n t  u s a g e  a n d  im p ro v e s  te m p la te  s ta 
b il i ty  d u r in g  h ig h  t e m p e ra tu re  sy n th e s is . O u r p re v io u s  s tu d ie s  s h o w e d  
th a t  h y b r id  g e la t in  w i th  F 1 2 7  p ro d u c e d  a  h ig h  s u rfa c e  a re a  o f  s ilic a  a n d  
fo rm e d  u n ifo rm  c a r b o n  m ic ro s p h e re s  w i th  h ig h  th e rm a l  s ta b i l i ty  ( U lfa 
e t  a l.,  2 0 1 8 ). T h is  s tu d y  w ill  e m p lo y  a  so ft te m p la te  o f  t r ib lo c k  c o p o l
y m e r  P 1 2 3  w i th  g e la t in  to  s y n th e s iz e  la rg e  m e so p o ro u s  s ilic a . P 1 2 3  is 
w id e ly  u s e d  to  fo rm  SBA -15 w i th  r e g u la r  h e x a g o n a l p o re s  o f  1 0 4 - 3 2 0  A 
w ith  w id e  s p a c in g  d is ta n c e s  a n d  h ig h  s u rfa c e  a re a  o f  6 9 - 1 0 4  m 2 (P o s t
n o v a  e t  a l.,  2 0 1 7 ). T h e  c o m p o s i t io n  o f  P 1 2 3  d ire c t ly  a ffe c ts  th e  re s u lt in g  
m o rp h o lo g y , in  w h ic h  a  lo w  P 1 2 3  c o n c e n tr a t io n  fo rm s  a  c u b ic  s t ru c tu re ,  
w h ile  th e  ex ce ss  P 1 2 3  c o n c e n tr a t io n  p ro d u c e s  a  m e s o p o ro u s  la m e lla r  
s t ru c tu re  ( K u m a r e t  a l.,  2 0 1 7 ). B ased  o n  a  h ig h  e le c tro s ta t ic  in te ra c t io n  
b e tw e e n  g e la t in  a n d  s ilic a  th ro u g h  N— H fu n c t io n a l  g ro u p  a n d  s i la n o l 
g ro u p s  (S i-O H ), th e  c o m b in a t io n  w ith  P 1 2 3  f u r th e r  e n h a n c e d  th e  e ffi
c ie n c y  o f  p ro d u c in g  m a te r ia ls  w i th  e n h a n c e d  p h y s ic o c h e m ic a l p ro p e r 
tie s  ( C o ra d in  e t  a l .,  2 0 0 4 ; S a c h i th a n a d a m  a n d  J o s h i,  2 0 1 4 ). T h is  s tu d y  
w ill  d e te rm in e  th e  e f fe c t o f  a  h ig h  c o n c e n tr a t io n  o f  g e la tin  as a  
c o - te m p la te  fo r  P 1 2 3 , o n  e x p a n d in g  th e  m e s o p o re  s ize  a n d  s u rfa c e  a re a  
o f  s ilic a . T h e  s u rfa c e  a re a  a n d  p o ro s i ty  e f fe c t w ill  b e  e v a lu a te d  a s  a n  
a d s o r b e n t  fo r  m e th y le n e  b lu e  re m o v a l.

2. Experim ental

2 .1 . M ateria ls

G e la t in  (C 102H 151N 31O 3g, >  9 9 % , S ig m a  A ld ric h , E u ro p e ) , T r ib lo c k  
C o p o ly m e r (P 1 2 3 ) (H 0(C H 2C H 20)20(C H 2C H (C H 3)0)70(C H 2C H 20)20H , 
S ig m a-A ld rich , P te . L td ), T e tr a e th y l  o r th o s i l ic a te  (S i(O C 2H 5)4, 9 8 % , 
S ig m a-A ld rich , P te . L td ), H y d ro c h lo r id e  (H C l, 3 7 % , M erck , U S -C an ad a) ,

M e th a n o l (C H 3O H , >  9 9 .9 % , M erck , A m e rik a ) , A c e to n e  (C 3H 6O , >  
9 9 .5 % , M erck , A m e rik a ) , A q u a d e s  (H 2 0 , 9 9 % , N irw a n a , S u ra b a y a ) , 
M e th y le n e  B lue (C 16H 18C M 3S x  H 2O, M erck , ACS, R eag . p H  E ur, A m e r
ik a ) ,  M e th y l O ra n g e  (C 14H 14N 3N aO 3S, R eag . p H  E ur, M erck , A m e rik a ) , 
M a la c h ite  G re e n  (C46H 50N 4.2 C2H O 4.C2H 2O 4, R eag . p H  E u r, M erck , 
A m e rik a ) ,  a n d  C o n g o  R ed  (C32H22N6Na2O6S2, R eag . p H  E ur, M erck , 
A m e rik a ) .

2 .2 . S yn th esis  m esoporous silica

M e s o p o ro u s  s ilic a  w a s  s y n th e s iz e d  u s in g  th e  so l-g e l m e th o d  b y  d is 
so lv in g  P 1 2 3  in to  1 5 0  m L o f  HCl 2 M . G e la t in  w a s  a d d e d  a t  d if f e r e n t 
c o n c e n tr a t io n s  o f  0 .2 ,  0 .5 ,  a n d  1 w t%  a n d  s t i r r e d  fo r  1 h o u r .  A fte r  1 
h o u r ,  11 m L TEO S w a s  a d d e d ,  a n d  th e  m ix tu re  w a s  s t i r r e d  fo r  12 h . T h e  
m ix tu r e  w a s  p la c e d  in  a  p o ly p ro p y le n e  b o t t le  a n d  h e a te d  a t  1 0 0  °C fo r 
2 4  h . T h e  s o lid  w a s  f i l te r e d  u s in g  d is t i l le d  w a te r  u n t i l  th e  p H  o f  th e  
s u p e r n a ta n t  w a s  n e u t r a l  to  re m o v e  th e  im p u r it ie s .  T h e  s o lid  w a s  d r ie d  
a n d  c a lc in e d  a t  5 5 0  °C fo r  6  h  in  a  fu rn a c e  a t  2 C /m in  ra m p  ra te .  T h e  
s c h e m a tic  d ia g ra m  fo r  a ll  th e  p ro c e ss e s  is s h o w n  in  Fig . 1 . T h e  re s u lt in g  
s ilic a  w e re  la b e l le d  b a s e d  o n  th e  r a t io  b e tw e e n  P 1 2 3 :g e la t in  (M S =  1:0; 
M S -0 .2  =  1 :0 .2 , M S -0 .5  =  1 :0 .5 ; a n d  M S-1 =  1 :1 ).

2 .3 . C haracteriza tion  o f  th e  m a teria l

M e s o p o ro u s  s ilic a  s a m p le s  w e re  c h a r a c te r iz e d  b y  X -ray  d if f ra c t io n  
(XRD, P A N a ly tic a l X ’p e r t  P ro , US) w i th  C u K a r a d ia t io n  o v e r  20  ra n g in g  
fro m  0° to  60° a n d  1 .5 4 0 5 6 . T h e  p o ro s i ty  a n d  s u rfa c e  a re a  w e re  
a n a ly z e d  u s in g  N 2 p h y s is o rp t io n  a t  7 7  K (N o v a  1 2 0 0  Q u a n ta c h ro m e , Bel 
In c ., J a p a n ) .  T h e  s a m p le  (0 .0 5  g) w a s  d e g a s s e d  a t  300) C fo r  3 h  p r io r  to  
N 2 a n a ly s is . T h e  s u rfa c e  a re a  w a s  c a lc u la te d  u s in g  B ru n a u e r -E m m e tt-  
T e lle r  (BET) m e th o d , a n d  th e  p o re  s ize  d is t r ib u t io n  w a s  d e te rm in e d  
u s in g  th e  n o n - lo c a l d e n s i ty  fu n c tio n  th e o re t ic a l  m e th o d  (NLDFT). 
F o u r ie r  T ra n s fo rm  In f ra re d  S p e c tro s c o p y  (FTIR , SH IM A D ZU  9 6 ,5 0 0 , 
J a p a n )  s p e c tra  w e re  re c o rd e d  in  th e  4 0 0 0 —4 0 0  c m ~ 1 w a v e n u m b e r .  T h e  
m o rp h o lo g y  w a s  d e te rm in e d  u s in g  S c a n n in g  E le c tro n  M ic ro sc o p y  (SEM - 
EDX, JE O L  6 3 6 0  LA, J a p a n )  a n d  T ra n s m is s io n  E le c tro n  M ic ro sc o p y  
(TEM , H ita c h i H T 7 7 0 0 , J a p a n ) .  T h e  p a r t ic le  s ize  d is t r ib u t io n  w a s  
m e a s u re d  u s in g  im a g e -J  s o f tw a re  b a s e d  o n  th e  a v e ra g e  o f  3 0  m e a s u re 
m e n ts  fro m  th e  SEM  im a g e s . T h e rm o g ra v im e tr ic  a n a ly s is  (TG ) a n d  
D iffe ren c e  T h e rm o  G ra v im e tr ic  (D T G ) w e re  p e r fo rm e d  u s in g  T h e r 
m o a n a ly z e r  S e ta ra m  m o d e l LABSYStm, S w e d ia  fro m  2 5  to  6 0 0  °C a t  10  
°C m in ~ 1 ra m p  ra te .  Z e ta  p o te n t ia l  w a s  m e a s u re d  b y  Z e ta s iz e r  N anoZ S ,
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M alv e rn , US, w i th  a  c o n c e n tr a t io n  o f  0 .0 1  g /m l .  T h e  c o n c e n tr a t io n  o f  
th e  d y e s  d u r in g  th e  a d s o r p t io n  s tu d y  w a s  a n a ly z e d  u s in g  a  SHIM ADZU 
U V -2 6 ,0 0 1 , J a p a n ,  s p e c tro p h o to m e te r .

2 .4 . A d so rp tio n  o f  m e th y len e  b lue

M e th y le n e  b lu e  s to c k  s o lu tio n  (2 0 0  p p m ) w a s  p re p a re d  b y  d is so lv in g  
0 .5  g o f  m e th y le n e  b lu e  p o w d e r  in  2 5 0  m L o f  d is t i l le d  w a te r .  T h e  s to c k  
s o lu tio n  w a s  d i lu te d  fo r  th e  p r e p a r a t io n  o f  c a l ib ra t io n  s o lu tio n s . T h e  
m a x im u m  w a v e le n g th  o f  m e th y le n e  b lu e  w a s  d e te rm in e d  u s in g  a  1 0  
p p m  s o lu t io n  in  a  c u v e t te  a t  a  w a v e le n g th  ra n g e  o f  4 0 0 - 8 0 0  n m . T h e  
c a l ib ra t io n  p lo t  o f  m e th y le n e  b lu e  s o lu t io n  w a s  d e te rm in e d  u s in g  1, 2 , 3, 
4 , 5, a n d  6  p p m  c o n c e n tr a tio n s .  B a tch  a d s o r p t io n  o f  m e th y le n e  b lu e  w a s  
c a r r ie d  o u t  u s in g  0 .0 0 5  g o f  a s - o b ta in e d  p o ro u s  m a te r ia l  M S; M S-0.2 ; 
M S-0 ,5 ; a n d  M S-1 w i th  15  m L o f  MB a q u e o u s  s o lu tio n s  in  5 0  m L g la ss  
flasks. T h e  m ix tu re  w a s  s t i r r e d  a t  2 0 0  rp m  fo r  6 0  m in  a t  ro o m  te m p e r 
a tu re .  T h e  e f fe c t o f  th e  c o n ta c t  t im e  o n  m e th y le n e  b lu e  re m o v a l w a s  
c o n d u c te d  a t  2 .5 ,  5, 10 , 2 0 , 3 0 , a n d  6 0  m in . T h e  e ffe c t o f  a d s o r b e n t  
d o s a g e  w a s  o b s e rv e d  u s in g  2 .5 ,  5 , 7 .5 ,  a n d  1 0  m g  o f  m e s o p o ro u s  s ilic a  
w ith  th e  in i t ia l  MB c o n c e n tr a t io n  o f  3 0  m g /L . T h e  e ffe c t o f  MB s o lu tio n  
c o n c e n tr a t io n  w a s  d e te rm in e d  u s in g  10 , 3 0 , 5 0 , 7 0 , 9 0 , 1 1 0 , 1 3 0 , a n d  
1 5 0  p p m . A fte r  th e  m ix tu re  w a s  c e n t r i fu g e d  fo r  5 m in , th e  s u p e r n a ta n t  
w a s  s e p a ra te d  fro m  th e  a d s o r b e n t  b y  c e n t r i fu g a t io n  a t  2 0 0 0  rp m  fo r  5 
m in . T h e  c o n c e n tr a t io n  o f  MB s u p e r n a ta n t  w a s  m e a s u re d  b y  U V -v is  
s p e c tro p h o to m e te r  a t  th e  6 6 4  n m  w a v e le n g th . T h e  a d s o r p t io n  c a p a c ity  
(qe, m g /g  “  1) a n d  re m o v a l e ffic ie n c y  (% ) o f  MB o n to  th e  p o ro u s  m a 
te r ia ls  w e re  c a lc u la te d  b y  th e  fo llo w in g  Eqs. (1 ) -( 3 ) :

qe  =
(C o -  C e)V

W

qt =
(C o -  Ct)V

W

R em oval (%) =
(C o -  Ce)

Co
x  100

(1)

(2 )

(3 )

W h e re  Co is  th e  in i t ia l  c o n c e n tr a t io n  o f  MB in  th e  s o lu tio n ; Ct a n d  Ce 
r e p re s e n t  th e  f in a l  d y e  c o n c e n tr a t io n s  (m g /L )  a t  a  g iv e n  c o n ta c t  t im e  (t) 
a n d  e q u il ib r iu m , re s p e c tiv e ly ;  V  is  th e  v o lu m e  o f  MB s o lu tio n ; W  is  th e  
w e ig h t  o f  th e  m e s o p o ro u s  s ilic a ; a n d  q e  a n d  q t a re  th e  a d s o r p t io n  c a 
p a c i t ie s  p e r  u n i t  m a ss  o f  m e so p o ro u s  s ilic a  a t  e q u i l ib r iu m  a n d  a t  a  g iv e n  
t im e  ( t), re s p e c tiv e ly .

2 .5 . D esorption  s tu d y

2 .5 .1 .  Using th erm a l a n d  ch em ica l regeneration  m e thod
R e g e n e ra tio n  o f  MB fro m  th e  a d s o r b e n t  w a s  p e r fo rm e d  u s in g  th e rm a l  

a n d  c h e m ic a l re g e n e r a t io n  m e th o d s . T h e rm a l  re g e n e r a t io n  w a s  c a r r ie d  
o u t  fo u r  tim e s  u s in g  M S -0 .2 . T h e  s ilic a  th a t  h a s  b e e n  a d s o rb e d  w ith  
m e th y le n e  b lu e  is c a lc in e d  a t  5 5 0  C fo r  3 h . A fte r th e  c a lc in a tio n , th e  MS- 
0 .2  m a te r ia l  w a s  re u s e d  fo r  th e  a d s o r p t io n  p ro ce ss . In  c h e m ic a l  r e g e n 
e ra t io n  o f  m e so p o ro u s  s ilic a , HCl, m e th a n o l ,  w a te r ,  a n d  a c e to n e  w e re  
u s e d  re s p e c tiv e ly  a s  a  s o lv e n t to  re m o v e  a d s o rb e d  MB o n  M S -0 .2 . T h e  
s ilic a  w a s  d is p e r s e d  in to  so lv e n ts  fo r  3 0  m in , f i l te r e d  a n d  d r ie d  a t  1 2 0  °C. 
T h e  s e le c tio n  o f  so lv e n ts  w a s  b a s e d  o n  th e  d e s o r p t io n  e ffic ie n c y  o f  MB 
m e a s u re d  u s in g  a  U V -v is  s p e c tro p h o to m e te r .  T h e  a d s o r p t io n -d e s o r p t io n  
w a s  r e p e a te d  to  d e te rm in e  th e  re u s a b i l i ty  o f  m e s o p o ro u s  s ilic a . T h e  
d e s o r p t io n  e ffic ie n c y  w a s  c a lc u la te d  u s in g  Eq. (4 ) (T e h u b iju lu w  e t  a l., 
2 0 2 2 )

% D esorp tion  E fficiency =
A m o u n t o f  dye desorbed  fr o m  the adsorben t 

A m o u n t o f  the adsorbed  by the adsorben t  

x  100

(4)

T h e  p o s s ib il i ty  o f  r e g e n e r a t io n  a n d  re u s a b i l i ty  w a s  a lso  in v e s t ig a te d  
b y  c a r ry in g  o u t  th e  a d s o r p t io n -d e s o r p t io n  p ro c e ss  fo r  fo u r  c y c les  u s in g

10 15 20 25 30 35 40 45 50 55 60
2 8

Fig. 2. XRD p a tte rn  o f the  sam ple m esoporous silica a. MS; b. MS-0.2; c. MS- 
0.5, d. MS-1.

a c e to n e .

3. Results and discussion

3 .1 . C a ta lyst p rep a ra tio n  a n d  charac teriza tion  o f  m esoporous silica

M e s o p o ro u s  s ilic a  w a s  a n a ly z e d  u s in g  XRD b e tw e e n  2 0  =  5 -  60° as  
s h o w n  in  Fig. 2 . T h e  XRD s h o w e d  a  b r o a d  p e a k  a t  2 0  =  2 1 - 2 5 ° ,  w h ic h  is 
a  ty p ic a l  d if f ra c t io n  p a t te r n  o f  a m o rp h o u s  s ilic a , a c c o rd in g  to  JC PD S 
XRD s ta n d a r d  N o. 2 9 - 0 0 8 5  (D u b e y  e t  a l .,  2 0 1 5 ). M es o p o ro u s  s ilic a  
p ro d u c e d  u s in g  h ig h e r  g e la t in  ra t io s  s h o w e d  a  m o re  in te n s e  p e a k  b u t  
m a in ta in e d  a  s im ila r  b r o a d  d if f ra c t io n  p a t te rn .  N o  o th e r  p e a k s  w e re  
o b s e rv e d , in d ic a t in g  n o  im p u r i t ie s  th a t  m a y  b e  re s u l te d  fro m  th e  r e 
s id u a l  c a rb o n . G e la t in  in c re a s e d  th e  r e g u la r i ty  o f  th e  a m o rp h o u s  s t ru c 
tu r e  d u e  to  its  s tro n g  a ff in i ty  w h e n  in te ra c t in g  w i th  s ilic a  to  d ir e c t  i t  in to  
a  m o re  re g u la r  a m o rp h o u s  s t ru c tu re  (M a h o n y  e t  a l.,  2 0 1 4 ).

T h e  te x tu ra l  p ro p e r t ie s  o f  m e s o p o ro u s  s ilic a  w e re  d e te rm in e d  u s in g  
N 2 a d s o r p t io n -d e s o r p t io n  a n a ly s is  a t  7 7  K. T h e  N 2 a d s o r p t io n -d e s o r p t io n  
is o th e rm  in  Fig. 3 (a ) s h o w e d  th e  ty p e  IV a d s o r p t io n  is o th e rm  fo r  a ll  
s a m p le s  w ith  a n  H1 h y s te re s is  lo o p  a c c o rd in g  to  th e  IU PA C c la s s if ic a tio n  
( R ay a ti e t  a l.,  2 0 1 8 ). T h e  ty p e  IV is o th e rm  is a  c h a r a c te r is t ic  o f  m eso - 
p o ro u s  m a te r ia l  w ith  a  h e x a g o n a l p o re  a r ra n g e m e n t .  T h e  m e so p o ro u s  
s ilic a  p ro d u c e d  fro m  a  d u a l  te m p la te  sh o w s  a  s im ila r  is o th e rm  w ith  lo o p  
h y s te re s is  a t  a  re la t iv e ly  h ig h -p re s s u re  r a n g e  (0 .4  <  P /P 0  <  0 .8 ) . T h e  
h y s te re s is  lo o p  r e p re s e n ts  a  s p o n ta n e o u s  f il lin g  o f  m e so p o re s  d u e  to  
c a p i l la ry  c o n d e n s a t io n  (B a r ra n c o - G a r a a  e t  a l.,  2 0 1 8 ; Y u a n  e t  a l.,  2 0 1 8 ). 
T h e  c a lc u la te d  d a ta  b a s e d  o n  th e  N 2 a d s o r p t io n -d e s o r p t io n  is o th e rm  is 
s h o w n  in  T a b le  1 . M S w ith  th e  h ig h e s t  s u rfa c e  a r e a  w a s  o b ta in e d  u s in g  
0 .2 %  g e la tin ,  w h ic h  w a s  5 6 1 .9  m 2/g .  T h e  s u rfa c e  a re a  w a s  s ig n if ic a n tly  
in c re a s e d  c o m p a re d  to  M S o b ta in e d  fro m  P 1 2 3  o n ly  a t  4 8 2  m 2/g .  
H o w ev e r, w h e n  th e  r a t io  w a s  f u r th e r  in c re a s e d  to  0 .5  a n d  1 .0 , th e  s u r 
fa c e  a re a  w a s  re d u c e d  to  3 6 1 .7  m 2/ g  a n d  2 7 6 .3  m 2/ g ,  re s p e c tiv e ly . T h e  
d u a l  te m p la te  P 1 2 3  a n d  g e la t in  c o m b in a t io n  le a d s  to  a  la rg e r  m eso - 
p o ro u s  s tru c tu re  b y  e x p a n d in g  th e  p o re  d ia m e te r .  H o w ev e r, a  h ig h  
c o n c e n tr a t io n  o f  g e la t in  r e d u c e d  th e  s u rfa c e  a re a  o f  s ilic a , p re s u m a b ly  
d u e  to  th e  s a tu r a t io n  o f  th e  s ilic a  s u rfa c e  w ith  th e  a m in e  g ro u p s , 
re d u c in g  th e  o p t im u m  p o re  d ire c tio n . F ig  3 (b ) s h o w e d  n a r ro w  p o re  size  
d is t r ib u t io n  w ith  a  5 - 1 0  n m  d ia m e te r  r a n g e  fo r  a l l  th e  m e so p o ro u s  s il
ic a . In c re a s in g  th e  r a t io  o f  P 1 2 3 : G e la t in  fro m  1 :0  to  1:1 e n la rg e d  th e  
p o re  d ia m e te r  a n d  fo rm e d  s e v e ra l  p o re  s izes. T h e  h ig h  d e n s ity  o f  N — H 
a m in e  g ro u p  w ith  s i la n o l in te r a c t io n s  re s u l t in g  in  d if f e r e n t  p o re  s h a p e s  
( C o ra d in  e t  a l.,  2 0 0 4 ).

FTIR  a n a ly s is  w a s  c a r r ie d  o u t  o n  th e  re s u lt in g  p o w d e r  b e fo re  c a lc i
n a t io n  (F ig  4 a ) a n d  a f te r  c a lc in a t io n  a t  5 5 0  °C (F ig  4 b ) . T h e  u n c a lc in e d
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Fig. 3 . N2 adsorp tion-desorp tion  analysis o f the  sam ple m esoporous silica.

T ab le  1
Textural properties  o f m esoporous silica.

Samples S-BET (m2 g“ 1) S-Meso (m2 g 1) Vp (cm3 g -1) Dp (nm)

MS 482.3 441.1 0.59 7.03
MS-0.2 561.9 485.9 0.72 10.04
MS-0.5 361.7 307.9 0.57 6.8
MS-1 276.3 239.4 0.36 6.5

S-BET, BET-specific surface area; Vp, specific pore  volum e; Dp, pore diam eter, 
obtained  from  DFT model.

m a te r ia l  s h o w e d  a b s o r p t io n  p e a k s  a t  3 4 6 6  c m ~ 1 a s c r ib e d  to  th e  N — H 
b o n d  fro m  g e la t in  a n d  th e  O — H b o n d  fro m  P 1 2 3 . T h e  a b s o r p t io n  b a n d s  
a t  9 6 2 , 1 0 8 2 , 7 9 8 , a n d  4 3 4  c m ~ 1 a re  a s s ig n e d  to  S i-O H  s tre tc h in g , n o n - 
sy m m e tr ic  a n d  s y m m e tr ic  s t re tc h in g  v ib ra t io n s  o f  S i-O -Si, a n d  O -Si-O  
b o n d , re s p e c tiv e ly . T h e  sp ec if ic  a b s o rp tio n s  d e m o n s t r a te d  th e  p re s e n c e  
o f  b lo c k  c o p o ly m e r  a n d  g e la t in  m o le c u le s  a t  2 3 9 1 , 2 8 7 0 , 1 6 7 4  a n d  1 5 4 3  
c m ~ 1 fo r CH2-s y m m e tr ic  a n d  a s y m m e tr ic  a b s o rp tio n , C =  O , a n d  N — H 
b e n d in g  ( S h a w k y  e t  a l.,  2 0 1 6 ; H an  e t  a l.,  2 0 1 8 ; T r is u n a ry a n t i  e t  a l., 
2 0 1 6 ). FTIR  s p e c tra  o f  th e  m e so p o ro u s  s ilic a  a f te r  c a lc in a t io n  s h o w e d  
th e  b ro a d  a b s o r p t io n  b a n d  a t  3 4 3 8  c m ~ 1 c o r re s p o n d e d  to  th e  p h y s- 
is o rb e d  w a te r  a n d  th e  h y d ro x y l g ro u p s ,  w h ic h  w e re  a c c o m p a n ie d  b y  th e  
O H  b e n d in g  m o d e  a t  1 6 3 3  c m ~ 1. T h e  b a n d s  a t  1 1 0 3  c m ~ 1, 9 6 2  c m ~ 1, 
a n d  4 5 8  c m ~ 1 a re  a s s ig n e d  to  th e  a s y m m e tr ic ,  s y m m e tr ic  s t re tc h in g , a n d  
b e n d in g  v ib ra t io n s  o f  Si—O —Si, re s p e c tiv e ly . A ll th e  p e a k s  o r ig in a tin g  
fro m  P 1 2 3  a n d  g e la t in  d is a p p e a re d  a f te r  c a lc in a tio n , w h ile  th e  Si-O-Si 
a n d  S i-O H  v ib ra t io n  b a n d s  g a in e d  in te n s i ty  (H a n  e t  a l .,  2 0 1 8 ). T h e  
s u m m a ry  o f  FTIR a b s o r p t io n  b a n d s  w a s  t a b u la te d  in  T a b le  2 .

SEM  a n a ly s is  w a s  c a r r ie d  o u t  to  a n a ly z e  th e  m o rp h o lo g y  o f  m eso - 
p o ro u s  s ilic a  a f te r  c a lc in a t io n  (Fig . 5 ). M es o p o ro u s  s ilic a  s y n th e s iz e d  
fro m  P 1 2 3  (M S) s h o w e d  u n ifo rm  w o rm - lik e  c ry s ta l  s t ru c tu re s ,  w i th  th e  
s ize  o f  M S p a r tic le s  a n a ly z e d  a t  ~ 1 0  ^m . In tro d u c in g  th e  g e la tin  a t  0 .2 %  
c o n c e n tr a t io n  p ro d u c e d  a  m ix tu re  o f  c u b ic  a n d  w o rm - lik e  c ry s ta l l i te s .  A t 
0 .5 %  g e la tin ,  th e  w o rm - lik e  s t ru c tu re s  d is a p p e a re d ,  p ro d u c in g  n o n 
u n ifo rm  c u b ic - lik e  m o rp h o lo g ie s .  A t 1 .0 %  g e la tin ,  th e  c u b e - lik e  s t ru c 
tu re s  w e re  m o re  a p p a r e n t ,  s u g g e s tin g  th e  e ffe c t o f  g e la t in  c o n c e n tr a t io n  
to  t r a n s fo rm  th e  m o rp h o lo g y  o f  m e s o p o ro u s  s ilic a . A  la rg e  a m o u n t  o f  
g e la tin  in c re a s e d  th e  s ize  o f  m ic e lle s  d u r in g  th e  so l-g e l s y n th e s is  ( K u m ar 
e t  a l.,  2 0 1 7 ; P o s tn o v a  e t  a l .,  2 0 1 7 ). G e la t in  b o u n d  to  P 1 2 3  c o p o ly m e r

m ic e lle s  r e s u lts  in  a  la rg e r  s i l ic a te  r in g  d e p o s i te d  o n  th e  o u te r  s u rfa c e  o f  
m ic e lle s , c o n s e q u e n tly  in c re a s in g  th e  p a r t ic le  s ize  a n d  tra n s fo rm in g  th e  
m o rp h o lo g y . T h e  h is to g ra m  o f  c ry s ta l l i te  s ize  d is t r ib u t io n  s h o w e d  th a t  
th e  s ize s  o f  m e s o p o ro u s  s ilic a  w e re  e n h a n c e d  w h e n  u s in g  a  h ig h e r  
g e la t in  c o n c e n tr a tio n .

EDX m e a s u re m e n t  q u a n t i ta t iv e ly  a n a ly z e d  o x y g e n , s ilic o n , a n d  c a r 
b o n  in  m e so p o ro u s  s ilic a  b e fo re  c a lc in a tio n . E le m e n ta l  a n a ly s is  in  Fig. 6 
in d ic a te s  th e  p re s e n c e  o f  Si a t  3 6 .2 5 % , O  a t  5 0 .2 6 % , a n d  C a t  1 3 .4 9 % . 
T h e  h ig h  c o n c e n tr a t io n  o f  c a r b o n  o n  th e  s a m p le  w a s  o r ig in a te d  fro m  th e  
c a r b o n  in  th e  te m p la te .

TE M  a n a ly s is  o f  m e so p o ro u s  s ilic a  in  Fig. 7  s h o w e d  th e  fo rm a t io n  o f  
h e x a g o n a l  p o ro s ity , w h ic h  is th e  c h a r a c te r is t ic  o f  p a ra l le l  m e so p o ro u s  
p 6 m m  s p a c e  g ro u p . T h e  h e x a g o n a l s t ru c tu re s  c o n s is te d  o f  lo n g  c y lin 
d r ic a l  p o re s  a lig n e d  in  th e  s a m e  d ir e c t io n  (W u  e t  a l.,  2 0 1 5 ; L iu  a n d  
W an g , 2 0 1 5 ). T h e  h e x a g o n a l p o re  s t ru c tu re  w a s  re a d i ly  fo rm e d  in  th e  
M S s y n th e s iz e d  u s in g  P 1 2 3 . T h e  p re s e n c e  o f  g e la t in  p re s e rv e d  th e  h e x 
a g o n a l  s t ru c tu re ,  b u t  th e  p o re  d ia m e te r  a p p e a re d  la rg e r  th a n  th e  MS 
w i th o u t  g e la tin .  T h e  d is ta n c e  b e tw e e n  th e  tw o  a d ja c e n t  c e n te r s  o f  th e  
h e x a g o n a l  p o re s  w a s  e s t im a te d  a t  5 .2 2  n m  fo r M S s y n th e s iz e d  u s in g  
P 1 2 3  o n ly  (F ig  7 a ). In  th e  p re s e n c e  o f  g e la tin  a t  0 .2 %  c o n c e n tr a t io n ,  th e  
d is ta n c e  b e tw e e n  th e  p o re s  w a s  d e te rm in e d  a t  7 .6 5  n m  (F ig  7 b ) . F u r th e r  
in c re a s in g  th e  g e la t in  c o n c e n tr a t io n  to  0 .5 %  a n d  1%  s lig h tly  r e d u c e d  th e  
h e x a g o n a l  p o re s  to  6 .9 4  n m  a n d  6 .6 2  n m , re s p e c tiv e ly  (F ig  4 c, 4 d). 
N e v e r th e le s s ,  th e  p o re  s izes  o f  M S fro m  P 1 2 3 : g e la tin  m ix tu re s  w e re  
s ig n if ic a n tly  la rg e r  th a n  th e  M S fro m  P 1 2 3  o n ly .

T h e rm o g ra v im e tr ic  a n a ly s is  d e te rm in e s  th e  d e c o m p o s it io n  o f  P 1 2 3  
a n d  g e la t in  te m p la te s  d u r in g  c a lc in a tio n . T h e  TG A  p ro f ile  o f  th e  m eso - 
p o ro u s  s ilic a  m a te r ia l  in  F ig . 8 s h o w e d  a  tw o -s ta g e  d e c o m p o s it io n  fo r 
e a c h  s am p le . T h e  f ir s t  d e c o m p o s i t io n  o c c u r re d  a t  5 0 —2 0 0  °C, a t  
a p p ro x im a te ly  3 .4 4 %  w e ig h t  lo ss  fro m  w a te r  d e s o r p t io n  ( K iw ilsza  e t  a l., 
2 0 1 3 ). T h e  s e c o n d  d e c o m p o s it io n  o c c u r re d  a t  2 5 0 —6 0 0  ° C w ith  d if f e r e n t 
w e ig h t  lo ss  p e rc e n ta g e s .  M S re d u c e d  2 7 .7 9 %  o f  its  to ta l  w e ig h t,  w h ile  
M S s y n th e s iz e d  u s in g  g e la t in  e x h ib ite d  3 3 .2 8  — 3 6 .7 %  w e ig h t  lo sses . T h e  
m a ss  d e c re a s e  c o rre s p o n d s  to  th e  te m p la te  d e c o m p o s it io n  in  th e  m eso - 
p o ro u s  s ilic a  m a tr ix  (M o h a n  e t  a l.,  2 0 2 0 ; J in  e t  a l.,  2 0 1 4 ). T h e  DTG 
re s u lts  in  F ig . 9  in d ic a te d  a  s in g le  p e a k  a t  1 9 9  - 2 2 0  °C fo r  a ll m e so p o ro u s  
s ilic a  s a m p le s  b u t  a t  d if f e r e n t  in te n s i t ie s  a n d  te m p e ra tu re s ,  re f le c tin g  
th e  d e c o m p o s it io n  o f  te m p la te  P 1 2 3  a n d  g e la t in  ( S ta w ic k a  e t  a l .,  2 0 2 0 ). 
T h e  DTG o f  th e  M S-1 s a m p le  o c c u r re d  a t  a  re la t iv e ly  h ig h  te m p e ra tu re
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Wavenumber (crrv1)

Fig. 4 . FTIR spectra  o f  the  sam ple m esoporous silica left before calcination  a. 
b. MS-0.2; c. MS-0.5, d. MS-1.

T ab le  2
The characteristic  peaks o f FTIR o f m esoporous silica.

Wavenumber (cm 1) Functional Group (Shawky et al., 2016; Han et al., 2018);

Before calcination
3466 Hydrogen bonding of NH gelatin and OH from P123
2931 C-H stretching vibration of alkyl chain (P123)

2870
1674 Vibration Stretching C =  O
1523 Vibration N—H
1374 Symmetric Stretching Vibration C—H
1082 Asymmetric Vibration of Si-O-Si
945 Stretching Vibration Si-OH
798 Symmetric Vibration Si-O-Si
434 Bending Vibration Si-O-Si
After Calcination
3438 Stretching Vibration O—H
1650 Bending Vibration H—O_H
1103 Asymmetric Vibration Si-O-Si
783 Symmetric Vibration S-O-Si
961 Stretching Vibration Si-OH
458 Bending Vibration Si-O-Si

a n d  p e a k  in te n s ity ,  w h ic h  m a y  b e  d u e  to  th e  la rg e  p a r t ic le  s ize  th a t  
a f fe c te d  th e  re le a se  o f  e n e rg y  d u r in g  th e  d e c o m p o s i t io n  p ro ce ss .

3 .2 . T he in teraction  o f  d u a l tem p la te  P 1 2 3  an d  ge la tin  f o r  the  fo rm a tio n  
o f  m esoporous silica

Fig . 1 0  i l lu s tra te s  th e  fo r m a t io n  o f  m e s o p o ro u s  s ilic a  u s in g  P 1 2 3  a n d  
g e la tin  te m p la te s .  P 1 2 3  d is s o lu t io n  in  a n  a c id ic  s o lu t io n  p ro d u c e d  a  self-

Wavenumber (cm'1)

!; b. G elatin, c. MS; d. MS-0.2; e. MS-0.5; e. MS-1 and  righ t a fte r calcination  a. MS;

a s s e m b ly  s p h e r ic a l  m ic e lle  w i th  g e la t in  d u e  to  th e  fo rm a t io n  o f  
h y d ro g e n  b o n d s  b e tw e e n  th e  h y d ro x y l g ro u p  in  P 1 2 3  a n d  th e  a m in e  
g ro u p  in  g e la t in  ( U lfa  e t  a l.,  2 0 2 0 ). T h e  h y d ro g e n  b o n d s  b e tw e e n  P 1 2 3  
a n d  g e la t in  e n la rg e d  th e  s ize  o f  m ic e lle s  c o m p a re d  to  th e  P 1 2 3  te m p la te .  
T h e  s ize  o f  g e la tin  a n d  P 1 2 3  m ic e lle s  w e re  re s p o n s ib le  fo r  d ire c tin g  
s ilic a  c ry s ta l  s t ru c tu re  d u e  to  th e  in te ra c t io n  b e tw e e n  g e la t in  a n d  th e  
s ilic a  s p e c ia tio n . A t lo w  g e la t in  c o n c e n tr a t io n s ,  th e  sm a ll s ize  s ilic a  
p a r t ic le s  w e re  fo rm e d  b e c a u s e  o f  th e  l im ite d  n u m b e r  o f  a v a i la b le  a m in e  
g ro u p s  to  in te ra c t  w ith  s ilic a te . W h e n  th e  a m o u n t  o f  g e la t in  is in c re a se d , 
th e  a v a i la b il i ty  o f  th e  a m in e  g ro u p  is la rg e  e n o u g h  to  in te r a c t  w ith  S iO 4 , 
th u s  fo rm in g  la rg e r  s i l ic a -g e la tin  c o m p o s i te s  ( C o ra d in  e t  a l.,  2 0 0 4 ; B ele 
e t  a l.,  2 0 0 2 ). G e la t in  h a s  a  n a tu r a l  a b il i ty  to  s w e ll in  w a te r ,  th u s  
p ro m p t in g  f u r th e r  e n la rg e m e n t  o f  m ic e lle s . W a te r  a d s o r p t io n  w i th in  th e  
m ic e lle s  e n h a n c e d  th e  n u m b e r  o f  s ilic a  b o u n d  to  th e  a m in e  g ro u p  in  
g e la tin .  T h e  s i l ic a te -g e la tin  in te r a c t io n  b e tw e e n  th e  n it r o g e n  a to m s  in  
th e  a m in e  g ro u p  o f  g e la t in  a n d  th e  s i l ic a te  io n s  u n d e r  a c id ic  c o n d itio n s  
in d u c e s  g e l n e tw o rk  fo rm a t io n  fo r  th e  g ro w th  o f  s ilic a  p a r t ic le s  (C o ra d in  
e t  a l.,  2 0 0 4 ; S a c h i th a n a d a m  a n d  J o s h i,  2 0 1 4 ; B ele e t  a l.,  2 0 0 2 ). T h is  
r e s u lts  in  th e  c o n d e n s a t io n  o f  s i l ic a te  sp ec ie s  w h ic h  c a u s e s  th e  g ro w th  o f  
s ilic a  p a r t ic le s  in  th e  o u te r  m ic e lle s . A fte r  th e  c a lc in a tio n , th e  te m p la te  
d e c o m p o s i t io n  fo rm e d  m e so p o re s ,  a s  e v id e n c e d  b y  th e  N 2 
a d s o r p t io n -d e s o r p t io n  a n a ly s is . G e la t in  a lso  e n h a n c e d  th e  m e so p o ro u s  
s ilic a  p a r t ic le  s ize s  fro m  0 .2 3  ^ m  in  M S, to  0 .8 7  ^ m  in  M S-1.

3 .3 . A d so rp tio n  o f  m e th y len e  blue

3 .3 .1 . E ffe c t o f  va ria tio n  dye
T h e  a d s o r p t io n  c a p a c i ty  o f  m e so p o ro u s  s ilic a  w a s  in v e s t ig a te d  o n  

d if f e r e n t  d y e s  (F ig . 1 1 ). T h e  d y e s  w e re  c h o se n  b a s e d  o n  th e i r  p h y s ic a l
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Fig. 5 . SEM o f m esoporous silica a. MS; b. MS-0.2; c. MS-0.5, d. MS-1.

p ro p e r t ie s  a n d  la rg e  m o le c u la r  s t ru c tu re  t h a t  r e q u ire s  a d s o r b e n t  w ith  
la rg e  p o re s . M e th y l o ra n g e  (M O ) a n d  C o n g o  r e d  (CR) a re  a n io n ic  d y e s  
w ith  m o le c u la r  w e ig h ts  o f  3 2 7  g /m o l  a n d  6 9 6  g /m o l ,  re s p e c tiv e ly . 
M e a n w h ile , m e th y le n e  b lu e  (M B) a n d  m a la c h i te  g re e n  (M G ) a re  c a t io n ic  
d y e s  w ith  m o le c u la r  w e ig h ts  o f  3 1 9 .8 5  g /m o l  a n d  3 6 4 .9 1 1  g /m o l ,  
re s p e c tiv e ly . A fte r 6 0  m in  o f  a d s o rp tio n , 6 9  m g /g  o f  m e th y le n e  b lu e  w a s  
a d s o rb e d  o n  m e so p o ro u s  s ilica . T h e  v a lu e  is h ig h e r  th a n  m a la c h i te  g re e n  
a t  3 9 .7  m g /g ,  m e th y l  o ra n g e  a t  4 .6  m g /g ,  a n d  C o n g o  r e d  a t  2 1 .4 6  m g /g . 
D esp ite  th e  v a r ia t io n  o f  a d s o r p t io n  c a p a c ity  w h e n  u s in g  d if f e r e n t  ty p e s  
o f  d y e s , th e  r e s u lts  e x h ib i te d  th e  p o te n t ia l  o f  m e s o p o ro u s  s ilic a  fo r

re m o v in g  o rg a n ic  d y e s  fro m  a q u e o u s  s o lu tio n s  d u e  to  its  la rg e  sp ec ific  
s u rfa c e  a re a  a n d  h ie ra rc h ic a l  p o re  s t ru c tu re  (Z h o u  e t  a l.,  2 0 1 5 ). T h e  
m e th y le n e  b lu e  r e p re s e n te d  th e  h ig h e s t  a d s o r p t io n  c a p a c ity ,  in d ic a tin g  
m e s o p o ro u s  s ilic a  a f f in i ty  to  c a t io n ic  d y es . T h e  d iffe re n c e s  m a y  b e  d u e  
to  th e  e le c tr o s ta t ic  a t t r a c t io n  b e tw e e n  d y e  a n d  m e so p o ro u s  s ilic a  a n d  
th e  s te r ic  s t ru c tu re  o f  th e  d y e s , w h ic h  a re  g e n e ra l ly  th e  tw o  k e y  fa c to rs  
a ffe c tin g  th e  a d s o r b e n t  e ffic ie n c y  (I f te k h a r  e t  a l.,  2 0 1 8 ). MB a n d  M G a re  
c a t io n ic  d y e s , re s u l t in g  in  m o re  p o ss ib il i t ie s  o f  b e in g  a d s o r b e d  o n  th e  
s u rfa c e  o f  n e g a t iv e ly  c h a r g e d  a d s o r b e n ts  th ro u g h  e le c tr o s ta t ic  in 
te ra c t io n s .  T h e  re s u l t  o f  th e  z e ta  p o te n t ia l  m e a s u re m e n t  in  Fig. 12
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Fig. 6 . EDX analysis o f th e  sam ple MS.

Fig. 7. TEM analysis o f the  sam ple m esoporous silica a.MS; b.MS-0.2; c. MS-0.5; and  d. MS-1.

in d ic a te s  th a t  M S h a s  a  s u rfa c e  p o te n t ia l  o f  —1 9 .6  m V , a s  p re v io u s ly  la rg e r  th a n  th e  s ilic a  a d s o r b e n t  r e p o r te d  b y  S u lis tiy o  e t  a l. (2 0 1 7 )  a t  23
r e p o r te d  in  s ilic a  ( H u a n g  e t  a l.,  2 0 2 1 ). T h e  e q u il ib r iu m  a m o u n t  o f  m g /g .
a d s o rb e d  m e th y le n e  b lu e  a t  1 h o u r  o n  m e so p o ro u s  s ilic a  w a s  m u c h
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Fig. 8 . TGA analysis o f the  sam ple m esoporous silica.
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Fig. 9. DTG analysis o f the  sam ple m esoporous silica.

3 .3 .2 . E f fe c t o f  a d so rb en t dosage
A d s o rb e n t d o s a g e  is o n e  o f  th e  m a in  fa c to rs  a ffe c tin g  th e  a d s o r p t io n  

e ffic ie n cy . A  h ig h  a m o u n t  o f  a d s o r b e n t  in c re a se s  th e  a v a i la b le  su rfa c e  
a re a  fo r  a d s o rp tio n . H o w ev e r, i t  c a n  a lso  b e  a  h in d ra n c e  d u e  to  th e  
a d s o r p t io n -d e s o r p t io n  e q u il ib r iu m . In  th is  s tu d y , th e  a d s o r b e n t  d o s ag e s  
w e re  v a r ie d  a t  2 .5  m g , 5 m g , 7 .5  m g , a n d  1 0  m g  to  d e te rm in e  th e  o p 
t im u m  a m o u n t  o f  a d s o r b e n t  fo r  m e th y le n e  b lu e  a d s o r p t io n  in  6 0  m in . 
T h e  p e rc e n ta g e  o f  re m o v a l fo r  m e s o p o ro u s  s ilic a  o b ta in e d  a t  d if f e r e n t 
P 1 2 3 :g e la tin  r a tio s  a n d  v a r io u s  a d s o r b e n t  a m o u n ts  w e re  p re s e n te d  in  
Fig. 1 3 . T h e  m e th y le n e  b lu e  re m o v a l r e a c h e d  m a x im u m  a d s o r p t io n

w h e n  5 m g  a n d  7 .5  m g  o f  a d s o rb e n ts  w e re  u s e d  fo r  a l l  th e  s ilica . T h e  
m a x im u m  re m o v a l w a s  o b ta in e d  w h e n  u s in g  M S-0 .2  a t  9 1 %  w i th  8 2 .7 4  
m g  a d s o r p t io n  c a p a c ity ,  fo llo w e d  b y  th e  M S s a m p le  a t  8 1 .8 6 % , M S -0 .5  
a t  7 7 .7 1 % , a n d  M S-1 a t  6 6 .3 6 %  re m o v a l. T h e  re m o v a l e ff ic ie n c y  
d e p e n d e d  o n  th e  s u rfa c e  a re a  a n d  p o ro s i ty  o f  s ilica . H o w ev e r, a  s m a ll 
d o s e  o f  a d s o r b e n t  is n o t  su ff ic ie n t  to  o b ta in  th e  o p t im u m  re m o v a l o f  
m e th y le n e  b lu e  (U sg o d a a ra c h c h i e t  a l .,  2 0 2 1 )

3 .3 .3 . E ffe c t o f  c o n ta c t tim e
V a ria tio n s  o f  c o n ta c t  t im e  a t  2 .5 , 5 , 10 , 2 0 , 3 0 , 4 0 , 5 0  a n d  6 0  m in  

w e re  c a r r ie d  o u t  to  d e te rm in e  th e  o p t im u m  t im e  fo r  a d s o rp tio n . T h e  
in i t ia l  c o n c e n tr a t io n  o f  MB s o lu tio n  w a s  3 0  m g /L , w h ile  u s in g  5 m g  
a d s o r b e n t  in  15  m L o f  s o lu tio n . Fig. 14  sh o w s  th e  p lo t  b e tw e e n  t im e  
(m in u te s )  a n d  a d s o r p t io n  c a p a c i ty  (m g /g )  fo r  m e so p o ro u s  s ilic a  p r o 
d u c e d  a t  d if f e r e n t P 1 2 3  to  g e la tin  ra tio s .  T h e  a d s o r p t io n  w a s  r a p id ly  
in c re a s e d  fro m  5 to  3 0  m in  b e fo re  re a c h in g  e q u i l ib r iu m  a t  3 0  m in  to  g iv e  
6 9  m g /g  o n  M S -0 .2  s a m p le s . U n o c c u p ie d  a c t iv e  s ite s  fo r  m e th y le n e  b lu e  
a d s o r p t io n  a c c e le ra te d  th e  a d s o r p t io n  w i th in  th e  f ir s t  3 0  m in . T h e  
a d s o r p t io n  s lo w ly  d e c re a s e d  u p  to  6 0  m in . If  th e  a d s o r b e n t  h a s  r e a c h e d  a  
s ta te  o f  e q u i l ib r iu m  a t  th e  o p t im u m  c o n ta c t  tim e , th e n  th e  p ro lo n g e d  
c o n ta c t  t im e  d o e s  n o t  c o n t r ib u te  to  th e  a b s o r p t io n  o f  d y e s  ( B e rn a rd  
e t  a l.,  2 0 1 3 ). H o w ev e r, th is  c a n  r e s u l t  in  m o re  d y e s  b e in g  e x c h a n g e d  
a f te r  re a c h in g  e q u il ib r iu m , re d u c in g  a d so rp tio n .

3 .3 .4 . E ffe c t o f  concen tra tion
T h e  c o n c e n tr a t io n  o f  MB s o lu t io n  w a s  v a r ie d  to  o b ta in  th e  e ff ic ie n c y  

o f  m e so p o ro u s  s ilic a  a s  a n  a d s o r b e n t  fo r  th e  re m o v a l o f  MB in  d if f e r e n t 
le v e ls  o f  MB c o n c e n tr a tio n s .  MB s o lu tio n  a t  1 0 , 3 0 , 5 0 ,7 0 , 9 0 , 1 2 0  a n d  
1 5 0  m g /L  w e re  u s e d , w h ile  u s in g  5 m g  o f  M S; M S-0 .2 ; M S -0 .5 ; a n d  M S-1 
in  1 5  m L  s o lu tio n . T h e  o p t im u m  c o n ta c t  t im e  fo r th e  a d s o r p t io n  w a s  3 0  
m in . Fig . 15  s h o w e d  th a t  th e  a d s o r p t io n  c a p a c ity  o f  m e s o p o ro u s  s ilic a  
r e a c h e d  a  s te a d y  s ta te  a t  a  c o n c e n tr a t io n  o f  m o re  th a n  1 5 0  p p m . N o 
a d s o r p t io n  p ro c e ss  c a n  o c c u r  a t  h ig h  c o n c e n tr a t io n s ,  w h e re  th e  a d so r-  
b a te  o c c u p ie s  a lm o s t  a l l  th e  a d s o r p t io n  s ite s . P re v io u s  re s e a rc h  s h o w e d  
t h a t  th e  a d s o r p t io n  c a p a c i ty  o f  m e th y le n e  b lu e  u s in g  m e so p o ro u s  s ilic a  
in c re a s e d  a t  2 5 - 2 0 0  p p m  (Z h o u  e t  a l.,  2 0 1 5 ). T h e  h ig h e s t  a d s o r p t io n  
c a p a c i ty  w a s  s h o w n  in  th e  M S-0 .2  s a m p le  a t  1 5 0  p p m  c o n c e n tr a t io n  
w i th  a  v a lu e  o f  2 3 8  m g /g  T a b le  3 .
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Fig. 10. Form ation  schem e o f m esoporous silica using dual tem plate.

Fig. 11. A dsorption capacity  o f various dye o n  MS.

3 .3 .5 . A d so rp tio n  k ine tics
T h e  s tu d y  o f  a d s o r p t io n  k in e tic s  is e s s e n tia l  to  u n d e r s ta n d  th e  

m e c h a n is m  o f  a d s o r p t io n  a n d  th e  r a te  d e te rm in in g  s te p s  s u c h  a s  d iffu 
s io n  c o n tro l  a n d  c h e m ic a l re a c t io n . T h e  a d s o r p t io n  o f  d y e  m o le c u le s  is a  
re v e rs ib le  p ro c e ss  in v o lv in g  e q u il ib r iu m  b e tw e e n  l iq u id  a n d  s o lid  p h a 
ses. T h e  p s e u d o  f ir s t-o rd e r  a n d  th e  p s e u d o  s e c o n d -o rd e r  k in e tic  m o d e ls

“  200000

, Zeta Potensial: -19.6 
ST D : ±0.35

Apparent Zeta Potential (mV)

Fig. 12. Zeta Po ten tia l D istribution on  MS.

Z h a i a n d  Li, (2 0 1 9 )  a re  u s e d  to  s im u la te  th e  a d s o r p t io n  k in e tic  b e h a v io r  
o f  MB o n  m e so p o ro u s  s ilic a . T h e  n o n l in e a r  p s e u d o - f ir s t-o rd e r  k in e tic  
a n d  p s e u d o -s e c o n d -o rd e r  k in e tic  m o d e ls  a re  e x p re ss e d  a s  th e  fo llo w in g  
Eqs. (5 ) - ( 8 ) :

q t =  q e (  1 — e

qe'2k 2t
q t =

(1 +  qek21)

(5 )

(6 )

klit
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Dosage Variation (mg)

Fig. 13. A dsorption capacity  o f the  sam ple MS, MS-0.2, MS-0.5, and  MS-1 w ith  
various dosage.
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C„ (ppm)

Fig. 15. A dsorption capacity  o f the  sam ple m esoporous silica varia tion  
concentration .

Fig. 14. A dsorption capacity  o f the  sam ple m esoporous silica varia tion  con
tac t time.

ln (qe  — q t) =  Inqe — k \ t

1 1 1
+  —

qt k 2 qe2 qe

(7 )

(8 )

w h e re  qe  a n d  q t  a re  th e  a m o u n t  o f  m e th y le n e  b lu e  a d s o r b e d  a t  th e  
e q u il ib r iu m  (m g /g )  a n d  a t  th e  g iv e n  a d s o r p t io n  t im e  t(m in ) ,  re s p e c 
tiv e ly . k1  d e f in e s  a s  th e  r a te  c o n s ta n t  o f  p s e u d o  firs t-  o rd e r  m o d e l ( 1 /  
m in )  a n d  k 2  is  th e  r a te  c o n s ta n t  o f  th e  p s e u d o  s e c o n d -o rd e r  m o d e l (g /m g  
m in ) . T h e  n o n l in e a r  f i t te d  c u rv e s  o f  th e  tw o  m o d e ls  w e re  s h o w n  in  
Fig. 16 , a n d  th e  v a lu e s  o f  p a ra m e te r s  o b ta in e d  fro m  th e  n o n l in e a r  cu rv e - 
f i t t in g  r e s u lts  a re  l is te d  in  T a b le  4 . T h e  r e s u lts  e x h ib i te d  th a t  th e  
a d s o r p t io n  k in e tic s  o f  a ll  m e s o p o ro u s  s ilic a  r e p re s e n te d  b y  th e  p s e u d o - 
s e c o n d -o rd e r  m o d e l,  w h ic h  is b a s e d  o n  th e  c o r re la t io n  c o e ff ic ie n ts  
(R2) o f  th e  p s e u d o -s e c o n d -o rd e r  m o d e l is c lo se r  to  o n e  th a n  th e  p s e u d o - 
f ir s t  o rd e r  m o d e l. T h e  p s e u d o - s e c o n d -o rd e r  m o d e l s h o w e d  th a t  th e  
c a lc u la te d  th e o re t ic a l  v a lu e s  o f  q e  w e re  5 8 .7 5  m g /g  fo r  M S s a m p le , a n d  
5 8 .7 5  m g /g  fo r  M S -0 .2 . T h e  c a lc u la te d  e q u i l ib r iu m  a d s o r p t io n  c a p a c ity  
qe  f ro m  th e  p s e u d o -s e c o n d -o rd e r  m o d e l w a s  m o re  a c c u ra te  a n d

T ab le  3
The peak tem pera tu re  and  w eigh t o f residue o f m esoporous silica decom position  
a t  600 °C.

Sample Tpeak (
◦C)

Wloss1 (water) 
(%)

Wloss2 (fix carbon) 
(%)

Wresidue (ash content) 600
◦c (%)

MS 217.17 3.44 27.79 68.77
MS-0.2 196.98 2.85 33.28 63.87
MS-0.5 199.46 1.14 33.83 65.03
MS-1 220.37 2.74 36.7 60.56

c o n s is te n t  w ith  th e  f in a l  e x p e r im e n ta l  q t  v a lu e , w h ic h  f u r th e r  c o n f irm e d  
th e  v a l id i ty  o f  th is  m o d e l. T h e  m e s o p o ro u s  s ilic a  p ro d u c e d  u s in g  g e la tin  
h a s  a  h ig h e r  a d s o r p t io n  c a p a c i ty  th a n  th e  m e s o p o ro u s  s ilic a  w ith o u t  
g e la tin ,  im p ly in g  th e  ro le  o f  la rg e  p o re  d ia m e te r  a n d  h ig h  s u rfa c e  a r e a  in  
in c re a s in g  th e  a d s o r p t io n  c a p a c i ty  T a b le  5 .

3 .3 .6 . Iso th erm  s tu d y
T h e  e q u i l ib r iu m  a d s o r p t io n  o f  m e th y le n e  b lu e  o n  th e  m e so p o ro u s  

s ilic a  w a s  in v e s t ig a te d  u s in g  th e  L a n g m u ir  a n d  th e  F re u n d lic h  is o th e rm  
m o d e ls , s h o w e d  in  Fig. 1 7 . T h e  L a n g m u ir  m o d e l a ss u m e s  m o n o la y e r  
a d s o r p t io n  o n  th e  h o m o g e n e o u s  s u rfa c e  w h e re  th e  b in d in g  s ite s  h a v e  
e q u a l  a f f in i ty  a n d  e n e rg y , a n d  th e re  is n o  in te ra c t io n  b e tw e e n  th e  
a d s o r b e d  s p e c ie s  Z h a i a n d  Li, ( 2 0 1 9 ) . T h e  n o n - l in e a r  fo rm  o f  th e  L an g 
m u ir  a d s o r p t io n  is o th e rm  m o d e l is g iv e n  a s  fo llo w s  Eqs. (9 ) -( 1 0 ) :

K l Q m  Ce
qe = ----------------
H 1 +  K LCe

qe =  KpC*

(9 )

(1 0 )

W h e re  qe  a n d  Q m  r e p re s e n t  th e  e q u il ib r iu m  a n d  th e  th e o re t ic a l  
m a x im u m  a d s o r p t io n  c a p a c ity  (m g /g )  o f  a d s o rb e n ts ,  re sp e c tiv e ly . Ce is 
th e  c o n c e n tr a t io n  o f  io n s  in  s o lu t io n  a t  e q u i l ib r iu m  (m g /L ) ,  K L d e f in e s  
th e  L a n g m u ir  is o th e rm  c o n s ta n t  (L /m g )  r e la te d  to  a d s o r p t io n  e n e rg y , 
a n d  K f a re  th e  F re u n d lic h  p a r a m e te r  a n d  h e te ro g e n e i ty  fa c to rs , 
re s p e c tiv e ly . L a n g m u ir  m o d e l is o f te n  a p p l ie d  to  th e  m o n o la y e r  
a d s o r p t io n  w ith  h o m o g e n e o u s  a n d  f in i te  m o d e s  o n  th e  a b s o r b e n t ,  w h ile  
th e  F re u n d lic h  m o d e l is o f te n  a p p l ie d  fo r  n o n id e a l  s o rp t io n  o n  h e te r o 
g e n e o u s  su rfa c e s . I t  c a n  b e  o b s e rv e d  th a t  th e  L a n g m u ir  m o d e l w a s  m o re  
s u i ta b le  fo r th e  e x p e r im e n ta l  d a ta  s in c e  th e  c o r r e la t io n  c o e ff ic ie n ts  o f  
th e  L a n g m u ir  m o d e l w e re  c lo se r  to  1. H o w ev e r, th e  F re u n d lic h  m o d e l 
h a s  m u c h  lo w e r  c o r re la t io n  c o e f f ic ie n t v a lu e s . T h e  L a n g m u ir  is o th e rm  
f i t t in g  s u g g e s te d  th a t  th e  a c t iv e  c h e la t in g  s ite s  w e re  e q u a l  a n d
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Fig. 16. The adsorp tion  ra tes o f M ethylene blue and  the  corresponding linear-non linear form  o f the  pseudo-first-order and  pseudo second-order k inetic curves.

T ab le  4
Kinetic E quation C onstant non-linear adso rp tion  on  m esoporous silica. 

Adsorbents Pseudo First Order Pseudo Second Order
ki qe (mg/ R2 k2  (g / qe (mg/ R2
(min~1) g) mg.min) g)

MS 0.0784 55.0351 0.97415 0.0093 58.7543 0.9965
MS-0.2 0.0598 60.7521 0.92176 0.0098 64.4583 0.9969
MS-0.5 0.0762 51.266 0.95826 0.0087 55.064 0.9949
MS-1 0.9811 46.626 0.95507 0.0089 50.205 0.9951

T ab le  5
N on-Linear iso therm  param eters  o f L angm uir and  Freundlich.

Adsorbents Langmuir Model Freundlich model
kl (L/ Qm (mg/ R2 1/n Kf(mg/ R2

mg) g) g)

MS 0.015 251.93 0.9807 0.5213 13.363 0.9304
MS-0.2 0.012 363.63 0.9812 0.5683 14.131 0.9397
MS-0.5 0.012 246.73 0.9746 0.5681 9.5753 0.9314
MS-1 0.0119 212.71 0.9689 0.566 8.2862 0.9268

h o m o g e n e o u s ly  d is t r ib u te d  o n  th e  s u rfa c e  o f  th e  m e so p o ro u s  c h a n n e ls ,  
a n d  th e  a d s o r p t io n  o c c u r re d  v ia  a  m o n o la y e r  fo rm a t io n  o n  th e  su rfa c e . 
T h e  m a x im u m  a d s o r p t io n  u p ta k e  o f  M S -0 .2 , Q m  w a s  d e te rm in e d  a t  
3 9 2 .5 8  m g /g .  T h e  Q m  o f  m e so p o ro u s  s ilic a  o b ta in e d  in  th is  s tu d y  is 
m u c h  h ig h e r  th a n  th e  p re v io u s ly  r e p o r te d  a d s o r p t io n  c a p a c i ty  o n  m es- 
o p o ro u s  s ilic a  m a te r ia ls  a n d  o th e r  a d s o rb e n ts ,  a s  s u m m a r iz e d  in  T ab le  6 . 
T h e  h ig h  a d s o r p t io n  c a p a c i ty  is d u e  to  th e  fo rm a t io n  o f  a  la rg e  m e so p o re  
d ia m e te r  fo r  e f f ic ie n t d if fu s io n  a n d  a  la rg e  s u rfa c e  a re a  to  p ro v id e  
a d s o r p t io n  s ite s  fo r  MB.

3 .3 .7 . R e u sa b ility  using  th erm a l a n d  chem ica l regeneration  m e thod
T h e  re g e n e r a t io n  p o te n t ia l  a n d  th e  re u s a b i l i ty  o f  m e so p o ro u s  s ilic a

C0 (ppm)

Fig. 17. The adsorp tion  rates o f M ethylene b lue onto  m esoporous silica and  the 
corresponding non-linear form  o f Langm uir and  Freundlich  curves 
for adsorption.

w e re  d e te rm in e d  u s in g  th e  th e rm a l  t r e a tm e n t  a n d  c h e m ic a l d e s o rp tio n  
w i th  so lv en t. T h e  M S -0 .2  w i th  a d s o rb e d  m e th y le n e  b lu e  w a s  s e p a ra te d  
fro m  th e  s o lu t io n  b y  f i l tra t io n , d r ie d  a t  6 0  ° C a n d  c a lc in e d  a t  5 5 0  ° C fo r  3 
h . R ecy c lin g  u s in g  th e rm a l  t r e a tm e n t  s h o w e d  th e  p e rc e n ta g e  o f  MB 
re m o v a l  d e c re a s e s  w ith  e a c h  re a c t io n  cy c le  (F ig . 1 8 ). H o w ev e r, th e  f irs t 
a n d  s e c o n d  c y c les  s h o w e d  ~ 9 0 %  re m o v a l,  w h ic h  in d ic a te s  th e  s ta b i l i ty  
o f  a d s o r p t io n  s ite s  in  th e  m e so p o ro u s  s ilic a . T h e  d e s o r p t io n  o f  MB fro m  
m e s o p o ro u s  s ilic a  v ia  th e  c h e m ic a l r e g e n e r a t io n  m e th o d  w a s  c a r r ie d  o u t  
u s in g  m e th a n o l,  HCl, w a te r ,  a n d  a c e to n e  as d e so rb in g  a g e n ts . T h e  r e s u lt  
s h o w s  t h a t  7 4 .2 %  o f  re g e n e r a t io n  e ff ic ie n c y  (RE) o c c u rs  w h e n  u s in g
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T ab le  6
Com parison o f adso rp tion  capacity  o f d ifferent adsorbents for adsorp tion  
m ethylene blue.

Adsorbent Adsorption Capacity 
(mg/g)

Reference

CFA Silica mesopore 323.62 (Q. Yuan et al., 2019)
Nanoparticle

Raw KT38 kaolin 52.76 (Mouni et al., 2018)
MGC-4 65.8 (Wang et al., 2014)
Active Carbon 15.59 (Sharma et al., 2009)
Al-SBA15 219.82 (Wu et al., 2015)
Al-MCM-41 277.78 (Zhou et al., 2015)
Graphene oxide-activated 147 (Abd-Elhamid et al.,

carbon 2019)
Magnetic biochar composite 24.85 (Siddiqui, 2018)
Zeolite-rGO 52.8 (Zhu et al., 2014)
ZFA/HZ 45.09 (Lin et al., 2016)
CaHAp-Alg 77.3 (Guesmi et al., 2018)
Mesoporous silica 1:0 251.93 This research
Mesoporous silica 1:0.2 363.63 This research

1 0 0 -

80-

so
E
4)
DC

60-

40-

2 0 -

Cycle

Fig. 18. R eusability  study  o f sam ple MS-0.2 using a  therm al regenera
tion  process.

a c e to n e  a n d  6 1 .4 %  w h e n  u s in g  HCl. T h e  a m p h ip a th ic  n a tu r e  o f  a c e to n e , 
w h ic h  c o n ta in s  h y d ro p h il ic  (C =  O ) a n d  h y d ro p h o b ic  g ro u p s  (-C H 3), 
a c c o u n ts  fo r  its  g o o d  d e s o rb in g  a g e n t  (X ing  e t  a l.,  2 0 1 7 ). M ea n w h ile , 
u n d e r  th e  a c id ic  c o n d i t io n  (H C l), a  h ig h e r  c o n c e n tr a t io n  o f  H 3O +  in 
c re a s e s  p o s it iv e  c h a rg e s  o n  th e  s u rfa c e  o f  th e  a d s o rb e n t .  T h e  c a t io n ic  d y e  
m o le c u le s  a re  d ra w n  to  n e g a t iv e ly  c h a r g e d  a d s o r b e n t  s u rfa c e  p a r tic le s ,  
a n d  th e  d e s o r p t io n  h a p p e n s  a s  a  re s u l t  o f  e le c tr o s ta t ic  re p u ls io n .

(M o m in a  a n d  S u z y la w a ti, 2 0 2 0 ). T h e  a d s o r p t io n -d e s o r p t io n  c y c les  w e re  
r e p e a te d  fo u r  tim e s  u s in g  a c e to n e  to  v e r ify  th e  re u s a b i l i ty  o f  th e  m es- 
o p o ro u s  s ilica . F ig . 19  s h o w s  th e  a d s o r p t io n  c a p a c it ie s  o f  m e so p o ro u s  
s ilic a  fo r  m e th y le n e  b lu e  o v e r  fo u r  su cc e ss iv e  a d s o r p t io n -d e s o r p t io n  
cy c les . T h e  r e s u lts  in d ic a te d  th a t  th e  a d s o r p t io n  c a p a c i ty  o f  m eso - 
p o ro u s  s ilic a  d e c re a s e d  w i th  p ro lo n g e d  cy c les  to  g iv e  4 5 .1 %  re m o v a l 
a f te r  fo u r  cy c les . A lth o u g h  th e  e ff ic ie n c y  w a s  re d u c e d , m e s o p o ro u s  s ilic a  
s t i l l  s h o w e d  g o o d  p o te n t ia l  a s  a  r e u s a b le  a d s o r b e n t  fo r  re m o v in g  
m e th y le n e  b lu e  fro m  w a s te w a te r .

3 .3 .8 . A d so rp tio n  m ech a n ism
FTIR  a n a ly s is  w a s  c a r r ie d  o u t  to  in v e s t ig a te  th e  in te ra c t io n  b e tw e e n  

m e th y le n e  b lu e  a n d  m e so p o ro u s  s ilic a  s h o w n  in  Fig. 2 0 . M e th y le n e  b lu e  
c o n ta in e d  O— H, C =  C, C =  N, C =  S, C -S , a n d  C -H  fu n c t io n a l i t ie s  th a t

a>
o

E
</>

t — ■— i— ■— i— ■— i— ■ 1 i 1 ■ 1 1 1 ■— r  
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm'1)
Fig. 20 . FTIR Spectra o f a. MS-0.2; b. MB; and  c. MB-MS-0.2.

H C l A q u a d e s

Desorbing agent Cycle

Fig. 19. D esorption study  o f sam ple MS-0.2 using varia tion  desorbing agent.
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T ab le  7
Functional G roup Spectra o f MS, MB, and  MB-MS-0.2.

Assignments
Wavenumber (cm 1) 
MS- MB
0.2

MB-MS-
0.2

Overlapping stretching vibration of -NH/ 
OH

3460 3443 3459

Stretching vibration of C =  C side ring — 1594 1597
Stretching vibration of -CH2 or CH3 — 1494—1500 1502
Stretching vibration of -CN — 1252 1247
Stretching vibration of -N-N — 1244 1215
Stretching vibration of -CH — 1176 —
Stretching vibration of -C-S-C — 1064 —
Bending vibration of C—H out of plane — 881 and 824 —
Bending Vibration H—O-H 1608 — —
Asymmetric Vibration Si-O-Si 1088 — 1087
Symmetric Vibration Si-O-Si 806 — 803
Bending Vibration Si-O-Si 464 — 464

Fig. 21 . SEM-EDX before and  afte r adsorption: MS-0.2 (a,c) and  MB-MS-0.2 
(b,d).

T ab le  8
Elem ental analysis before and  afte r adsorption.

Element Weight (%)
MS-0.2 MB-MS-0.2

Si 40.89 32.41
O 59.11 52.84
C — 8.63
N — 3.9
S — 2.22

w e re  a b le  to  in te r a c t  w i th  m e so p o ro u s  s ilic a  su rfa c e s  d u r in g  a d s o r p t io n  
(P r a d h a n  e t  a l.,  2 0 1 7 ). FTIR  a n a ly s is  o f  MB s h o w e d  th e  s tro n g  a d s o r p 
t io n  b a n d s  a t  1 5 9 4  c m ~ 1 a n d  1 2 5 2  c m ~ 1 a s c r ib e d  to  th e  s t re tc h in g  v i
b ra t io n  o f  C =  C, a n d  C—N  b o n d s  in  th e  h e te ro c y c lic  o f  M B, re s p e c tiv e ly . 
T h e  fu n c t io n a l  g ro u p  o f  m e so p o ro u s  s ilic a , M B, a n d  MB a d s o r b e d  M S-0.2  
w e re  s u m m a r iz e d  in  T a b le  7 . A n a ly s is  o f  m e s o p o ro u s  s ilic a  o b ta in e d  a t  
1 :0 .2  r a t io  a f te r  MB a d s o r p t io n  s h o w e d  th e  FTIR  b a n d s  o f  m e s o p o ro u s  
s ilic a  a p p e a re d  a t  s im ila r  w a v e n u m b e r .  T h e  FTIR  a lso  s h o w e d  th e  
a p p e a ra n c e  o f  1 5 4 3  c m ~ 1 a n d  1 3 7 8  c m ~ 1 b a n d s  a s c r ib e d  to  th e  
s tre tc h in g  v ib ra t io n  o f  C =  N  a n d  CH2 o f  MB a d s o r b e d  o n  th e  s ilic a . T w o  
s u g g e s te d  m e c h a n is m s  w e re  p ro p o s e d  to  d e s c r ib e  th e  
a d s o r b e n t- a d s o rb a te  in te r a c t io n  b a s e d  o n  th e  FTIR  a n a ly s is  fro m  th e  
a d s o rb e d  m e th y le n e  b lu e  o n  m e so p o ro u s  s ilic a . T h e  a d s o r p t io n  o f  
m e th y le n e  b lu e  o n  m e s o p o ro u s  s ilic a  o c c u rs  v ia  th e  fo rm a t io n  o f  a  
h y d ro g e n  b r id g e  b e tw e e n  th e  lo n e  p a ir  e le c tro n s  o f  n i t r o g e n  a to m s  in  
m e th y le n e  b lu e  w ith  th e  Si—O H  in  m e s o p o ro u s  s ilic a . In  a d d it io n ,

m e th y le n e  b lu e  is a lso  a d s o rb e d  th ro u g h  th e  e le c tro s ta t ic  a t t r a c t io n  
b e tw e e n  th e  n e g a t iv e  c h a rg e  0 ~  (S iO 2 s tru c tu re )  a n d  th e  p o s it iv e  c h a rg e  
o f  N+  (m e th y le n e  b lu e  s t ru c tu re )  (L yu  e t  a l.,  2 0 2 0 ; N. Y u an  e t  a l.,  2 0 1 9 ). 
D ue  to  th e  a b se n c e  o f  S- O  b o n d s  fro m  FTIR  a n a ly s is , th e re  is n o  
d o n o r - a c c e p to r  e v id e n c e  o f  in te ra c t io n s  b e tw e e n  e le c tro n -d e f ic ie n t  
s u lfu r  a to m s  in  MB w ith  S iO 2.

F ig . 21  a n d  T a b le  8 s h o w  th e  SEM -EDX a n a ly s is  o f  M S -0 .2  b e fo re  a n d  
a f te r  a d s o r p t io n  a n d  th e  e le m e n ta l  c o m p o s i t io n . As p re v io u s ly  d is c u s s e d  
in  th e  SEM  c h a r a c te r iz a t io n  s e c tio n , th e  m e so p o ro u s  s ilic a  h a s  a  w o rm 
lik e  m o rp h o lo g y  w i th  u n ifo rm  m ic ro c ry s ta ll i te s .  F o llo w in g  th e  a d s o r p 
t io n  w i th  MB m o le c u le s ,  th e  m e s o p o ro u s  s ilic a  a p p e a re d  a s  n o n -u n ifo rm  
a g g re g a te s .  EDS a n a ly s is  in d ic a te d  th e  v a r ia t io n  in  th e  e le m e n ta l  
c o m p o s i t io n  o f  M S a n d  M S-0 .2 . M S h a s  3 6 .2 5 %  Si a n d  5 0 .2 6 %  O, w h ile  
M S -0 .2  h a s  4 0 .8 9 %  Si a n d  5 9 .1 1 %  O. A  h ig h  c o n c e n tr a t io n  o f  o x y g e n  in  
M S -0 .2  p ro v id e s  m o re  p o s s ib il i ty  o f  th e  in te ra c t io n  b e tw e e n  o x y g e n  
a to m s  in  s ilic a  w ith  th e  h y d ro g e n  a to m s  in  M B, to  in c re a s e  th e  a d s o r p 
t io n  c a p a c ity .  H ig h  c o m p o s i t io n  o f  N  a n d  S a to m s  a t  3 .9 %  a n d  2 .2 2 %  
w e re  o b s e rv e d  o n  M S -0 .2 , in d ic a tin g  th e  p re s e n c e  o f  m e th y le n e  b lu e  o n  
th e  s ilica .

4. Conclusion

T h e  s y n th e s is  o f  m e so p o ro u s  s ilic a  u s in g  d u a l  te m p la te  P 1 2 3 :g e la tin  
h a s  b e e n  s u cc e ss fu lly  c a r r ie d  o u t ,  in d ic a t in g  th e  a b i l i ty  o f  g e la t in  to  fo rm  
la rg e  m e s o p o re s  in  s ilic a  fo r  e f f ic ie n t d y e  re m o v a l. T h e  o p t im u m  ra t io  
b e tw e e n  P 1 2 3  a n d  g e la t in  is v a r ie d  to  d e te rm in e  th e  b e s t  c o m b in a t io n  
fo r  e n la rg in g  th e  m e so p o re  s ize  w h ile  m a in ta in in g  a  h ig h  s u rfa c e  a re a . 
A m in e  fu n c t io n a l  g ro u p s  in  g e la tin  p ro d u c e d  e le c tro s ta t ic  in te r a c t io n  
w i th  th e  s i l ic a te  io n s  p re c u r s o r  fo r  c o n s tru c t in g  m e so p o ro s ity .  T h e  
m o rp h o lo g y  o f  m e so p o ro u s  s ilic a  c h a n g e s  fro m  w o rm - lik e  to  cu b ic - lik e  
s t ru c tu re  w i th  in c re a s in g  g e la t in  c o n c e n tr a t io n .  T h e  p a r t ic le  size  
e n la rg e d  fro m  0 .2 3  n m  to  0 .8 7  |jm , w h ile  th e  s u rfa c e  a re a  im p ro v e d  fro m  
2 0 0  to  5 6 0  m 2/ g  s u rfa c e  a r e a  w ith  o p t im iz a t io n  o f  P 1 2 3 :g e la t in  ra tio s . 
G e la t in  e n la rg e d  th e  d ia m e te r  o f  th e  m e so p o re  c h a n n e l  to  r e a c h  ~ 1 0  
n m , im p ro v in g  th e  d iffu s io n  o f  MB m o le c u le s . T h e  la rg e s t  a d s o r p t io n  
c a p a c i ty  w a s  o b ta in e d  o n  m e s o p o ro u s  s ilic a  s y n th e s iz e d  a t  a  1 :0 .2  ra t io  
w i th  th e  Q m  v a lu e  o f  3 6 3 .6 3  m g /g .  T h e  a d s o r p t io n  k in e tic s  fo llo w e d  th e  
p s e u d o  s e c o n d  o rd e r  w ith  th e  L a n g m u ir  m o d e l. T h e  u se  o f  g e la tin  a s  a  
g re e n  te m p la te  im p ro v e d  th e  p h y s ic o c h e m ic a l p ro p e r t ie s  o f  m e so p o ro u s  
s ilic a , o p e n in g  u p  n e w  o p p o r tu n i t ie s  fo r  n a tu ra l ly  o c c u r r in g  s u rfa c ta n ts  
in  m a te r ia l  s y n th e s is .

D eclaration of Competing In terest

T h e  a u th o r s  d e c la re  th a t  th e y  h a v e  n o  k n o w n  c o m p e tin g  f in a n c ia l  
in te r e s ts  o r  p e rs o n a l  re la t io n s h ip s  th a t  c o u ld  h a v e  a p p e a re d  to  in f lu e n c e  
th e  w o rk  r e p o r te d  in  th is  a r tic le .
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