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• A  general  method  for   functional-
ization of  SBA-15   mesoporous with amino acid.
• Efﬁciently detoxify aqueous solutions
contaminated   with  herbicides,  PQ
and EVB.
• Amino acid moieties enhancing the
removal yield of herbicides in  water solutions.
• Conjugates   with   good   herbicide
removal efﬁciency.
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The  development of  functionalization of  mesoporous silica with amino acid for  removal of  herbicide
Paraquat (PQ), efﬁciency 53%, is reported.
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A  general synthetic method for   functionalization of  mesoporous silica with amino acid has been developed. The  carboxylic acid functionalized SBA-15  was conjugated with l-phenylalanine (Phe) and l-tryptophan (Trp) to obtain nontoxic amino acid-conjugated functionalized mesoporous silica materi- als. The materials were used as adsorbents for the removal of the herbicide Paraquat (PQ) and its analog, ethyl viologen dibromide (EVB) from aqueous solutions. In comparison to the commercially available acti- vated carbon adsorbents, the silica-based adsorbents prepared in this study exhibited relatively higher PQ removal efﬁciency in aqueous solutions at room temperature and pH 7.0. The silica-based adsorbents, pendant with amino acid moieties exhibited greater adsorption capacities toward PQ and EVB than the analogs but without the amino acid moiety, suggesting that there is  a beneﬁt for  the enhanced 1r–1r interaction between the aromatic groups of the conjugated amino acid moieties and the adsorbate. This bioconjugated method developed here provides a promising new tool to synthesize new materials for detoxiﬁcation of herbicides in clinical trials.

© 2013 Elsevier B.V. All rights reserved.



1.  Introduction

Mesoporous materials have received much attention over the last  two  decades due  to   their  unique  characteristics of  high
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surface areas, large pore volumes and uniform pore sizes, and have been developed for  variety of applications such as  adsorp- tion [1,2], catalysis [3], energy storage [4], electrochemistry [5], and biomedical engineering [6]. Since  pure silica mesoporous materi- als  are  thermally stable, great efforts have been made toward the development of synthetic method for functionalizing mesoporous silicas with a variety of organic groups. The functions of the organic group determine the properties of the mesoporous silica materials such as adsorption capacity for metal ions, enhanced hydrothermal
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Fig.  1.  Structure of  toxicants. (a)  Paraquat (PQ),  1,1∗ -dimethyl-4,4∗ -bipyridinium dichloride;  (b)   ethyl  viologen dibromide  (EVB),   1,1∗ -diethyl-4,4∗ -bipyridinium dibromide.


stability, and surface reactivity and hydrophobicity [7–11]. In general, two approaches are available for surface tailoring of meso- porous materials: post-synthesis grafting and co-condensation synthesis  routes.  The   post-synthesis  grafting method  is   per- formed  by   reacting organosilanes with  the  silanol groups on the silica surface. The  co-condensation synthesis route involves co-condensation   of    tetraalkoxysilane   (Si(OR)4 )   and   organo- trialkoxysilane (R-Si(OR∗ )3 )  in  the  presence of  surfactant as   a pore-forming agent [12].  The  co-condensation synthesis route is often preferred over grafting because the organic moieties can be  prepared in  one step, which simpliﬁes the synthesis proce- dure. Also,  this method allows better control of  the amount of organic functionality incorporated  into the silica matrix which leads to more uniform distribution of organic groups on pore sur- faces throughout the product. A variety of functional groups, such as  thiols [13],   phenyls [14],   vinyls [15],   and amines [16],   have been introduced into silica matrices for diverse applications. Meso- porous materials functionalized with acidic groups, particularly with sulfonic acid  groups, are  getting more attention because of their numerous practical applications in heterogeneous acid  catal- ysis  [17],  toxic mercury ion  trapping, biomolecule immobilization [18],  and as  a  support material for  metallic nanoparticles [19]. Although sulfonic acid   group functionalized mesoporous  silicas can  be  synthesized using the one-pot direct synthesis approach, harsh oxidation conditions often cause signiﬁcant degradation of structural uniformity and incomplete oxidation of thiol groups in the resulting materials, especially at high sulfur loadings. As an alternate acidic functional group, carboxylic acid (   COOH) is a well- known reactive group and a good ligand for chemical species. The exploration of    COOH functionalized mesoporous silica is consid- ered to be advantageous from its speciﬁc adsorption, ion-exchange, and catalysis perspectives as  it  has  the ability to  form hydrogen bonds with organic and inorganic species. However, few  studies have focused on  the preparation of  mesoporous materials func- tionalized with   COOH groups [20–24].
Organic contamination  of  water is  a  serious and widespread problem around the world because of industrial, household, and agricultural pollution. One particular herbicide, 1,1∗ -dimethyl-4,4∗ - bipyridinium dichloride, popularly known as Paraquat (PQ, Fig. 1a) and often used in  developing and Mediterranean countries, has huge negative inﬂuence on the ecological environment [25,26]. It is noteworthy that PQ is a viologen and one of the most widely used herbicides in the world. In theory, PQ kills green plants by inhibiting the conversion of  nicotinamide adenine dinucleotide phosphate (NADP) to  its  hydrogen form NADPH during photosynthesis [27]. Although the mechanism of PQ toxicity in human beings and ani- mals is still  unclear, affected cells  are  more susceptible to  attack from lipid hydroperoxidase, which causes oxygen to convert to free radicals, e.g., superoxide. This fact is strongly relevant to PQ intoxi- cation. Further, PQ has toxic effects on the lungs, livers, and kidneys of mammals. Early  manifestation of PQ poisoning includes corro- sive effects on the gastrointestinal mucosa, causing liver injury and

renal tubular damage [28].  Therefore, PQ poisoning causes rapid death due to  vascular collapse [29].  PQ is  widely used as  a  sui- cide  chemical since it is acutely toxic, relatively cheaper and has no known effective antidote which results in a considerably higher fatality rate than other suicide chemicals. World Health Organiza- tion (WHO) has  reported PQ as  the “major suicide agent” which killed several thousands of people in the past few  years [30,31].
As an effective therapy for acute PQ poisoning has  not yet  been established, research is currently being conducted to develop new effective antidotes. The fundamental cure for herbicide poisoning is  the selective excretion of toxic substances out of the body by means of gastrointestinal lavage and administration of adsorbents and purgatives. Activated charcoal is commonly used as  an  anti- dote in the clinical treatment of PQ intoxication in patients [32–36]. Charcoal can  statistically reduce around 35% of the absorbed PQ in animal bodies according to  a recent report on  animal trial data [37].  No other substitute for  activated charcoal is reported so  far and charcoal is likely to be the sole  antidote to PQ intoxication for clinical treatment. For the reason in  development of substitution or  of being an  assisting material for  the detoxify function of acti- vated charcoal, we  present herein for the ﬁrst time the successful modiﬁcation of carboxylic acid  functionalized mesoporous silicas (denoted as CAR-x, where x represents the COOH content [24]) and their derivatives conjugated with amino acid  moieties as  potent adsorbing nanostructural materials for  the removal of PQ and its analog, EVB (Fig. 1b) in water solution.


2.  Materials and  methods

2.1.  Chemicals

Herbicides PQ and EVB obtained from ACROS and Sigma–Aldrich respectively for  using to  evaluate the  adsorption  properties  of the  materials investigated. Commercial adsorbents, activated charcoal (surface area = 600–675 m2 /g,  particle size = 4–12 mesh) and   mesoporous   carbon   (surface  area = 150–250 m2 /g,    pore size = 6 nm), the templating agent Pluronic P123 and l-tryptophan methyl ester hydrochloride were purchased from Sigma–Aldrich. l-Phenylalanine  methyl ester hydrochloride was obtained from BACHEM.          N-(3-Dimethylaminopropyl)-N∗ -ethylcarbodiimide hydrochloride   (EDAC)    and   triethylamine   were   purchased from  Merck. Tetraethoxysilane  (TEOS)  and  carboxyethylsilan- etriol sodium salt (CES) were acquired from Fluka  and Gelest, respectively. All chemicals were used without further puriﬁcation.


2.2.  Preparation of CAR-x and  amino acid-CAR-10 conjugates

The  CAR-x materials were prepared by  the method described in  the literature [24].  In a typical synthesis, the surfactant (P123
1.0 g)  was dissolved in  a  mixture of  HCl (1.9 M,  31.3 g)  at 40 ◦ C
for  4 h  and then TEOS was added. After  10 min, various amount of  CES, that is,  to  afford a  molar percentage of  CES/(TEOS + CES) of  0–50%,  were added and the reaction mixture was heated at
95 ◦ C for 24 h. The resultant precipitates were ﬁltered, washed with
water, and dried at room temperature. The template was removed from the as-synthesized materials (0.5 g) by adding H2 SO4 (250 mL,
48 wt.%) and heating the mixture at 95 ◦ C for 24 h. The sample was
recovered by washing with excess acetone and water, and ﬁnally dried at 90 ◦ C. The resultant product   COOH functionalized mate- rials were denoted as CAR-x, where x is molar percentage ratio of CES/(CES + TEOS).
According to  the result of removal PQ assay for  CAR-x meso- porous materials  (vide infra) as  well as  the structure of  PQ  or EVB with  dual properties,  ionic nitrogen  and  aromatic  group, the CAR-10  material was chosen to  conjugate with amino acid




Scheme 1.  Synthesis procedures of carboxylic acid functionalized mesoporous silica
CAR-10 conjugated with amino acid moieties.

moieties such as phenylalanine and tryptophan, denoted as CAR-
10-Phe and CAR-10-Trp, respectively, according to the procedures summarized in Scheme 1. CAR-10-Trp or CAR-10-Phe was synthe- sized based on the previous report [38].  To synthesize CAR-10-Trp or  CAR-10-Phe, dried  CAR-10  (100 mg)  was initially mixed with EDAC (0.15 mmol) and triethylamine (0.25 mmol), and dissolved in
12.0 mL de-ionized water (step 1, Scheme 1). The mixture was soni- cated for 15 min and then 8.0 mL 0.05 M l-tryptophan methyl ester HCl (or  l-phenylalanine methyl ester HCl) was added gently. The mixed solution was stirred for 30 min at room temperature to get a homogenous solution (step 2, Scheme 1). The precipitate obtained was ﬁltered, washed with excess water and ethanol, and dried at
90 ◦ C in vacuum to get  the ﬁnal product.

2.3.  Characterization methods

The  nitrogen analysis was performed on  a  Heraeus  CHN-OS Rapid analyzer.  Powder  X-ray diffraction  (XRD)  patterns were


collected by PANalytical X’Pert PRO. N2  adsorption–desorption isotherms were measured at 77 K on  a Micromeritics ASAP 2020 analyzer. The  samples were degassed at 180 ◦ C for  several hours before measurements. Speciﬁc surface areas were calculated using the Brunauer–Emmett–Teller (BET) method in the relative pressure range P/P0 = 0.05–0.30. The pore size  distributions (PSDs) were cal- culated using the Barret–Joyner–Halenda (BJH) method based on the adsorption branches of the sorption isotherms, and the pore sizes were estimated from the positions of the maxima in the PSDs. Pore  volumes were obtained from the volumes of N2  adsorbed at P/P0 = 0.95 or in the vicinity. Fourier transform infrared (FTIR) spec- tra of the samples were recorded at room temperature on a JASCO FT/IR-4100. Solid-state 13 C cross polarization magic angle spinning (CPMAS) NMR spectra were recorded by  using a contact time of
3 ms  on  a  Varian Inﬁnityplus-500  NMR  spectrometer, equipped with a 5.0 mm Chemagnetics probe. The Larmor frequency for the
13 C nucleus is  125.7 MHz.  The  13 C chemical shift was externally
referenced to  tetramethylsilane (TMS)  at 0.0 ppm. Transmission electron microscopy (TEM)  was performed on  a  JEOL JEM2100 microscope that was operating at 160 kV.


2.4.  Adsorption of PQ and  EVB

The  removal efﬁciencies of CAR-x (x = 10,  30,  50),  amino acid conjugates CAR-10-Phe and CAR-10-Trp, and carbon-based adsor- bents were evaluated by measuring their capacities to remove  PQ and EVB from aqueous solutions at equilibrium binding assays. The adsorption tests were conducted in  a 20.0 mL screw cap  sample vial with a speciﬁed amount of CAR-x, CAR-10-Trp, CAR-10-Phe or carbon-based adsorbents in 5.0 mL solutions of PQ and EVB at dif- ferent pH values in a 10.0 mM  sodium phosphate buffer at various incubation periods of time. The  efﬁciencies of the adsorbents in general were evaluated from 1.0 mg  mesoporous silica in  5.0 mL solution of 80.0 1-M (20.6 ppm) PQ or 50.0 1-M (18.7 ppm) EVB and the mixture was incubated for  1 h unless otherwise speciﬁed. For the experimental measurements at different temperatures, pH val- ues  and various incubation periods of  time, the screw cap  vials were shaken on a Lab-Line orbital shaker set  at a speed of 200 rpm for  the speciﬁed amount of  time. Experiments were performed at least in triplicate. Following incubation, each vial  solution was





Fig.  2.  Powder XRD patterns and corresponding TEM images of template-extracted (a)  CAR-10, (b)  CAR-30, (c)  CAR-50, (d) CAR-10-Phe, and (e) CAR-10-Trp.


transferred to  a 1.5 mL Eppendorf tube. The  solutions were cen- trifuged, and the collected supernatant was ﬁltered through Millex syringe-driven PTFE ﬁlters (0.22 m).  The  concentration of PQ and EVB was checked with a  Scincon UV–vis  spectrometer  (S-3100) at a  wavelength of  258 nm.  In  order to  compare the adsorption properties of the amino acid  conjugated CAR-10 with the commer- cial activated carbon materials, the same process was repeated by replacing the conjugates with the commercial carbon-based sor- bent materials.
The  removal efﬁciencies of  the adsorbents were determined from the UV adsorption peak of PQ or EVB aqueous solution with or without the adsorbent using the following relationship,

Removal  efﬁciency  (%) = I

CS − CM
CS

l
× 100% 	(1)

where CM  is the concentration of the PQ or  EVB recovered in the supernatant from the sample run with either the silica-based or the carbon-based materials, and CS is the concentration of the standard toxicants without the adsorbing materials. In  order to  perform the isotherm equilibrium of absorbents, the typical experimental method is similar to the procedure described in above section. The adsorption equilibrium experiments were carried out at the pH
7.0 at 25 ◦ C with a range of different initial concentrations of 40.0
(10.3)–120.0 1-M (31.0 ppm) of PQ.

3.  Results and  discussion

3.1.  Characterization of the carboxylic acid functionalized and amino acid conjugated SBA-15 materials


The   powder  XRD  patterns  (Fig.   2)   of   CAR-x,  CAR-10-Phe, and CAR-10-Trp exhibit three well-resolved peaks in  the region
2B = 0.7–2.0◦  that can  be  indexed to  the (1 0 0), (1 1 0), and (2 0 0)
reﬂections associated with the p6mm hexagonal symmetry. The diffraction peaks of  the amino acid-conjugated samples slightly shifted to  higher 2B  values, indicating the shrinkage of  the unit cell  upon incorporation of amino acid  moieties. Additionally, the hexagonal symmetry was also  conﬁrmed by TEM images and the observation of ordered lattice array suggests that the pore struc- ture and size are all well preserved for the functionalized materials (Fig. 2).
The nitrogen adsorption–desorption isotherms of CAR-x and amino acid-conjugated CAR-10  samples are  shown in  Fig. 3 and the corresponding structural properties are  listed in  Table  1.  As shown in Fig. 3, all the mesoporous silica adsorbents exhibit typical type-IV isotherms. As seen in Table  1, the parent CAR-10  materi- als  exhibit a higher surface area (650 m2 /g)  than the amino acid CAR-10  conjugates (e.g.,  481 m2 /g  for  CAR-10-Phe and 521 m2 /g for CAR-10-Trp).
We  propose that the addition of amino acid  moiety causes a decrease in surface area by blocking the pores in the mesoporous channels. The  isotherms showed a similar trend of pore volume and pore diameters for amino acid-conjugated CAR-10. The sharp increase in  volume observed at P/P0 = 0.6–0.8 can  be  ascribed to capillary condensation in the mesopores. It is noteworthy that CAR-
10, CAR-10-Phe, and CAR-10-Trp all possesses H1-type hysteresis loops of cylindrical pores at a relatively high pressure, which agree with those reported for pure silica SBA-15 [39,40]. This observation suggests that the addition of amino acid  did not signiﬁcantly affect the structure of the resultant mesoporous silicas.
Fig.  4  displays the FTIR spectra of  CAR-10,  CAR-10-Phe and
CAR-10-Trp. The bands at 1699 and 1600 cm−1 observed for CAR-
10  are  due to  the stretching vibrational modes of carboxylic acid groups and water molecules, respectively. Upon conjugation with amino acids, the  intensity of  the  band  at  1699 cm−1  dramati- cally  decreased, accompanied by the appearance of a new band at




Fig. 3.  N2  adsorption–desorption isotherms and pore size distribution of (a) CAR-10, (b)  CAR-30, (c)  CAR-10-Phe, and (d) CAR-10-Trp.







Fig.  4.  IR spectra of (a)  CAR-10, (b)  CAR-10-Phe, and (c)  CAR-10-Trp.


Table 1
Elemental analysis, structural and textural properties of the materials studied.

Sample	Nitrogen adsorption 	Elemental analysis

	
	a0 /nm
	SBET /m2 /g
	V/cm3 g−1
	D/nm
	W/nm
	
	wt.% C
	wt.% H
	wt.% N

	CAR-50
	12.16
	629
	0.93
	5.64
	5.27
	
	N/A
	N/A
	N/A

	CAR-30
	12.03
	668
	0.90
	5.95
	6.08
	
	N/A
	N/A
	N/A

	CAR-10
	11.92
	650
	1.08
	6.96
	4.96
	
	4.62
	1.71
	0

	CAR-0
	10.30
	742
	1.32
	7.30
	3.00
	
	N/A
	N/A
	N/A

	CAR-10-Phe
	10.96
	481
	0.79
	6.24
	4.72
	
	8.82
	2.28
	1.38

	CAR-10-Trp
	10.84
	521
	0.76
	6.10
	4.74
	
	8.54
	2.18
	1.25


a0 : cell parameter; V: pore volume; D: BJH pore diameter; W: wall thickness; N/A: not available.

Table 2
Isotherm parameters for  the adsorption of PQ. Samples 	Langmuir parameters
KL (L/mg)	Qmax (mg/g)	R2

	CAR-50
	101.87
	51.55
	0.991

	CAR-30
	120.17
	54.37
	0.997

	CAR-10
	38.57
	65.47
	0.996

	CAR-10-Phe
	24.78
	114.84
	0.994

	CAR-10-Trp
	53.2
	74.25
	0.998




conventional carbon-based materials. To establish the isothermal model of adsorption, the experimental data were ﬁtted to a Lang- muir equation:


CE	1


    1      C


(2)

QE  = (Qmax KL ) +

Qmax 	E














Fig.  5.  13 C CPMAS  spectra of (a)  CAR-10, (b)  CAR-10-Phe, and (c)  CAR-10-Trp.

1558 cm−1 , which is attributed to the bending mode of the amide groups. This  observation conﬁrmed the successful conjugation of amino acid   moieties with CAR-10.  As  seen in  Table   1,  the ele- mental analysis results indicate that the total nitrogen contents of the CAR-10-Phe and CAR-10-Trp conjugates are  1.38% and 1.25%, respectively. This indicates that the ratio of conjugated amino acid residue number/adsorbent is 1:2  for  CAR-10-Trp versus  CAR-10- Phe.  In other words, it might implicate  CAR-10-Phe pedants with more amounts of amino acid  moieties on the speciﬁc surface area of silica-based material.
13 C CPMAS NMR was also  employed to  monitor the status of
the carboxylic acid  groups before and after conjugation with the amino acids (Fig. 5). The appearance of new peaks in the range of
100–130 ppm conﬁrmed the presence of the aromatic rings from the incorporated amino acids. The peaks at 43 and 158 ppm were due to the residual EDAC.

3.2.  Optimal removal condition by silica-based and  carbon-based materials

The   adsorption of  PQ  was studied with the  two of  silica- based samples, CAR-x and amino acid-conjugated CAR-10, and the


where QE is the solid-phase sorbate concentration at equilibrium (mg/g), CE is the sorbate concentration in aqueous phase at equi- librium (mM), KL is the Langmuir isotherm constant (L/mg), and Qmax gives the theoretical  monolayer saturation  capacity (mg/g). The  experimental data of silicon-based adsorbents were found to follow the Langmuir equation and can  be  ﬁtted well into straight lines (CE /QE  versus CE ) with good R2 values, as shown in Fig. 6 and Table  2. It implies that the PQ adsorption on the adsorbent surface takes place via  a  monolayer adsorption process. The  adsorption behavior of the carbon-based materials studied here is similar to that of the carbon-based adsorbents reported in a previous report [41].
Initially, we  investigated the ability of  the CAR-x series and amino acid-conjugated CAR-10 to act  as ﬁlters to remove PQ from contaminated water solutions. The inﬂuence of time is displayed in Fig. 7a, and the procedure for assays is described in experimental section. The removal yield of PQ has  not changed at room tempera- ture up  30–90 min. Thus,  all  binding assay experiments reported here were carried out in  60 min incubation, which can  provide reproducible results. The PQ adsorption capacity of the silica-based adsorbents at pH 7.0 was also studied and a plot of PQ removal yield versus amount of PQ is given in Fig. 7b.
Remarkably, Fig. 7a demonstrates that the adsorption was rapid for all the samples in the initial 30 min period, became slow with the increase in contact time and then nearly reached a plateau due to saturation of the active site which do not allow further adsorption to  take place. It was observed that amino acid  conjugated silica- based adsorbed more PQ than the only carboxylic acid group loaded silicas owing to enhanced 1r–1r stacking interaction. Furthermore, to identify the step possibly controlling the adsorption of PQ onto materials, the experimental data were ﬁtted into two conventional kinetic models, including the pseudo-ﬁrst order [42]  and pseudo- second order [43].  The  linear forms of these models are  given as,


Pseudo-ﬁrst   order   equation :    ln(Qe − Qt ) = ln(Qe ) − k1 t      (3)




Fig.  6.  Langmuir sorption isotherms of (a)  CAR-x (x = 10,  30,  50) and (b)  CAR-10-Phe and CAR-10-Trp.




Table 3
 Kinetic parameters of pseudo-ﬁrst and -second order for  adsorption.

Samples	Pseudo-ﬁrst-order model	Pseudo-second-order model

k1  (min−1 )     Qe  (mg/g)   R2 	k2  (min−1 )     Qe  (mg/g)   R2

CAR-50	0.0398	6.32	0.885    0.0224	34.36	0.999
CAR-30	0.0594	10.74	0.973    0.0150	41.49	0.999
CAR-10	0.0561	16.99	0.990    0.0086	48.07	0.999
CAR-10-Phe  0.0757	53.02	0.965    0.0024	62.89	0.997
CAR-10-Trp  0.0528	38.58	0.992    0.0027	60.24	0.998

3.3.  Removal  of PQ and  EVB by adsorbents at various pH values and  different temperatures

Remarkably, the presence of 1.0 mg of adsorbent was sufﬁcient for removal of 5.0 mL of 80.0 1-M PQ from the water solution. There- fore,  all binding assays were conducted with 1.0 mg  of adsorbent in 5.0 mL of 80.0 1-M PQ.
Furthermore, the PQ and EVB removal yield at various temper- atures displays undistinguishable differences between the CAR-10 and amino acid-conjugated CAR-10 adsorbents (inset of Fig. 8). This indicates that temperature variable is not essential for all assays in
which the removal yield measurements of the adsorbates are made.

Pseudo-second order equation :

t
Qt   =

1
 (
e
)k2 Q 2

t
+ Qe

(4)

Therefore, the binding properties of  1.0 mg  of  CAR-10,  CAR-30, and CAR-50 were determined by batch sorption experiments car- ried out in aqueous solutions (pH 7.0, 10.0 mM  sodium phosphate

where Qe and Qt are the amounts of PQ adsorbed at equilibrium and at any time t, k1 and k2 are the rate constants of the pseudo-ﬁrst and
-second order equation, respectively. k1  and k2  were determined from the slope and intercept of the plot ln(Qe − Qt ) versus t and from t/Qt versus t respectively and the results are  given in Table  3.
The coefﬁcients (R2 ) of the pseudo-second order were determined
to be better than those of the pseudo-ﬁrst order. Hence, chemical sorption or chemisorptions were supposed to be the rate limiting step in the adsorption process [43].

buffer) at room temperature with an  incubation time of  60 min and the results obtained are  shown in Fig. 8. It was observed that the CAR-x adsorbents were capable of removing around 35–45% PQ from the aqueous solutions at pH 7.0. In addition, the removal yield of PQ decreased as  the molar ratio of CES/(CES + TEOS) was increased to 50%. This could be ascribed to the fact  that not all the carboxylic acid groups in the mesopores are accessible to the adsor- bate. Moreover, all  the carboxylic acid  groups might be  not fully ionized to have negative charges at pH 7.0.






Fig.  7.  (a)  Time course of PQ removal by  CAR-x  series and amino acid conjugated CAR-10. [Adsorbent] = 1.0 mg/5.0 mL;  5.0 mL  of [PQ] = 80.0 1-M (∼20.6 ppm). (b)  Effect of volume on amount of PQ (80.0 1-M)  removed for  1.0 mg of adsorbent in a buffer (10.0 mM sodium phosphate, pH  7.0). Experiments were conducted at room temperature, and incubation lasted for  60 min.




Fig. 8.  Measurements of PQ adsorption by CAR-x, amino acid CAR-10, and activated carbon materials at room temperature (25 ◦ C). The inset shows the (a)  PQ and (b) EVB adsorption measurements by  CAR-10, CAR-10-Phe, and  CAR-10-Trp made at different temperatures. All  experiments were performed in a sodium phosphate buffer (10 mM, pH  7.0) and using an incubation period of 60 min.




Fig.  9.  Inﬂuence of  pH  on removal of  toxicants PQ  and EVB by  activated carbon materials,  CAR-10-Phe and CAR-10-Trp, in a sodium phosphate buffer (10.0 mM). Experiments were conducted at room temperature  with an incubation period of
60 min. 5.0 mL of [PQ] = 80.0 1-M (∼20.6 ppm) or [EVB] = 50.0 1-M (∼18.7 ppm) in the
presence of 1.0 mg of the adsorbent.


For the purpose of enhancing the toxicant adsorption capacity as well as to ensure nontoxic modiﬁcation of the adsorbents, both CAR-10-Phe and CAR-10-Trp were  designed  to  possess carboxyl groups and the additions of aromatic functional groups in  order to  increase the 1r–1r stacking interactions between the adsorbent and the adsorbate, PQ or EVB, which is itself with dual properties of ionic nitrogens (pH 7.0) and aromatic groups. As expected, both the newly designed amino acid-conjugated CAR-10 adsorbents indeed showed an  improved PQ removal capability, which was approxi- mately 10% better than that of CAR-10 (Fig. 8).
Even  though the N2   adsorption–desorption measurement results showed reduced surface areas of CAR-10-Phe and CAR-10- Trp, they were found to be more efﬁcient than the other adsorbents used for  PQ removal. The  stronger afﬁnity between PQ and the amino-acid CAR-10 conjugates might result from better hydropho- bic interactions. The carbon-based adsorbents, on  the other hand, were less  capable of  removing PQ than the silica-based materi-
als.  The  enhanced capacity of  the silica-based materials can  be attributed to  the strong interaction of the functional carboxyl groups with the ionic form of aqueous PQ (pH 7.0).
The PQ and EVB removal measurements with activated carbon materials, CAR-10-Phe, and CAR-10-Trp were also performed at dif- ferent pH values. Batch adsorption results for assays carried out in the same way as described in the previous section and the results are  shown in the bar  chart of Fig. 9.


Table 4
Desorption toxicants from mesoporous materials.

	Samples
	PQ (%)
	EVB (%)

	CAR-10
CAR-10-Phe
CAR-10-Trp
	83.6 ± 3.2
87.8 ± 1.9
88.5 ± 1.9
	79.6 ± 1.3
78.4 ± 1.5
84.5 ± 0.8




As seen in  Fig. 9,  the removal yields of  both PQ and EVB for all the adsorbents increased with increasing pH, but then slightly decreased for pH over 7.0. Accordingly, the removal yield for those adsorbates likely reached the highest percentage at pH  7.0.  In particular, the capability of both  CAR-10-Phe and CAR-10-Trp to remove the adsorbates increased sharply at pH approximately 7.0 (Fig. 9). The explanation for silica-based materials can be addressed by  considering the carboxylic functional group on  the surface of the adsorbent structure, which may play an  important role in the adsorption of the adsorbates. The level of deprotonation complete- ness of the carboxylic groups might be  the determining factor in forming a  stronger salt bridge between the adsorbents and the adsorbates. Moreover, while the pH  was close to  7.0,  the silica- based materials were stable due to  the minimum rate of  silica hydrolysis [44]. Meanwhile, the tendency of PQ and EVB adsorption for CAR-10-Phe and CAR-10-Trp was observed to  be  similar. Also, this tendency is likely able to address the synergistic binding ability of materials contributed by carboxyl and aromatic groups reached the optimization around pH 7.0. The amino acid-conjugated silica- based adsorbents also  reﬂected an  efﬁcient capability to  absorb EVB, especially for pH values higher than 6.0. This can be attributed to  the presence of  longer and more hydrophobic side chains in EVB (Fig. 1b),  which would slightly increase the 1r–1r interactions with the conjugated amino acids on  the surface of the adsorbent. Furthermore, the similar phenomena of EVB owing stronger 1r–1r stacking interactions with adsorbents were also  observed in mea- surements of different temperatures on  the removal EVB (inset of Fig. 8).
Although it  has  been shown that carbon based materials are good adsorbent for many toxic chemicals, the carbon-based adsor- bents appear to have low capacity for adsorption of PQ and EVB with removal yield ranging from 3% to 20% for pH values from 3.0 to 9.0. It might be interpreted by materials with no functional groups for forming effective binding for adsorbates or the structural composi- tion of carbon-based materials not allowing good interactions with PQ or EVB.
To  evaluate  the  possibility of   regeneration  of   adsorbents, we  have performed desorption experiments which method was majorly described in the literature  [20,45,46]. Prior to  desorption studies, in general, at least 5.0 mg  of toxicants absorbed materials were treated with deionized water and dried for  further process. Table  4 presents the results of desorption studies. The desorption ratio (%) represents the ratio of the weight of toxicants desorbed (pH 3.0) and the weight of toxicants adsorbed (pH 7.0). The results showed that the high acidity of solvent is better method for  the regeneration of adsorbents due to  desorption nearly completely. Table 4 once again conﬁrms the fact that EVB with better hydropho- bic  interactions to  absorbent since the desorption ratio is  lower than that of PQ.
The  carboxylic acid  functionalized CAR-x materials were syn- thesized by  a simple one-pot direct synthesis approach with the SBA-15  motif via  co-condensation of CES and TEOS. CAR-10  was then conjugated with amino acids, which may work as  a  linker between the silica surface and any  organic species via nucleophilic substitution reaction [47].  The  CAR-x materials showed approx- imately 45%  more PQ  removal  efﬁciency in  aqueous solutions at pH  7.0  in  comparison to  the activated carbon materials, the conventional adsorbents used for  toxicant removal. Importantly,



the amino acid   conjugated CAR-10  exhibited enhanced toxicity removal capacity up  to  55% and 65% for  PQ and EVB toxicants, respectively, compared to CAR-x. The toxicity removal efﬁciencies of both CAR-x and amino acid  conjugated CAR-10 as a function of pH of the solution conﬁrmed that the amino acid  conjugated CAR-
10 materials worked much better than the activated carbon at pH
over 6.0.

4.  Conclusions

We  have synthesized ordered SBA-15  type mesoporous silica materials with the conjugation of  nontoxic and easily metabo- lized amino acid   moieties. However, the characteristics of  this new synthesized conjugates are   sharing similarity in  structure, cell  parameter;  pore volume, pore diameter and wall thickness with the silica-based mesoporous materials without conjugation. Furthermore, the adsorption results demonstrate that the aro- matic amino acid functionality in mesoporous silicas can efﬁciently detoxify aqueous solutions contaminated with the viologen toxi- cant PQ and its  derivative EVB. The  efﬁciency to  reduce toxicant levels was found to be dependent on the time and pH of the solu- tion, but not the temperature. Additionally, amino acid  conjugated materials also  can  be  easily regenerated by  the treatment of low acidity solvent. In contrast to  the current therapy for  PQ poison- ing  via activated carbon materials, although the newly developed amino acid-conjugated silica-based materials are  not with effec- tive  removal yield of PQ at low  pH values, it can  open an auxiliary avenue in the development of a novel ﬁlter type for the treatment of poisoned patients in clinical trials, e.g. hemodialysis.
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