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Mechanistic Studies and Surfactant Effect of The Formation of

Sulfur Nanoparticles.

Abstract

The thiosulfate ions undergo disproportionation in hydrochloric acid to form sulfur. The
reaction solutions remain clear first, followed with sudden formation of discrete particles that are
observed by the appearance of Tyndall beam. The induction periods vary upon the initial

concentration of the reactants and temperature.

Addition of surfactant to the reaction solutions significantly prolongs the
induction period, indicating the association of surfactant molecules with the nuclei of
sulfur particles can hinder the aggregation of sulfur particle-nuclei. The UV-visible
spectrophotometric measurements for the formation of sulfur particles in the presence
of various surfactants show that the reciprocal values of induction period are
proportional to the reciprocal of surfactant concentrations. Such a rate law is
elucidated by an associative pre-equilibrium mechanism.

The surfactant molecules appear to effectively protect the nuclei of sulfur
particles from aggregation. The cationic surfactant such as CTAB demonstrates
better “protection” ability than do the anionic or neutral surfactants. The IR and
X-ray diffraction analysis indicate that CTAB can result in co-precipitation with
sulfur, also supporting the suggested mechanism.
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AN = B

(Cetyltrimethylammonium bromide, CTAB)

RALIHT e EL ik

Polyoxyethylene(40) nonylphenolether(NP-9),
SPTRZEATERE I > RACH TR HE TR

C16H33N(CH3)3+BI'- Acros

4-C9H19C6H4O(CH2CH20)40H Aldrich

AR A S AT R R
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CH3(CH2)11C6H4SO3_I\18.+
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L7 = FE EE 8% (Cetyltrimethylammonium bromide, CTAB) C16H33N(CH3); 'Br
3. JEEME - PRESEVE T EEA KRR - e USRS M B R R EK S 1

e EHE -

RA LSH T ZE i ik (Polyoxyethylene nonylphenolether, NP-9),

CoH19CsH4O(CH,CH,0)40H
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AR ERI 2] BMOERE RIS log(Po,P) B AT AR A RESG TR ATE
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Ve FEE BEIRF A H A (L BRI OR © (2)IR SEREHE e SOMETT TR IR 5 © BRATAR ARG S e v PR
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+ NayS:0391B 535155 0.025 M, 0.020 M, 0.015 M, 0.010 M, 0.005 M Z &% 15 ml,

PIA S ml pH=1.90 .2 HClg & VLTG5 > DL U-3310 SRR - WL PERIAE 25°C -
2400 nm | > F5E]0E 1 sec HU— B > HAEHIE 20 min iAHEC EEL -

* JY 0.1M Na,S,034) 5 ml > 53BN AGIIRIERE B 0.00025, 0.00050, 0.00075 LLILFH

H#EZ0.00250 M 1) CTAB 7KiZH#E 10 ml iR A9 5%% > HIA S ml pH=1.90 2 HClyy)
VLR A o DL U-3310 JERERR > IREEFEHIAE 25°C 0 fR 400 nm [ IR 1 sec
IR S AT 20 min IEWBUERHIEEL -

BB IER_E - (BRI A IR IR L 0.005, 0.010, 0.015, 0.020 DAREAEHE S 0.050

M i SDS 7K¥& ¥ 10 ml

BB IER_E (BRI A IR IR L 0.005, 0.010, 0.015, 0.020 DALEAEHE S 0.050

M i DBN 7Kz 10 ml

B ERIRIER_E - (HAS VISR AR IRIE R 0.005, 0.010, 0.015, 0.020 LAEEREHES 0.050
M 1 NP-9 7k 10 ml

* J%E CTAB ~ SDS ~ DBN ~ NP-9 ~ itk IR BIBOERE: HI7E 2 S RAR I TEY)

Z IR IEIOEEE © 0.025 M NaxS203q)ft pH1.90 1 - 3B RHEAS NP ~ 7500 0.00025 M
F110.0025 M CTAB ~ #11 0.05 M SDS ~ /11 0.05 M DBN ~ B¢ 0.025 M NP-9 >
IIERLHFE =K > BT M LS BRI S PR L LR RO TReY) SR (e

P FHZHE  BRECDRICRIEL CIFIBST F - LA Nicolet Magna IR 550 L3 IRt IR

AT X-Ray EETEE © EEMEIE R E() » BN EE
22 NEzRER - 3 XOURRaERE

» W e R A
» JERIIY) > SO AR ER SR

H NaxS203q) 8l HClag G - VARG T — BN HB AT BT - S5 B
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TR HLE 2 RS AT EE R ] (Induction Time, RO Ti) AEERF A RATE 2 S EY)
IRIE S AN RIS - — IR 1R RO LRIBRAGEERS (I (R - DL
LU AR E SIS B0 - Ba S e IS0 - 4215 B0 gt - VAR E
BT o ERERIHERERISIR - KLU Er D0 o PEIRF AR R - PR B (i
N et B s e (e 1) -

FHIE REBRAAZIRT AR 58 D0 > VAR MR e m P Rt P e S HE DR RE B
PIAIEIGE 2 ~ 10 hrs NS5 o ANEEREEIZESERT 20 min ZECHHEEL © /£ 20 min
A > L 400 nm AR —FDHL— KB - EAHE A =400 nm | > it/ TAEAVER
WR[2] > FTHIRO REA AL A AR RIS FEE S I 5 P o » A2 P RO R
W RO - SRS RO AR ACEREGER - DI FTAE SRR R » B ER
RU/INHLRET-BBH S R/ IVARE > S H BRI -

4 0.12
0.10 —+
0.08 4 W RE EE L
3 .
0.06
IR oe
o d ,
B 2 Wb A B
a 0.02 4 Vi v w5 wyyndall Effectidi 3R
= ] Induction Ti
8 0.00 nauction ime
1 6 5‘0 1(‘)0 15‘0 20‘0
IO = AT RN ET'EJ% BE T BERISE N £ 2R
0 -
) v ) v ) v ) v ) v ) v ) v ) v 1
0 5000 10000 15000 20000 25000 30000 35000 40000
Time(sec)

1 0.010 M Na;S;03(aq) & pH=1.90 ' 5J 10 hrs 7 HiHEARFEIY
##{l, - A =400 nm, time interval=30 sec
TS NaoS2050q/7 pH=1.90 XSS 20 min #5{5(LANE 2 NaoS:Os 0L
K+ R (H Osec % Abs ZERBAIATOE BT AT R - H AR AC IR & AL
B TR © NaySy03q fEILEE 0.005 M -0.020 M 2] » 57 JEmh i T SR
FER/IMBRFG - AEF—IR R SEVIRESEOR » B ERCR » HUA 0.0025 M > 15[ ER
300 PP B N > 2 RN FIARE BT SRS RE ST AL -



[INa2S203](M)
0.025 M

T 0.020 M
0.015 M
0.010 M
0.005 M

log(Po/P)

T T T T T T T T T T T T T
0 200 400 600 800 1000 1200

Time(sec)

2 ANARAE NagSy0s3q)fs pH=1.90 "N 20 min R EAIRE YA
1¥, - A =400 nm, time interval=30 sec

HH S YR & SR E R ENFIFE 30 sec » KM E PR S ERRF AT sl X i Bl
#7930 sec > LU E BB BB [Na S205]=0.025 M > [KI55 0.025 M NayS:03(aq) SERIAE
EERF IR Bl _ERT7R 20sec FEANE 30 sec» JRENFIES 50 sec IR FRF SUEY RS e
B AT R [ R I A E I A RS ERTEL B AA R R - MR (R Y S YA
HUEREAMEE CEER - FELU e amms s S R A R A E R SRS -
FEERFE R M 20 min > £ 7 5{HER, » SRS EYI[NaS,0;3]=0.025 M -

(RIS Te = FIELSR(CTAB)
CTAB VR REFE 0.00250 M-0.00025 M 2 i » Bl S HEWIFEEAHEL(0.025 M)VRIN
BRI/ 7T VR DAL T B I I 1 7 2 — B e (R L R AV = PR
BRLLOT R (AR e (R B

HS,05+S,05> = HS;05+S05> [E]
HS;05 9> HS,05”
HSoO3 > Sg+ HSO5 [G]

AUIETE b B R R 2R AR FTRERTAT HSOs SRR » PRI T DAHERILZ S
WEEARRL T RIEA Y EEE - BUREGEE -SSR CTAB ZaFE(F A I |
MEELEIREY) - EBHRIINIREN g ELBIRY) -
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M H AT AR SR R B RAHI[7] - SOERT 43 RS k% (nucleation) k2. 21
&R (aggregation) [ ERJHAZE A B AT IRREIA AR - Eva i/ KR Iie
TERRERIFRRE - ER EATEE R T2 IR EER GET 2% Bl
KAERL - BERFSRRAT RS WA S BT « B RER B KRBT « E R R/
RITE AR R — » Gher RSN ER S - JRENE R K R EER S 107 £
K > (A EAUES S A - [FIREAVRATESHERI A GE EFF o FELb 2 AT AR -

TEME I E R > IR RRAE K VAR (4G 5%107g /L[2] > MFRATRIERIRA E &
Gl 35 R FE SR B B k=1.64x10""exp[-15930  RT]* molesec” > T=25 C K >
k=1.48x10"mol*sec” » [ HAM AT LIHEHIRR SR RSB i - S EGER R R
TR R B EIR S -

W& 3 A7 sh CTAB JREE R JCERF R - 8~ CTAB W {ERR KB
IR RRAR IR S A UL B SR o

Add[CTAB](M)
———0.00025 M
] ——o0.00050m

0.00075 M
———0.00100 M
3 0.00125 M

— 0 \ et doo Lutab e iU bl
i e
4 :888;22m ”‘“,ﬂ(_-r'“”

PO
———0.00250 M / ppreane
2 / i

AN WY
VAo AANAA

log(Po/P)

' ) ) ' ) ' ) ' ) ' )
0 200 400 600 800 1000 1200
Time(sec)

3 WSHIAERREE CTAB £ 0.025 M NayS:03g)i pH=1.90 [ 20 min HEHEE!
HFfE %l » CTAB JEEEE = > Induction time #{E

AESEERRF ] R I T LRI ZOR IR A IR - fifEC R R > L[]
R=1/T; - In R 8 In[CTABI{E[CTABIF AN » BE/R—HAMERFRANIE 4  F1K=-1.08054
ERET-1

HISRHER L CTAB YRNIVEFEEIE R - fE[CTABI>5x10 M i 2 ARVERILR - 41
5

11



-3.5 4
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B 4 [EFSERENIN CTAB R 2 BHEIR © $5ZE[CTAB]=0.00025 M 2 EfHE]
Tell g5 é‘ﬂ%ﬁf’]%ﬁlﬁk
0.016 -
| y=atbx
a=0.00133
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0.012
0.010
@ 0.008
E J
0.006
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0.002 -
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0 500 1000 1500 2000

T —
2500 3000 3500 4000 4500
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5 BSRCERELR IR ERIIRGR - F53E[CTAB]=0.00025 M IFEREE, - FIERE

FERGRT 2 AR 7R

210 B > RIE=5.9x10° » #RIE 1.3x10° 887 0 - KK EEE S, - #ah)353 » CTAB

VARSI » CTAB il BRI HR

TEREA A FORT
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Rate=1 /T=A /[CTAB] -
FRA5E W B (R S oK oy A R [ SR B - ST MR 22 B oK ok B R Y
S0 -

W

fast
nSg>N, (1)
K
N+CTABSN,-CTAB )
k
Ns=> Large particles. 3)

Hp(WFFR Ss T HIHHZSNE » FER DG © Ny (USRI > RIRZORERL - (2)2
RS SNSRI SRR KBRS 5 A AR R CRFE ] - ISRy - 3)z(3k
INARAZ ST PP CRRE AR IO SR R AORE T - PSR RORE D R - QUi
FORDIOR IR R n PR

Rate=1/T;=ki[N] (4)
#3[Ns]t B e KRR &
[N.Jr=[N,]+[N-CTAB] (6)
K=[N.-CTAB] /[N{][CTAB] (7)
[Ny J1=[N]+K[N][CTAB]=(1+K[CTAB])[N;] (8)

Rate=k[N]=k[Ni]r (1+K[CTAB])

H[CTABJHARS > 1/ Ti =k[NJr, K[CTAB] » k[Nt K #7555 ¥ A - E[CTAB]
R/INKF - SRR H BOEA A 20 > LR MR R e TR -

()0 e sh(SDS)
RN SDS AOYHE RIS 0.005 M~0.050 M » E AT IRIE L HOREIRE » A LI
JELEEBL CTAB(0.00025 M~0.0025 M)FHI T Kl i s » A 5 FEH)([Na28,05]=0.025
MR - BB FLE 6 -
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4.0

4 | Add[SDS]
0.050 M
3.5 - 0.045 M
0.040 M
0.035 M
3.0 4 0.030 M
0.025 M
1 0.020 M
0.015 M
2.5 0.010 M
- | 0.005 M
Q- 204
O -
=
> 15
2 .
1.0 e
05 ] /
0.0 -
-0.5 T T T T T T T T T T T T T
0 200 400 600 800 1000 1200
Time(sec)

6 FRIIPRIAIERE SDS = 0.025 M NayS,05qiA pH=1.90 T 20 min #iH{H
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Kinetic Study and Mechanism for the Surfactant Effect
on Sulfur Nano-particle Formation

Y.-T. Elise Li
Taipei Municipal First Girls’ Senior High School, Taipei, Taiwan, Republic of China

Abstract

The surfactant effect to the formation of sulfur nano-particles resulted from disproportionation
of thiosulfate in hydrochloric acid is studied by spectrophotometry. Kinetic analysis provides a
rate law that may be elucidated by an associative pre-equilibrium mechanism, indicating the

surfactant molecules might protect the nuclei of sulfur particles from aggregation.

1. Introduction

The research of nano-particles is surfing a immensely rising tide in the frontier wave of science.
Nano-particles in solutions have been traditionally known as colloids, and extensively studied for
decades, although detailed understanding of the colloidal formation still remains elusive.'
Sulfur-containing aqueous solutions are of classical but also typical colloidal systems. Preliminary
studies on sulfur formation in water indicate that surfactants can effectively hinder the aggregation
of sulfur nano-particles.”> By viewing that the preparation of nano-particles are so crucial to the
nano-technogies, it would be desirable to have a fundamental kinetic approach for the sulfur

nano-particles of a simple forming process.

Formation of sulfur nanoparticles may be readily achieved by disproportionation of thiosulfate

in acidic aqueous solutions (eq. 1).>>  The reaction solutions was found to remain
82032-(aq) + H+(aq) — Ss(colloidal) + HSO3-(aq) [1]

clear first. After an induction period, sudden formation of discrete particles could be observed by

the appearance of scattered Tyndall beam.

La Mer first proposed a mechanism involving the leading protonation of thiosulfonate,
followed by association of HS,0; with 82032'. Davis suggested that the association process could
be consecutive, resulting HS,O3 (n=3-9) via S-S bond formation. And, the stable Sg is finally
formed from the decomposition of HSgO; . Johnston and McMish determine an experimental rate
law that is first order in [H'] and second order in [S,05>] (eq. 2). And the rate constant k& was

1



evaluated as 1.64x% IOUeXp (-15930 / RT)*M?sec™.
d[S]/ di = K[H'][S,05" ] [2]

On the other hand, the formation of sulfur colloids from Sgremains elusive. The growth of
nano-particles is generally believed to proceed via nucleation and aggregation.” The facile
reaction of eq. 1 allows the formation of molecularly dispersed sulfur upon the mix of the reactants.
When the concentration of Sg in the solution reaches saturation, the sulfur produced may be
clustered to meta-stable size, called nucleation. Further saturation of the sulfur nuclei may
conduct to their coagulation that is aggregation. While the colloidal size reaches the wavelength
of the incident visible light, Tyndall Effect brings forth a detectable turbidity of the solution.

— " " The Synthesis of Nano-particles :
Model of Formation of Nano-particles Far I
PTM (phase transfer method)
R surfactant
, S _ =2 . \ molecule
nucleation s © aggregation =2 N
and A . of -
growth ) nuclei i
. et . Surfuctant was employed to transfer Au(Ill)-complex from agueous
3 ; rimary particles secondary particles i ; ;
5“['"7“"!“’3“"1 p ¥ p : IP . to non-polar solution and to protect gold nano-particles when
solution nuclei (N,) (nano-particles)

Au(ll)-complex was reduced to Au.

The latest Phase Transfer Method (PTM) to produce gold nano-particles is developed with use
of surfactants for the control of stability and coagulation of gold atoms.” The generation of gold
nano-particles may take months, when long chain thiol was employed for aggregating gold into
large particles. Such a long period is certainly inconvenient for kinetic investigation. On the
contrary, the reaction 1 with thiosulfate ion takes only a short time, usually less than 1 hour, to show

the evident aggregation of sulfur particles and facilitates the kinetic analysis.

2. Experimental

Materials

Sodium Thiosulfate(Na,S,03 - SH,0), hydrochloric acid, sodium dodecyl sulphate (SDS,
CH3(CH2)1:SO4Na), sodium dodecyl benzene sulphonate (DBN, CH3(CH;)1CsH4SO3Na),
cetyltrimethylammonium bromide (CTAB, C,;cH33N(CH3);Br) were purchased from Acros.
Polyoxyethylene(40) nonylphenolether (NP-9, 4-CoH,9CsH4O(CH,CH,0)40H) was purchased from

Aldrich.  All the chemicals were used without further purification.

Instrumentation

Kinetic runs were carried out on a Hitachi U-3310 UV-Vis Spectrophotometer. Infrared
2



spectra were taken with a Nicolet Magna IR 550. The XRD data were taken with a Scintag X1
X-ray Diffractometer ( A= 0.154nm, Cu-k 7).

Kinetic measurements

All reaction solutions were prepared with 15 mL of 0.33 M sodium thiosulfate with 5 mL pH
1.90 hydrochloric acid and the surfactant of which the concentrations are varied. ~Sulfur molecules
do not absorb light under 300 nm, but colloidal sulfur suspended in aqueous solution can scatter
light. Thus in this research, the optical density, log(Io/I) wherein Iy and I are the light intensities of

reference and sample beams respectively, was defined as scattering value.

The resulting solution was monitored by

spectrophotometry at 400 nm where the most sampie

prominent scattering value may be acquired. And, -_ —L__ . —

the values of log(Ip/I) were recorded every 1 sec. o

. v s?a.frerea’
The concentrations of the reactants and surfactants light

were chosen so that the observation for the

1, and 1 are the light intensities of reference and sample beams.
. . Sulfur molecules do not absorb light under 300 nm, but colloidal sulfur suspended in
appearance Of Tyndall Effect Would be Wlthln 20 aqueous solution can scatter light.  Thus in this research, the optical density, log(/./1),

was defined as scanering value

min but no less than one minute.

IR & XRD Characterization for the products

The reaction solutions were first allowed to dry by evaporating off water. The solid residue

was then rinsed with distilled water and ethanol, and further dried in vacuo. The solids then were

made in KBr pellets for IR measurements, and were directly for XRD examination.

3. Results and Discussion

Influence of surfactant on sulfur nano-particles formation

The scattering values against time for the
g & Tyndall Effect and Induction Time.

reaction of eq. 1 in the presence of different

The solution becomes more turbid

2

concentrations of CTAB were measured since 30

log(lo/)

seconds from mixing to about 20 minutes. An

Tyndall Effect appe

induction period was always detected before the

| The solution is Cear

Tyndall scattering appears. Since scattering : W ww 1% Time
1 m( uction Time

only occurs to the colloidal suspension with the
sizes that are comparable to the wavelength of . . ... .

the incident light, the induction time(T;) should

comprises the formation of Ss, the nucleation, as well as the beginning of aggregation. The
reciprocal value of the induction time (1/T;) is thus defined as the reaction rate of the formation of
3



sulfur nano-particles (R).
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Addition of surfactant to the reaction solutions significantly prolongs the induction period,
indicating that the association of surfactant molecules with the nuclei of sulfur particles can hinder
the aggregation of sulfur nuclei. Kinetic analysis shows that the induction time increases with the
increasing concentrations of CTAB, when the concentrations of CTAB are more than 2.5x10™ M.
Detailed data are collected in Table 1. Figure 2 shows the plots of In R versus In [CTAB],

illustrating a rate relationship of eq. 3.
R = 1/T; = A/[CTAB] (3]

Assuming the nucleation from Sg is relatively fast, and a pre-equilibrium step of surfactant
protection to the sulfur nuclei is conducted before aggregation as depicted in scheme I, wherein Ng
stands for the sulfur nuclei. The association constant K is defined as [Ns—Surf]/[Ng][Surf]; and
the rate constant of Ng aggregation is k.

Scheme I

Ng + Surf [Ng—Surf]

Ng —> sulfur nano-particles

R =1/ T;=k[Ns] [4]
K= [Ng—Surf] / [Ns][Surf] [5]
[Ns]r=[Ns] + [Ns—Surf] [6]
From [4] and [6], R=k[Ns]r/ 1+ K[Surf] [7]



At high concentration of surfactant,

R = k[Ns}r/K[Surf] [8]

From experiment result,
R =1/Ti=A/ [Surf] 9]
As a result, A=Kk[Ns]rK [10]

Similar retardation for sulfur colloid formation was also observed with use of anionic and
neutral surfactants. Detailed data are collected in Table 2-4 and Fig 3-9. Values for various
surfactants are accordingly evaluated. Assuming k[Ns]ris constant in all the cases, since the value
A follow the order of Actas < Anr.o< Appn < Asps., the association constants follow the order of

Keras > Knp9> Kpen > Ksps.

Actag =5.9%10° mol L' s™!
Asps = 1.0x10* mol L' s™!
Apsy  =4.2x10"mol L's™!
Anpo =3.9x10" mol L's™

Apparently, the cationic CTAB affords the most effective protection to the formation of sulfur
colloids. This should not be surprising, for the surface of sulfur clusters are generally believed to
carry negative elevctrostatic charge. Therefore the association of sulfur particles with cationic

surfactant is more favorable; and the least with the anionic surfactants.
Infrared and XRD measurements of the reaction precipitate

The reaction residue has been examined by IR spectroscopy. The products collected from the
runs with the addition of neutral or anionic surfactants show the absorption nearly the same as that
of authentic sulfur. Whereas, the precipitates obtained from the reactions involving CTAB
exhibits strong C-H stretching band at 2900 cm™, indicating the incorporation of CTAB in the
colloids. (Also see Fig 12, 13.)
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The XRD spectra which are in agreement with the IR data, show that CTAB appears in the
colloidal products, but only sulfur is detected in the products from the anionic or neutral
surfactant-added reactions.

(Also see Fig 15, 16.)

If the CTAB-attached sulfur nuclei can also aggregate, the mechanism may be modified into
Scheme II.  The rate law either in the form of eq. 11 or eq. 12 is derived.
Scheme IT

K

Ng + CTAB [Ng—CTAB]

|—> <J “
nano-products




R= I/Ti
= {ki[Ns]r/ (1+K[CTAB])} + {ko:K[CTAB][Ns]r/ (1+K[CTAB])}  [11]

At high concentration of CTAB,

UTi = {ki[Ns]J/K[CTAB]} +k; [Ns]r [12]
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Look back at Figure 3, which shows the plots of 1/T; versus 1/[CTAB], can be written as:
1/T; = 5.9x10°/[CTAB] + 1.3x107 [13]

According to the suggested Scheme 1II, the intercept equals to the value ko[Ns]r, which, in the
case of CTAB, is 1.3x10. Comparatively, the intercepts in the case of anionic or neutral surfactants

are relatively small; the plots almost pass the origin.

CTAB: R=1/T;=5.9x10° /[CTAB] + 1.3x10~
SDS: R=1/T=1.0x10™*/[SDS] - 5.3x107
DBN: R=1/T=4.2x10"/[DBN] + 5.2x10
NP-9: R=1/T=3.9x107 /[NP-9] + 6.1x10™*

The combination of CTAB with sulfur particles after the colloidal formation cannot be totally

excluded without further studies.

4. Conclusion

Surfactant effect on the formation of sulfur nano-particles resulting from disproportionation of
thiosulfate in acid is examined by using kinetic analysis. The forming rates of the sulfur colloids
are reciprocally proportional to the surfactant concentrations. Such a rate law may be elucidated
by a mechanism involving associative pre-equilibrium between the surfactant molecules and sulfur

nuclei. Two mechanisms, Scheme I and Scheme II, are suggested.
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Such kinetic results clearly evidence the “protection” of the surfactant molecules upon the
aggregation of sulfur nuclei.  In addition, the cationic surfactant, CTAB, shows better protecting

effect than do the anionic or the neutral surfactants to the nuclei aggregation.
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Appendix

Table 1.

[CTAB] Ti (sec) R=1/T;
0.00025M 70 0.01429
0.00050M 79 0.01266
0.00075M 105 0.00952
0.00100M 139 0.00719
0.00125M 142 0.00704
0.00150M 175 0.00571
0.00175M 220 0.00455
0.00200M 249 0.00402
0.00225M 287 0.00348
0.00250M 305 0.00328

Table 3.

[DBN] Ti (sec) R=1/T;

0.005M 219 0.00457

0.010M 237 0.00422

0.015M 355 0.00282

0.020M 499 0.00200

0.025M 509 0.00196

0.030M 780 0.00128

0.035M 774 0.00129

0.040M 825 0.00121

0.045M 1116 0.000896

0.050M 1202 0.000832
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Table 2.

[SDS] T; (sec) R=1/T;
0.005M 118 0.00847
0.010M 146 0.00685
0.015M 142 0.00704
0.020M 204 0.00490
0.025M 263 0.00380
0.030M 290 0.00345
0.035M 337 0.00297
0.040M 347 0.00288
0.045M 438 0.00228
0.050M 549 0.00182

Table.4

[NP-9] T; (sec) R=1/T;
0.00250M 90 0.01111
0.0050M 123 0.00813
0.0075M 172 0.00581
0.0100M 192 0.00521
0.0125M 256 0.00391
0.0150M 280 0.00357
0.0175M 347 0.00288
0.0200M 385 0.00260
0.0225M 510 0.00196
0.0250M 584 0.00171
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