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Abstract: In order to use effectively the starch from the extracted residue of crude drugs, adsorption charac-
teristics of cationic methylene blue (MB) and anionic methyl orange (MO) were investigated. Starches (S)
were prepared from the roots of Panax ginseng C.A. Meyer (PG) and Panax notoginseng (Burk.) F.H. Chen
(PN), the rhizomes of Pinellia ternate (Thunhb.) Breitenbach (PT) and Alisma orientale Juzepczuk (AQ), and
the seeds of Coix lacrymajobi Linné var. ma-yuen Stapf (CL). The adsorption isotherm was evaluated using
Akaike's information criterion (AIC) value, and the adsorption of cationic MB and anionic MO by the
starches was classified into the Langmuir type and Freundlich type, respectively. The starches adsorbed more
MB than MO. The amounts adsorhed were affected not by the particle size or the content of cationic miner-
als, but by the phosphorus content. Cationic MB was adsorbed more strongly than anionic MO on the nega-
tively charged surface of the starches because of the presence of phosphorus. S-CL was superior in adsorption
capacity for both cationic MB and anionic MO to S-PG, S-PN, S-PT, 5-A0, and S-ST (potato starch) at 5 and
25°C. S-CL had a porous and stripe structure on the granular surface, and contained a small amount of phos-
phorus,
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Crude drugs are used as raw materials for powdered
crude drugs or extracts at pharmaceutical factories. In
1988, the amounts of PG, PT, AO and CL consumed in
Japan were 954, 670, 247 and 330 tons, respectively. an
increase of approximately 3 to 7 fold compared o the
year 1978." In 2002, the quantitative imports of PG, PT,
AO and CL were 876, 250, 200 and 6972 tons, respec-
tively.” More consumption of crude drugs is estimated in
the field of health foods or cosmetics. After a crude drug
is extracted with a solvent, its residue now is reused as a
compost or incinerated. The crude drugs PG, PN, PT, AO
and CL contain 5.5-12.9% starch by weight.” However,
there has been almost no research on the adsorption of
dyes by crude drug starches except for kudzu starch.” The
adsorption properties of crude drug starches were investi-
gated in an attempt to make profitable the use of starch
from the extracted residues.

The adsorption of dye by starch is important for the
coloring of bean-jam cakes and starch confectioneries.
The isotherm for the adsorption of anionic dyes by cereal
starches™ and that of ferric chloride (cationic) by potato,

* Corresponding author (Tel. +81-66722-0586, Fax. +81-6-
6721-1313, E-mail: 3a3kled @osk.3web.ne.jp).

Abbreviations: MB, methylene blue; MO, methy! orange: S.
starch: PG, root of Panax ginseng C.A. Meyer; PN, root of
Panax notoginseng (Burk.) F.H. Chen; PT, rhizome of Pinellia
ternate (Thunb.) Breitenbach: AO, rhizome of Alisma orientale
Juzepezuk; CL, seed of Coix lacrymajobi Linne var. ma-yuen
Stapf: ST, potato: AIC, Akaike’s information criterion; V,
amount adsorbed; C. residual concentration: AG, adsorption free
energy,

corn and cassava starches” were found to fit the Langmuir
equation. Both the Langmuir and Freundlich equations
were applicable to the isotherm of anionic dye.” However,
the adaptability of an adsorption equation has been evalu-
ated based on a partial or uniform weighting of the
amount adsorbed and residual concentration.”™ In the pre-
sent study, a staustical analysis on the isotherm was per-
formed using Akaike's information eriterion (AIC) value”
to solve this problem.

The extent of the adsorption of anionic dyes by starches
was related to the ratio of amylopectin to amylose™ or the
amount of phosphorus content.” In this study, the factors
responsible for the difference in amounts of cationic
methylene blue (MB) and anionic methyl orange (MO)
adsorbed were discussed, and a crude drug starch superior
in the capacity to adsorb both cationic and anionic dyes
was identified.

MATERIALS AND METHODS

Materials. The crude drug starches (S) of PG, PN,
PT. AO and CL and potato starch (S-ST) were the same
as those used previously.” The starch was deproteinized
by the method of Suzuki er al.® and defatted by the
method of Schoch.” The starch was screened with 400
mesh or less and kept in tight containers. Reagent-grade
MB and MO were obtained from Wako Pure Chemicals,
Osaka, Japan. All other reagents were of the highest grade
commercially available.

Adsorption procedure. About 150 mg of starch was
weighed accurately and added to a hermetic glass con-
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tainer (30 mL) containing the dye solution (5.0 mL), and
the slurry was incubated in a water bath shaker at 5 and
25°C for 30 min, since this was previously determined to
be the time required to ensure equilibrium. The initial
concentrations of the MB and MO solutions were (.076,
0.153. 0.306, 0.458, 0.611, 0.916, 1.222, 1.833, 2.444 and
3.055 mmol/L. After the incubation, the suspension was
centrifuged for 3 min at 3000 rpm, and the absorbance of
MB and MO supernatant fluids was measured at 650 and
420 nm. respectively. The amount adsorbed was calcu-
lated from the decrease in absorbance of the supernatant,
using a calibration curve.

Statistical analysis. A statistical analysis on the ad-
sorption isotherm was performed using the nonlinear
least-squares regression program, WinNonlin (Pharsight
Co., Mountain View., CA, USA). to evaluate the adapt-
ability of the Langmuir and Freundlich equations to the
adsorption data. AIC” was used to decide the adsorption
equation that provided the best fit of the amount adsorbed
(V)-residual concentration (C) curve, without any weight-
ing of V and C, AIC=n In S§ + 2 m: n is the number
of experimental data, S§ is the sum of residual squares,
and m is the number of parameters in the adsorption
equation. The equation giving the lower AIC value was
considered to be more applicable.” The line of the iso-
therm was smoothed using the equation yielding the lower
AIC value (Table 1).

Particle size distribution. The particle size distribu-
tion was determined with a laser diffraction particle size
analyzer SALD-2100 (Shimadzu Seisakusho, Co., L.,
Kyoto, Japan), after dispersing the starch in a 0.01% neu-
tral detergent (Ekiserin, Kao Corporation) solution.

SEM observation. Starch was scattered on a double-
faced tape stuck on the sample holder. After spattering
with gold ion using a cryounit, the sample was observed
with an electron probe microanalyzer-8705 (Shimadzu

Table 1. Comparison of AIC' values of Langumuir (L) and Fre-
undlich (F) equations applied to the isotherms for ad-
sorption of methylene blue and methyl orange by
starches at 25°C.

Adsorption of Adsorption of

methylene blue methyl orange

Starch —=
AICof L. AICof F AIC of L AlIC of F

eq- eq. eq. eq,
S-PG 19.2* 737" 22.7° 20.1°
S-PN 24.3° 33.3*** 254° 265
S-PT 61.7° 69.6° 60.8" 408"
S-A0 42.27 504°° 42.2* 324°
S-CL 42.5" 40.2° 82.0° 66.9*
S-8T 63.47 92.1* — 43.5°

‘Akaike’s information criterion, AIC=n In $5+2 m; n, number
of experimental data; 5SS, sum of residual squares; m. number of
parameters 1 the isotherm equation. "Modeling unsuccessful. *p <
0.001. **p<0.01, **"p<0.05. S-PG, starch from the root of
Panax ginseng C.A. Meyer: S-PN, starch from the root of Panax
notogimseng (Burk.) F.H. Chen: S-PT, starch from the rhizome of
Pinellia ternata (Thunb.) Breitenbach: §-AQ. starch from the rhi-
zome of Alisma orientale Juzepczuk; S-CL. starch from the seed of
Coix lacrvima-jobi Linné var. ma-yuen Stapf; S-ST, starch from the
rhizome of Solanum tuberosum Linne.

Seisakusho, Co.. Ltd., Kyoto, Japan) at 10 kV of accelera-
lion voltage at a magnification of 2000 times.

Inorganic element. Starch was decomposed with a ni-
tric acid-perchloric acid solution according to the wet di-
gestion method." The decomposed solution was diluted
with ultra-pure water in a volumetric flask. Determination
of P, Mg and Ca was performed with an ICPS-2000 se-
quential plasma spectrometer (Shimadzu Seisakusho, Co.,
Ltd., Kyoto, Japan). Starch was ashed at 500°C for 2 h in
a porcelain crucible according to the dry combustion
method."” The ash was dissolved in a | M-hydrochloric
acid solution. The solution was diluted with ultra-pure
water in 4 volumetric flask. Determination of Na and K
was performed with an AA-6800 atomic absorption-flame
emission spectrophotometer (Shimadzu Seisakusho, Co.,
L., Kyoto, Japan).

RESULTS AND DISCUSSION

Qualitative analysis of adsorption isotherm of MB and

MO,

The adsorption data were analyzed statistically to eluci-
date more precisely the adsorption equation applicable to
the isotherms. Usnally, the applicability of the Langmuir
equation (V =KaVinC/(1+KaC)) or Freundlich equation
(V=kC'"") to an isotherm has been evaluated from the
linearity of the plots of C/V vs. C or log V vs. log C, re-
spectively.* ™ In the standard calculation, V in the Lang-
muir equation is partially weighted as C/V, and V and C
in the Freundlich equation are uniformly weighted as
logarithmic values.* ™ No weighting of V and C should
be added to compare the adaptability of two equations un-
der the same conditions. The present evaluation of the
nonlinear equation with the AIC value solves this prob-
lem.” Table | shows AIC values evaluated from a simul-
taneous curve. The isotherms of MB and MO could be
fitted (p<0.05) to both the Langmuir and Freundlich
equations. However, the adsorption of MB by all the
starches except S-CL and the adsorption of MO by all ex-
cept S-PN showed lower AIC values in the Langmuir
equation and Freundlich equation. respectively. There
were no significant differences in AIC values of the two
model equations applied to the adsorption of MB by S-CL
and the adsorption of MO by S-PN. Since the equation
yielding a lower AIC value was considered to be more
applicable.” the isotherms of cationic MB and anionic MO
for the starches were classified as the Langmuir type and
Freundlich type. respectively.

The adsorption of anionic dyes by cereal starches was
found to fit the Langmuir equation,” being inconsistent
with our results. It is not suitable to evaluate the applica-
bility of an equation from data in a narrow range of resid-
ual concentrations up to 1.3 mmol/L,” because the iso-
therm fits both the Langmuir and Freundlich equation in a
narrow range of residual concentrations.” The applicabil-
ity in this study was evaluated using a wide range of re-
sidual concentrations up to 2.7 mmol/L (Figs. 1 and 2).
That is, since the isotherms were obtained over a range of
concentrations at which the MB and MO solutions are al-
most saturated. the present evaluation is more reliable.

The lines of isotherms of MB and those of MO were
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Amount of methylene blue adsorbed (umol/g)

Residual concentration (mmol/L)

Fig. 1. [Isotherms for adsorption of methylene blue by starches at

257C.

For abbreviations of starches see Tuble |. The lines were
smoothed using the Langmuir equation yielding the lower AIC
value in Table 1.

smoothed using the Langmuir and Freundlich equation,
respectively, in Figs. | and 2. The adsorption of MB by
crude drug starches and potato starch (S-ST) corresponds
to the formation of a unimolecular layer (Fig. 1). The
shapes of the curves for the adsorption of MO may be ex-
plained by the formation of several physically adsorbed

layers (Fig. 2).

Amounts of cationic MB and anionic MO adsorbed by

crude drug starches.

The amounts adsorbed were measured to compare the
adsorption capacities of five kinds of crude drug starches
(Tables 2 and 3). The constants, Vm (Table 2) and £
(Table 3). show the amount adsorbed by the monolayer
(Fig. 1) and the amount adsorbed at a residual concentra-
tion, 1.0 mmol/L (Fig. 2), respectively. The amounts of
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Amount of methy| orange adsorbed (umol/g)

Residual concentration (mmol/L)

Fig. 2. Isotherms for adsorption of methylene orange by starches

a25°C.

For abbreviations of starches sec Table 1. The lines were
smoothed using the Freundlich equation yielding the lower AIC
value in Table 1.

MB adsorbed (Vm) by the starches at 25°C were 8.39 to
18.14 pmol/g, being lower than the amount adsorbed
(27.41 umol/g) by S-ST (potato starch). The amounts of
MO adsorbed (k) by the starches at 25°C were 4.45 to
11.87 umol/g, being 1/4 to 4/5 of the amounts of MB
adsorbed at 1.0 mmol/L i Fig, 1.

Sago starch adsorbed more MO than MB*' according to
an evaluation of color (%), completely contradicting our
results. Schoch and Maywald™ showed that potato starch
adsorbed cationic dyes strongly but did not adsorb anionic
dyes. Since the crude drug starches adsorbed more MB
than MO (Figs. 1 and 2, Tables 2 and 3), it is suggested
that the surfaces of the starches are negatively charged."™"

The amounts of MB adsorbed were larger at 5°C than
at 25°C, and the differences (AVm) in amounts adsorbed
by S-PT and S-CL at between 5°C and 25°C were greater

Table 2. Langmuir constants and apparent adsorption free energy for methylene blue at 25°C and

5C.
Adsorplion at 25°C Adsorption at 5°C
Starch® Van Ks AG” Van Ke AG”
(nmol/g)  (I/mmol)  (kcal/mol) (umol/g)  (I/mmol)  (kcal/mol)

S-PG 18.14 17.41 —3.78 19.32 22.78 —5.54
S5-PN 8.39 16.33 —35.74 9.24 15.25 —5.52
S-PT 16.73 9.77 —5.44 21.96 3.96 —4.58
S-AOQ 13.08 12.35 —35.58 1642 8.01 —4.96
S-CL 16.69 5.01 —5.04 23.61 2.2] 4.25
5-8T 27.41 35.29 —6.2] 28.16 37.57 5.82

*For abbreviations see Table 1. Vm and Ka. Langmuir constants; AG’ . apparent adsorption free

energy.
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Table 3. Freundlich constants of adsorption of methyl orange by
starches at 25°C and 5°C,
Adsorption Adsorption
at 25°C at 5C
Starch*
k** n g n

(zemol/g) (z2mol/g)
S-PG 445 1.41 7.02 1.21
S-PN 5.97 1.33 7.96 1.37
S-PT 8.09 1.92 8.51 1.92
S-AO 6.83 .52 948 1.31
S-CL 11.87 1.66 13.31 1.62
S-ST 1,33 0.57 328 0.82

*For abbreviations see Table |. ""The value of & shows the
amount of methyl orange adsorbed at a residual concentration, |
mmol/L in Fig. 2.

than those for other starches (Table 2). Ky, a constant in
the Langmuir equation, is a measure of the partitioning of
the dye molecule and water molecule between the surface
and the bulk solution.’ Negative correlations were found
(p<0.05) between AVm and Ka at 3 °C or 25°C. The
smaller the Ka value, the higher the porosity of adsorb-
* Since the diffusion and adsorption of adsorbate are
affected by adsorption temperature in the pores rather than
on the plain surface'”, it is suggested that S-PT and S-CL
with small Ka value (Table 2) have a porous structure.

The apparent adsorption free energy (AG') was ob-
tained using the following equation: AG" — —RT In Kau
(R, gas constant; T, absolule temperature). The AG™ val-
ues in Table 2 indicate that MB is physically adsorbed™
by the crude drug starches. Crini proposed that the
mechanism by which dyes were taken up by starches was
physical adsorption from the magnitude of the AG
value."” Based on AG® values at 25°C and 5°C, the
starches ranked in decreasing order as follows: S-ST, S-
PG. S-PN, S-AQ, S-PT and S-CL. The AG™ value was
larger at 25°C than 5°C. The larger the AG™ value. the
stronger the binding force of the dye.” MB was adsorbed
more strongly by S-ST (potato starch) than by the crude
drug starches. It is considered that less MB is adsorbed at
25°C than at 5°C. and that the binding force of MB is a
little stronger at 25°C than at 5°C.

The amounts of MO adsorbed were larger at 5°C than
25°C (Table 3). The differences (0.42-2.65 zmol/g) in
amount of MO adsorbed (&) due to the difference in tem-
perature were as much as those (0.76-2.50 ¢mol/g) in
amounts of MB adsorbed at 1.0 mmol/L in Fig. 1.

S-PG, S-PT and S-CL adsorbed cationic MB more than
S-PN and S-AO at 5 and 25°C (Table 2). On the other
hand, S-CL adsorbed anionic MO more than the other
crude drug starches at 5 and 25°C (Table 3). It was con-
cluded that S-CI. was, therefore, superior in its capacity to
adsorb both cationic MB and anionic MO to the other
four crude drug starches,

Relationship between physicochemical properties of

starch and amounts adsorbed.

The particle size distributions of the starches were
measured to clucidate the relation between the amounts
adsorbed and particle size (Fig. 3). The average diameters
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Fig. 3. Particle size distribution of starches.

For abbreviations of starches see Table 1. AD, average diameter.

of S-PG, S-PN, S-PT, §-AQ and S-CI. granules were 8.9,
114, 11.7, 5.5 and 12.3 pem, respectively. Their granular
sizes closely corresponded with those from the observa-
tion of SEM (Fig. 4).

An apparent positive correlation (p<<0.05. n—6) was
found between the Vi of MB and average diameter
(Table 5), whereas the correlation coefficient for 5 crude
drug starches other than S-ST (potato starch) was 0.060.
The result indicates that two variables of S-ST are largely
localized in this distribution. It was. therefore, concluded
that the Vin of MB was not correlated with the average di-
ameter. There was no correlation between the & of MO
and average diameter (Table 5). The saturated amounts of
ferric chloride adsorbed by 4 Kinds of starches were not
correlated to particle size.® There was no correlation be-
tween amounts of MQ adsorbed by 7 kinds of starches
and their specific surface area,” which were measured us-
ing the nitrogen adsorption method. It is suggested that
the amounts adsorbed are not dominated by the surface
area of the crude drug starch.

S-PG, S-PN, S-PT. S-AO and S-CL granules were bro-
ken into a few pieces when they were prepared, and they
display irregular shapes (Fig. 4). The angulate and wrin-
kled shapes like rice starch™ and oval and spherical
shapes were observed in the S-PG and S-PN granules.
The small holes on spherical surface and the stripe struc-
ture on fractured sections of S-CL granules were ob-
served, whereas no holes were observed on the surface of
S-PT granules.

The contents of phosphorus and cation minerals (Na+
K+Mg-+Ca) were analyzed to clarily the contribution of
mineral contents to the amounts adsorbed (Table 4). S-ST
(potato starch) contained the largest amounts of phospho-
rus (590 pg/g) and cation minerals (459 ug/g). S-PG
contained a higher amount of phosphorus (139 zzg/g) and
the smallest amount of cation minerals (95.6 pg/g). S-
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Fig. 4. Scanning electron micrographs of starches.

For abbreviations of starches see Table 1.

Table 4. Phosphorus and cation conlents in starches.

Mineral content (rzg/g)

Starch”®

. Na+K
P Na K Mg Ca +Mg+Ca

S-PG 139 93 1.3 57 28 95.6
S-PN 57 60 .4 33 110 204.4
S-PT 94 12 29 40 58 139
S-AQ 67 24 23 25 35 107
S-CL 57 13 53 53 130 249
S-S5T 590 29 300 59 71 459

*For abbreviatuons see Table 1.

PN, S-PT. S-AO and S-CL contained phosphorus, 57-94
/£g/g and cation minerals, 107-249 ug/g.

There was a positive correlation (p<0.035) between the
Vm of MB and phosphorus content, and a negative corre-
lation (p<{0.05) between the k of MO and phosphorus
content (Table 5). It was, therefore, confirmed that one of
the factors responsible for the difference in amounts of
cationic and anionic dyes adsorbed by the starches was
phosphorus content. The amounts of cationic butyric acid
and anionic chlorogenic acid adsorbed by 4 kinds of
starches were correlated positively (r=0.947, p<0.03)
and negatively (r=-—0.974. p<0.03), respectively. to
phosphorus content.” from the results of our calculation. Tt
is suggested that phosphorus induces the adsorption of
MB, and interferes with the adsorption of MO. The potato
starch which was not defatted adsorbed no MO.” the de-
fatted potato starch. however, adsorbed a small quantity of
MO (S-ST in Fig. 2). S-CL which adsorbed more anionic
and cationic dyes than the other starches, contained a
small amount of phosphorus. The fact that S-CL adsorbed

Table 5. Correlations hetween amount adsorbed and mineral con-
tent of starches,

Mineral content

Amount Content of Content of cation
adsorbed phosphorus® minerals
(Nat+K+Mg+Ca)*'
Vm of MB** 0.873* 0.681
k of MO™ ~0.814" —0.411

"'Table 4, "V at 25°C of Table 2, *% at 25°C of Table 3. *'p
<C0.05.

a larger amount of MB in spite of the small content of
phosphorus may be affected by the structure of spherical
surface and fractured section of granules.

There were no correlations between the sum of cationic
minerals (Na-—K-+Mg-+Ca) and Vim of MB or k£ of MO
(Table 5). If the cationic minerals contribute electrostati-
cally to the amount adsorbed by the charged dyes.” the
amounts of cationic MB and anionic MO adsorbed are es-
timated to be correlated negatively and positively, respec-
tively, with the sum of cationic minerals. The experimen-
tal results were completely unexpected (Table 5). The cor-
relation between the amount of anionic chlorogenic acid
adsorbed by 4 kinds of starches and the sum of cationic
minerals (Fe+K-+Mg—+Ca)" was calculated by us; how-
ever, no correlation between them could be found. It is,
therefore, concluded that the cationic minerals did not af-
fect the adsorption of dyes. It was suggested that the
amounts adsorbed were affected not by the surface area or
the content of cationic minerals, but mainly by the phos-
phorus content.
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CONCLUSIONS

The isotherms for the adsorption of MB and MO by 5
crude drug starches were measured at 5 and 25°C in an
attempt to use more effectively the starches from ex-
tracted residues. The adsorption isotherms of cationic MB
and anionic MO were classified using the AIC value into
the Langmuir type and Freundlich type, respectively. MB
and MO were physically adsorbed by the starches. The
starches adsorbed more MB than MO. The amounis ad-
sorbed were mainly affected by the phosphorus content.
S-CL was superior in adsorption capacity for both cationic
and anionic dves to S-PG. S-PN. S-PT. §-AO and S-ST
(potato starch), S-CL had a porous and stripe structure
and contained a small amount of phosphorus.
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HEORMBREZIETIN TV L2EREAGAHT &
o, hFFMEAFLITN— (MB) LT YPEAF
VA LY (MO) DU FHEZ Az B (S) 1L,
ginseng C.A. Meyer D#R, = 2 (PG), Panax notogin-
seng (Burk.) F.H. Chen @i, + % F (PN), Pinellia ter-
nate (Thunb.) Breitenbach M ¥ 3, /~ » 7 (PT), Alisma
orientale Juzepczuk DIE¥E, 7 7 2+ (AQ), Cvix lacryma-
jobi Linné var. ma-yuen Stapf DT, 324 =2 (CL)
PHMB L WESRSEFTAICHZ H\TFMmL L
(Table1). ZFOHE, #54 7% MB 1 Langmuir #
(Table | , Fig. 1), F7=# 21 MO {Z Freundlich %
(Table 1, Fig.2) (2@ ahl. EHiE MO L) MB
% (WA L7z (Table 2, 3), RERICEBTRETE
i, HTEPAF 4 UERAROGETRL, V¥EF
ECho7 (Table 5). HFF EMBHF7 =4 £ MO
LB ERECHMIBAELLY, FhidEgF) X0
LA EDWRThHor, 74 =EBH(S-CLIE, ST
E2SCWIThOBETY, #FFHEMBET =74 A
MO D 7% L, S-PG, S-PN, S-PT, S-AO, S-ST(s<
LAY a@h) LD, EREN %R Lz (Table 2, 3).
S-CL (2, O RMIZEZILIEZL o FICRIKEVBRES L

(Fig. 4), V) ry&®&IZEA -7z (Table 4).
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