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KINETICS AND MECHANISM OF LIGAND
SUBSTITUTION REACTION OF THE Zn(1II)

CHELATE OF 2-(5-BROMO-2-PYRIDYLAZO)-5-
(N-PROPYL-N-SULFOPROPYLMINO) PHENOL

AND ETHYLENEDLAMINE-N,N,N",N-TETRAA
CETIC ACID

Koichi NAKAGAWA, Toshio OGATA, Saburo ITO
and Kensaku HARAGUCH]I

ABSTRACT

The kinetics and mechanism of ligand substitution reaction of zinc(Il) chelate of
2-(5-bromo-2-pyridylazo)-5-(N-propyl-N-sulfopropylamino)phenol (Zn(1I)-PAPS) and
ethylenediamine-N,N,N’ N’-tetraacetic acid (EDTA) have been studied spectrophoto-
metrically by a stopped-flow technique in the pH range of 6.8—8.8 at the ionic strength
0.1 (NaClOy) and 25.0°C. The reaction order with respect to Zn(II)-PAPS was of first
order while that for EDTA varied from first to zero with increasing EDTA concent-
ration. The exeperimental results indicate that the substitution reaction proceeds
through two intermediates, the partially dissociated Zn(I1)-PAPS chelate and the mixed
ligand complex. At low EDTA concentration, the rate-determining step is the dissoci-
ation of PAPS from the mixed ligand intermediate, whereas at high EDTA concent-
ration, the formation of the partially dissociated intermedite becomes the rate-de-
termining step.

INTRODUCTION

It has been demonstrated that the differential kinetic technique with ligand substitution
reactions is an elegant method for the simultaneous determination of traces of metal ions in
their mixtures'™. Prior to design such analytical procedures, it is important to understand the
kinetic phenomena of the ligand substitution reaction to be adopted. In this paper, the reaction
system,

Zn(I1)-PAPS + EDTA —— Zn(IlI)-EDTA + PAPS - e (1

was chosen to study the reaction mechanism, where PAPS and EDTA represent 2-(5-bromo-2-
pyridylazo)-5-(N-propyl-N-sulfopropylamino)phenol and ethylenediamine-N,N,N’ N’-tetra-
acetic acid, respectively. PAPS was developed recently as a water-soluble, highly sensitive
colorimetric reagent for zinc(II) ion®. The spectrophotometric determination of
vanadium(V)® and chromium(Ill)” with PAPS have also been reported. The reagent reacts
with other metal ions such as nickel(II), iron(11), copper(Il) and so on®. Therefore, it seems
that PAPS is a promissing reagent for the determination of zinc(Il) ion and other transition
metal ions at their trace levels by differential kinetic method because of its high sensitivity and
chemical stability.



EXPERIMENTAL

Reagent. PAPS was obtained from Dojindo Laboratories Co. as the mono sodium salt, A
2.50X107* M(mol dm~?%) stock solution was prepared by dissolving this reagent in water. The
reagent grade EDTA disodium salt was dissolved in water to prepare 1.0X10-2 M stock
solution. The solution was standardized complexometrically against a standard zinc(IT) ion
solution. A 1.0X107* M of zinc(II) ion solution was prepared by dissolving high purity zinc
metal (>99.999%) in aqueous perchloric acid. The final concentration of perchloric acid is
1.0X107*M. The pH of the experimental solutions were controlled with a buffer solution of
sodium dihydrogen phosphate and disodium hydrogen phosphate. The ionic strength of the
solutions were maintained at 0.1 in all measurements with NaClO,. Metal ion impurities in the
buffer and NaClO, were eliminated by treating these solutions with PAPS and ODS silica gel
column®. All aqueous solutions were prepared with high purity water obtained by using a
Barnsted RO-pure and NANO-pure system.

Apparatus. Kinetic mesurements were carried out with a Union-Giken stopped-flow rapid
scan spectrophotometer model RA-601. The light-path of the reaction cell was 10mm.
Supplementary spectra were measured by a Varian-Carry 219 spectrophotometer with 10mm
qualtz cells. A Toa-Dempa HM-18 digital pH meter, equipped with a type GST-155 C com-
bination glass electrode, was used for measuring the pH of the solution. Haake NB-22 and FS
thermoelectric water circurators were used to maintain the temperature of the reaction
systems to 25+0.1°C.

Kinetic Procedure. The Zn(II) ion, usually 2.0:x107®M, was mixed with 2.5—50 fold excess
of PAPS in order to ensure complete chelation, and adjusted the desired pH with the buffer
solution. The final concentration of buffer was 4.0 X10—°M. The other reacting solution was
prepared with the displacing ligand, EDTA, and addition of the buffer solution. All the
reacting solutions were brought to ionic strength 0.1 with NaClO,. Equal volumes of reacting
solutions were mixed in the stopped-flow apparatﬁs. The concentration reported refer to the
final reaction mixture. The progress of reaction was monitored at 553 nm, the maximum
absorption wavelength of Zn(II)-PAPS chelate, by following the decrease of absorbance as the
chelate disappeared. All the kinetic runs were carried out under pseudo-first-order conditions,
EDTA being in large excess over Zn(Il)-PAPS chelate.

RESULTS AND DISCUSSION

A typical example of the change in absorption spectra during the reaction between Zn(II)-
PAPS chelate and EDTA was shown in Fig. 1. The absorption maximum of Zn(II)-PAPS at
553 nm disappeared within a few second. Therefore, the substitution reaction (Eq. 1) goes to
completion under the present experimental conditions and the reverse reaction can be neglected
in the kinetic studies.

The pseudo-first-order rate constants, k,usq, were determined from

[ZnL, Ji=o
Il’l m e kobsdt .................................................................. (2)

where t is the reaction time and [Znl,]., and [ZnL,]; are the concentrations of Zn(II)-PAPS
chelate at reaction times zero and t, respectively. Plots of In([ZnL,]:~0/[ZnL.]:) against the
reaction time, t, were linear at least up to 2 half-lives through the origin, demonstrating that
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Fig. 1 The change in absorption spectra during the reaction
between Zn(II)-PAPS chelate and EDTA.

Zn(Il): 5.0x107°M, PAPS: 2.0x107°M,

EDTA: 2.5x10—*M, pH: 8.38, x: 0.1, 25°C

Reaction time (ms): a; O, b; 80, ¢; 180, d; 380, e; 780,
f; 1580, g; 6380

the reaction was of first order with respect to Zn(II)-PAPS. From the slope of these lines at
various conditions kepse Were obtained. As shown in Fig. 2, konsa is inversely proportional to
the PAPS concentration ([L’]) at constant pH and EDTA concentration. Therefore, the
conditional rate constant, kv, at constant pH and EDTA concentration the substitution
reaction can be given as Eq. 3.

k(H,Y) = Kkobsd I:L’:[ ........................................................................... (3)

Plots of ky; vs. EDTA concentration, [Y’], at various pH deviated from linearity as shown
in Fig. 3, the EDTA dependence is decreasing with increasing the concentration from first to
zero order dependence.

The reaction sequence (Egs. 4-6) can account for the observed results.
klZ
7nL, ‘\; ) D T PP SR (4)
(I)  k,, D)

Ko
7nlL +Y’—\YZnL ............................................................ (5)
Ks» (1)
k34
Y 7Zn L ZNY L e e e e e {(6)
(IV)
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Fig. 2 Kkoue as a function of PAPS concentration

Zn(Il): 2.0x10-*M, EDTA : 1.0x10~*M, pH: 8.10,
u; 0.1,25°C
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Fig. 3 kwuynas a function of EDTA concentration

Zn(Ily: 2.0x107°M, PAPS : 2.5x1073M, 4 : 0.1, 25°C
pH: a;6.80,b; 7.10,¢c; 7.64,d; 8.13
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In this reaction mechanism, the reaction proceeds via the formation of two intermediates,
IT and Il ; the intermediate II is a partially dissociated form of Zn(II)-PAPS chelate and III is
a mixed ligand complex. At higher EDTA concentration, the rate is sufficiently fast that
EDTA must wait for the formation of intermediate II, that is to say, the step I =II(Eq. 4) is
the rate-determining. On the other hand, at low EDTA concentration, the step llI—IV(Eq. 6)
is not fast relative to steps I = II(Eq. 4) and Il —1lI{Eq. 5) and the rate depends upon the EDTA
concentration.

Utilizing the steady-state approximations for the intermediate species II and III, one can
obtain the expression for the conditional rate constant as shown in Eq. 7.

k — KisKoskao [V
e kai( ks + Koo )+ Koa( Kez + kay — ke LY DY)

The Eq. 7 can be simplified as Eq. 8 if it is noted that [Y’]< 1 under the experimental conditions
and if it is assumed that ks, >»ks,. Rearranging Eq. 8 gives Eq. 9.

k = Kokaskad [Y') e (8)
YT Kykse + Kaskso[Y7]
(v’] = Y] + kaiKsz e, (9)
k(H,Y) k12 k12k23k34

Thus, if the mechanism postulated above is correct, the plot of [Y’]/kwuy, against [Y’]
should give a straight line at various pHs. The slope of line is equal to 1/k;, and the intercept
give Kyikso/KisKaskss. The reciprocal of the latter term is expressed as Eq. 10 by using the
equilibrium constants for the reaction steps (4) and (5); Ki and K.

k12k23k24
— = KKk
Ky, Ko 1hofgg

= REIEZ e, (10)

As shown in Fig. 4, the plots gave a linear relation at various pHs, which support the above
assumption. The values of k;, and k§"'* at constant pH can be obtained from the slope and
the intercept of each lines shown in Fig. 4. It is obvious from Fig.4 that both k., and k&2
depend on the hydrogen ion concentration.

The plot of ki, against the hydrogen ion concentration gave a straight line with positive
intercept as shown in Fig.5. Therefore, k,, can be resolved into two terms as seen in Eq. 11.
The values of ky and k, are obtained from the slope and intercept of the line in Fig. 5,
respectively.

k, = kH[Hq Ky e e 11

The fact above mentioned suggests that the reaction (4) consists of two reactions, 12 and (13,
The reaction (12 is hydrogen ion assisted dissociation of ZnL, and the reaction (I3 is self
dissociation of Znl,. The ky and ks correspond to the rate constants of reaction (12 and (13),
respectively. The values thus obtained are ky=4.7X10°M~'s™! and k,=4.5x10~%s"!.
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Fig. 4  [Y']/kwwas a function of EDTA concentration

Zn(I): 2.0x1075M, PAPS: 2.5x10*M,x : 0.1, 25°C
pH: a; 6.80,b; 7.33,¢c; 7.64,d; 7.94,¢e; 8.12,f; 8.76
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Fig. 5 DPlot of ki, against hydrogen ion concentration.



ky

ZI’ILZ + Ht ey ZnlL A L7 e (12)
kq
ZnL2 [ ZI‘IL -+ L’ ............................................................... (13)

Since the EDTA species in the reaction system studied mainly consist of a divalent anion,
H,Y?", and a trivalent anion, HY?®", the term k%"* is further resolved into its component terms
as shown in Eq.14. Under the assumption that the rapid acid-base equilibrium is achieved
between H,Y? and HY?®", Eq. 14 is translated into Eq. 15, where K; is the third acid dissociation
constant (log Ky=—6.16'")

kéz[y’] = kZ2[H, Y] + k ZOL2[HYB7] eeerrerarenr e (14)
], T2 e
kZoL2 (1+ X, ) = K. kZ0L2 4 L 2012 {15

10ky#te (1 + [H']/Ks)

| ] 1
0 5 10 15 20

108 [H*]/K:

<
| —

Fig. & Plot of K{"*(1+ [H*]/K,) against [H*]/K,.

The plot of the values of the left-hand side of Eq. 15 against [H*]/K, gave a straight line as
shown in Fig. 6, k #%* being thus obtained from its slope and k 2% from the intercept. The
values are k #*=1.64M"'s! and k £3'2=8.8x10"°M 's™!, respectively. Both rate constants
include the pre-equilibrium constants, K, and K,, but these constants have not been available
so far. |

The mechanism evaluated in this study will be useful for determining the reaction con-
ditions when PAPS is to be applied to the differential kinetic method for simultaneous
determinations of trace levels of metal ions.
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DIFFERNTIAL KINETIC METHOD FOR SIMULTANEQUS
DETERMINATION OF MANGANESE AND
ZINC BASED ON A LIGAND SUBSTITUTION REACTION

Koichi NARKAGAwWA, Toshio OGATA, Saburo ITO
and Kensaku HARAGUCHI

ABSTRACT

A spectrophotometric kinetic method for simultaneous determination of manga-
nese and zinc has been described. The method is based on the differential reaction
rate of the ligand substitution reactions between 2-(5-bromo-2-pyridylazo)-5-(N-propyl-
N-sulfopropylamino) phenol (PAPS) chelates of these metal ions and ethyleneglycolbis
(2-aminoethylether)-N, N, N’, N'-tetraacetic acid (EGTA). Manganese and zinc are
determined with a graphical extrapolation by decrease in the absorbance of the
characteristic wavelength at 560 nm at pH 10.0 and 25.0 °C. The 10~° M levels of
manganese and zinc can be determined simultaneously without prior concentration
process. Cadmium, copper, mercury and lead were masked by adding dithiocarboxy-
sarcocine. Compornents of slow rate of reaction, such as cobalt, iron and nickel do
not intefere the determination. The proposed method was applied to determine
manganese and zinc at several ppb (ug/kg) levels in a freshly precipitated snow
sample.

INTRODUCTION

Differential kinetic methods in chemical analysis are based on the different rates at which
two or more species react with a reactant reagent. Compared with kinetic-catalytic methods,
differntial kinetic methods are ususlly less sensitive. However, the latter method permit the
simultaneous determination of two or more closely related species in their mixtures without
prior separation”. Therefore, the methods have been preferably applied to the determinations
of metal ions. Ligand substitution reactions are the most widely used in differential kinetic
analysis of metal ions®. The present authors have reported several methods for simultaneous
determination of metal ions using ligand substitution reactions®—®

ML 4 Y — 5 MY A L coeererremi vt e ee s (1)

where ML is a metal chelate with chromogenic ligand such as 1-(2-pyridylazo)-2-naphthol and
Y represents EDTA analogues. The sensitivities of these methods for the metal ions to be
determined were around 10~° M levels. The sensitivity was improved about 10 times by a
computer-assisted signal averaging technique®, but the accuracy was not sufficient.

In this paper, the ligand substitution reaction between 2-(5-bromo-2-pyridylazo)-5-(N-
propyl-N-sulfopropylamino)-phenol (PAPS) chelate and ethyleneglycolbis {(Z2-aminoethylether)-
N,N,N’,N’-tetraacetic acid (EGTA) was adopted for the differential kinetic determination of
manganese and zinc, simultaneously. Since the molar absorptivities of PAPS chelates of
manganese and zinc”® are about 3 times larger than those of 1-(2-pyridylazo)-2-naphthol
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chelates®, the ppb levels of these metal ions in solution can be easily determined simultaneously
with the reaction system above mentioned. -

EXPERIMENTAL

Reagent. Mono sodium salt of PAPS (Dojindo Lab.) was dissolved in water without
further purification to make a stock solution. The concentration was determined spectro-
photometrically against the standard zinc ion solution. EGTA was dissolved in water by
adding 2 equivalents of NaOH (Suprapur, Merck) and standardized complexometrically against
standard zinc ion solution. Zinc standard solution was prepared by dissolving zinc metal (>
99.999%) into 10~ M of perchloric acid. Manganese ion stock solution was prepared by
dissolving reagent grade hydrated nitrate salt in 10> M of perchloric acid. The pH buffer
solution was prepared with Suprapur grade ammonia and ammonium chloride (Merck). All
other chemicals were of analytical grade. Metal ions free water obtained by using a Barnstead
RO-pure and NANO-pure system (>1.8X10° S cm) was used through the experiments.

Apparatus. Kinetic measurements were carried out with a Union-Giken stopped-flow
spectrophotometer model RA-601 with a computer-assisted signal averaging device, which
makes it possible to follow the absorbance change less than 0.01 absorbance unit per full scale
during the reaction by averaging the stopped-flow signals up to 255 times®”. A Varian-Carry
model 219 spectrophotometer was used to obtain supplementary absorption spectra. The pH
measurements were made with a Toa-Dempa HM-18 pH meter equipped with a type 155 C
combination glass electrode. Haake model NB-22 and FS thermostatted electric water
circulators were used to control the temperature of the reaction sytem.

Procedure. The PAPS chelates solutions were prepared as follows: Place a sample
solution containing less than 10 g of both manganese and zinc in a 100ml volumetric flask, add
3ml of 2.0x10*M PAPS, add 3ml of 0.5M dithiocaboxysarcocine (DTCS) as a masking agent,
if necessary, adjust the pH to 10.0 with 10m! of 0.1M buffer solution and then dilute to the mark
with water. The other reacting solution was prepared with EGTA and with the addition of
buffer solution (EGTA ; 2.0x1073M, pH ; 10.0). The reaction was observed at 25.0°C by mixing
equi-volumes of the reactant solutions using the stopped-flow apparatus. The light path of the
reaction vessel was 10mm. The progress of the reaction was monitored at 560nm, the
maximum absorption wavelength of manganese chelate (see Table 1), by following the decrease
of absorance as the PAPS chelates disappeared. Kinetic signal traces were stored in the
digital signal memory device and then plotted out to the recorder. The reaction traces are
accumulated for 10 times to improve the signal to noise ratio (S/N), if necessary in the
determination of manganese and zinc at their ppb levels. From the resultant reaction curves
manganese and zinc were determined by graphical linear extrapolation method®.

RESULTS AND DISCUSSION

Equilibrium. PAPS forms water-soluble colored chelates with a large number of metal ions.
Table 1 summarized the wavelength of absorption maximum and the appearent molar ab-
sorptivity of metal-PAPS chelates at the experimental conditions. The metal to ligand ratio
in both manganese and zinc chelates were obtained to be 1:2 by the continuous variation
method. The constancy of the absorbance for the zinc chelate was obtained over the range of
pH 7.0-10.5, whereas that for the manganese chelate was above pH 9.8. Therefore, the pH 10.0



Table 1 Wavelength of absorption maximum and molar absorptivity of PAPS chelates

Metal ion Amax (M) € Metal ion - Amax(nm) e
Mn(II) 560 11.8x10¢ Col(II) 589 10.0x10%
Zn(1l) 553 14.0x10¢ Hg(Il) 557 9.2x10%
Cd(11) 554 12.9x10¢ Ph(ID) 573 5.7x10*
Ni(II) 558 14.8x10* Fe(IlD) 559 3.2x10%
Cu(Il) 558 11.8x10¢

Table 2 Conditional rate constant of the ligland substitution reaction be-
tween PAPS chelates and EGTA

Metal Kopsa(s™!} Metal Koosals™)
Mn(II) 1.3x10 He(11) 104
Zn(11) 3.1x10™! Fe(II) 1074
Cu(II) 1.1x107} Fe(III) 10~
Cd(II) 10¢ Ni(II) 10—
Ph(IT) 104 Co(II) 1074

was chosen as a suitable condition for simultaueous kinetic determination of manganese and
zinc.

Kinetics of Ligand Substitution Reactions. The kinetics of the ligand substitution re-
actions of various metal chelates of PAPS with EGTA were followed by a stopped-flow

log Kkobsd

—0.4F

| J
—4.0 —3.0 2.0

log [EGTA]

Fig. 1 Relation between kowes and EGTA concentration

Mn(II), Zn(II}; 3.0x10-°M, PAPS; 6.0x10-°M
DTCS; 3.0x10*M, pH ; 10.34,25°C
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Fig. 2 Relation between kopsa and PAPS concentration

Mn(II}, Za(11); 3.0x10-°M, EGTA ; 1.0x107*M
DTCS; 3.0x10°M, pH; 10.28, 25°C

spectrophotometry. The absorbance change during the reaction at the wavelength of
maximum absorption of each PAPS chelate was monitored to follow the reaction. At the
conditions of excess PAPS and EGTA over the metal chelates, the reactions were found to be
of pseudo-first-order with respect to the original PAPS chelates. The conditional rate con-
stants thus obtained were summarized in Table 2.

As shown in Fig. 1, the reaction rate of the ligand substitutions are increased with in-
creasing EGTA concentration for both manganese and zinc chelates. The reaction order with
respect to EGTA was found to 0.9 for manganese and 0.5 for zinc, which suggest that the
detailed reaction mechanism for these reactions are different from each other. Fig.2 shows
the influence of the PAPS concentration on the reactions, from which the reaction order with
respect to PAPS were found to be inverse first order for both reactions. Therefore, the rate
equation for the ligand substitution reactions is written as Eq. 2, where M denotes manganese
or zinc, kebsé is a conditional rate constant and ky is a further resolved apparent rate constant.

*d[M(‘ifAPS] = Kovea [M-PAPS]

[M-PAPS] [EGTA]"
- [PAPS]

Differntial Kinetic Method. If two ligand substitution reactions proceed simultaneously
and their conditional rate constants are independent each other, the following equation can be

driven at any reaction time, t,
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Fig. 3 Typical reaction curves for siumuitaneous determination
of manganese and zinc

Mn(II), Zn(II); 1.5x107°M, PAPS: 6.0x10~°M
EGTA ; 1.0x107°M, pH;10.28, 25°C
Time scale; (I); 0~0.75s, (II); 0~7.5s

Table 3 Simultaneous determination of manganese and zinc in their mixtures
(Five determinations)

Taken (ug/50ml) Found {ug/50ml) C.V.(%)
Mn(II) Zn(II) Mn(II) Zn{IT) Mn(1I} Zn(1I)
0.08 0.10 0.08 0.10 2.9 1.5
0.14 0.16 (.14 0.17 1.6 1.7
0.41 9.81 0.41 9.84 2.5 1.5
4.12 4.90 4.15 4.90 1.2 1.4
8.24 0.49 8.28 0.49 1.1 1.4

(Ao - At) = EMnl [Mn_PAPS:|0 (l—eXD (ﬁkﬁigsdt))

—+ Ean |:Zr1__I)‘A}_:)S](J (1_exp (_kggsdt)) ........................... (3)

where A, and A represent absorbances at reaction time zero and t, respectively, eun and ezn
are the molar absorptivities of Mn - PAPS and Zn - PAPS chelates and] is the length of light
path of the reaction vessel. When k¥, > k30, one can use the linear extrapolation method.
Namely, for the period of time in which exp (—k}P.t) = 0 and exp (— k&) =1 — ki, andl =
lcm, Eq.3 can be simplified as Eq. 4.

(As — Ai) = emn[Mn - PAPS], + em[Zn - PAPS]kZigt -oeooer (4)



Therefore, one can obtain the initial concentration of Mn—PAPS, Mn—PAPS]o. by extra-
polating the linear plot of the absorbance change against the reaction time, t, to =0 as
illustrated in Fig.3. Similarly, total initial concentration of manganese and zinc,
[Mn—PAPS],+[Zn—PAPS],, can be determined by graphical linear extrapolation as shown
in Fig. 3. .

The results of simultaneous determination of manganese and zinc at various ratios are
summarized in Table 3. ‘

Effect of Diverse lons. As is predicted from the rate constants listed in Table 2, cadmium,
copper, mercury and lead interfere the determination of both manganese and zinc since the rate
of the ligand substitution reactions of these metal chelates are comparable or relatively large
compared to those for manganese and zinc chelates. It was found that DTCS is an effective
masking agent for these metal ions as suggested previously”® Up to 112 ug of cadmium, 6.4ug
of copper, 200 xg of mercury and 112 ug of lead were masked by adding 3 ml of 0.5 M DTCS
solution. Although copper is completely masked by DTCS, owing to the absorption of the
copper-DTCS complex at 560 nm can not be negligible, the allowance of coexisting amount of
copper is smaller than those of other metal ions.

Whereas iron, nickel and cobalt give no effect since the reaction rates for these metal
chelates are slow enough to determine manganese and zinc as seen in Table 2. Actually, iron,
nickel and cobalt up to 56 xg, 59 xg and 59 ug, respectively, did not interfere the determination
of manganese and zinc.

Most of anions such as chloride, bromide, iodide, nitrate, perchlorate, carbonate, sulfate,
acetate, and so on up to 107> M gave no effect on the determination of manganese and zinc at
the concentration range of 3.0 x 1077 M~3.0 x 107*M, simultaneously.

Improvement of the Sensitivities by Signal Accumulation. When the concentrations of
manganese and zinc to be determined are less than 107"M, i. e,, 0.725 ug and 0.325 pg per 50 ml
of manganese and zinc, respectively, the decrease of the absonbance by the ligand substitution
reactions is very small and hence one should follow the absorbance change at the range of
0.020r0.01 absorbance unit per full scale. In such a case, the signal to noise ratio (5/N}) of the
reaction trace is too poor to obtain the accurate absorbance change from a signal reaction trace
as shown in Fig.4(1). However, one can obtain a fine signal trace by accumulating the
reaction signal traces for 10 or more times as illustrated in Fig. 4 (II) and (1I). By this way,
one can measure the absorbance change down to 0.0002 absorbance unit. Therefore, the
detection limits of manganese and zinc with the present method are both 10° M, i. e, 0.00275
ug and 0.00325 xg per 50 ml of mannganese and zinc, respectively.

Simultaneous Determination of Manganese and Zinc in a Snow Sample. The differential
kinetic method proposed in this study was applied to the determination of manganese and zinc
in a freshly precipitated snow sample. The sample was thawed in a polyethylene bottle at
room temperature. Then it was filtered through a 0.45 ym membrane filter. Sixty-five g of
the liquified sample were analyzed without spikes and with the addition of 0.33 xg of manga-
nese and 0.39 ug of zinc as spikes. The average of five determinations and the coefficient of
variations are shown in Table 4. The results indicate that manganese and zinc concentrations
even at the ppb levels can be determined satisfactory without a prior concentration. The
sensitivities and especially the accuracy were improved compared to the previous report®.



Table 4 Determination of manganese and zine in a snow sample (Five determinations)

Sample taken Spike added Found Found in snow C.V.
(2) (ug) {1eg) (ppb; ug/ke) (%)

65 Mn(II) 0 0.22 3.35 3.5
Zn(II) 0 0.51 7.92 2.4

65 Mn(II) 0.33 0.58 3.38 1.5
Zn(II) 0.39 0.91 8.00 0.8
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Fig. 4 Improvement of sensitivity by a signal accumuiation
Mn(II), Zn(Il); 3.8X10-2M, PAPS; 6.0x10-¢M
EGTA; 1.0x103M, PH; 10.07, 25.0°C
Curve(l) ; Original reaction trace (reaction time 0~0.3s)
Curve(Il) ; Accumulated 10 times (reaction time 0~0.3g)
Curve(Ill) ; Accumulated 10 times (reaction time 0~3.0s)
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Absorption of Nitrogen Monoxide with Aqueous Mixture of Fe(Il)(edta)
chelate and Sulfite lon

Koiji IKEDA, Kiyoshi Ipocawa and Takashi Fukupa

The oxidation of Fe(Il) during the absorption of nitrogen monoxide by the
aqueous mixture of Fe(Il)(edta) chelate and sulfite ion has been studied. The oxi-
dation ratio of Fe(Il} depended on the concentration of the chelate and sulfite ion and
was largely affected by the pH of the solution. The maximum oxidation ratio was
observed at pH between 6.4 and 6.8. Along with the oxidation of Fe(Il), HONHSO3,
HON(SO;)~ and HN(SO;);~ were formed. The main product among them was
HONHSO;. The presumable reaction scheme at the acid and weakly alkaline con-
dition is as follows:

3Fe(II)(edta)(NO)*~ +2HSO3
3Fe(Il)(edta)*” + HONHSO; +SO,(NO)3~
2Fe(Il)(edta)* + SO (NO);-
2 Fe(lll}edta)”+N,03~+S0%~
N,0Oi~+H* = HN,O;
HN,O; +H* = H,N,0, }
HN,O07 —— N,0+0H-

—

—>
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6 Control unit
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8 CO, Absorber

Fig. 1 Schematic diagram of apparatus.

A B

electrode

c
a ,AH: n s
gy Ly

3 : resolution

q” f
o~ RSN
=

. g /)

AH : hysteresis

Fig. 2 Error caused by hysteresis of mano-
meter.

FIL2B%ThHB, Fig 2z~ X — & —fmst
DEAT N ZBR/BEERLIZLDT, Ald~=/ 4
— g —DWEA FA L TERICER L -8 %,
B l: BREBHEICH I N TRE» R, BN S E
WA %L CClRE#%ZmL AH 250 R R
ThHb, HROFETIE, EHFMOBEICE
F—HFFE, ¥ THELTRT A A—F—
FEIL, DEAZERICERL TR, E—F—
HBEFPEEICEL bNEWHRELY Y POEE
BERBROGBETIT- Tz, HEMF2T5
CHICERE NI T L LBEREICENLYE
U, ®"EH2HEI TR TLHMIZISE 51
BKT95, LT, DoREIzZN AH LY 35
ICREWS FEBNSHERERIC L 5,
IHEATN L ABBOTERRE, o
b (EERENRT L) 2o, FEETE</
A—F—llBHETEF =TI N —F—%D
i, e/ A= —DOEMICIRE R 52 TV BT, 2
Dot —F—nhE L Fig.3ic k- TH#HAT

AT
electrode
level

AH : hysteresis AT : contacting time
Fig. 3 Effect of pulsator.

b. IREIY 2HMEIIBEREE I TEE BT
) 27 P LCITE, SEREL EORERINYE
SNLEMBNHERTERICERT S, *OEE
WHEIR TBRET 20T, 27 1) 2 2B AH 24
L5 BTSN D, = oMo B R
AT EIREEMIC L > TEZ 20 REIZ2 02 %

WCHANTH(BRETE 2, ATOMIZEITS
Ezi’%%égﬁ‘%ﬁi%ﬁn Wi BT, FlZiE Fig. 412
T LIS, »Ne— =2l T WB L 05
REED™0.0dmg O, Th - 72 L DA, iz kb
0.0lmg Olcm bEd52 bici 3,

22 BIRHABEENT 1 P2V EEHDIED
HiH

AR & 9z, EBERNER i?ﬁ%%%ﬂi
BT bbEBERERIBOEMOEEEIC
2 TRDHNT VD, HERODE—F—%F - 7“%
K2R GRS ,mmv//mfﬁiﬁfﬁ% 25z
ETAT-THEY, HlEshicsiTs Ly PERIR
T&7Th o7,



REETIE, BNz EZE (335mA, 100mg 0,/
hicABd) L, BREMICHEIL 2oL 282 EE
THZ L TESBSHTAbLBEERERS
T4 oMLl (SR EHER LT3,
Lizdso Ty Ba—F—mBEH»igici ), W
BaN~vA47uarEa—F— 0k ) iEEMmE
LT, RELEZVVICAS RSt H7 e s
WAPBL NS, REEDIFEOIERIIC L VIR
ORHIT, 2P — 0Bz L) BiET R
LHEBRWEEEVRLND ZETH L, EED
EERMHESCILERNTHRRTH 50, BHREBER
OPEFE T S A —F — OIS I U T HIRAYICAT
bbb, Lizd - THLHEBREEHEIT Fig

T T T T
20°C
- Glucose 100mg/L N
Sample 100mi ]
@ 10l 001mg 0, *__ |
E v —_
(| B - 4
c 004 mg O, —_
o | - :
- —_
a | — A
E —_
5 -
T I y 1
5
S 05 I -
Fa
c I 4 T
QO
D i without with
C><) putsator pulsator pulsator
l 1 i L
5 10 15 20
Time Chrl

Fig. 4 Resolution of oxygen consumption
with and without pulsator.

JICRL 2 & ICERTH 2, BERNDL D%
WMATHZERITELECDT, BEBBEOES)
PHMERZEHEL, chEL L ICEEL w2, [
B ERWERHOBETHE & Ll % b
T, TS EC IR ET A 2 L
7D, i, BRELELYTSLHAICIZFEELIC
S OEEL NS HEIZE D,
FEETIE, FIED L S b— 7 —2RH

52 LI E SRR EHTWENT, FREkH
BOPEERYP D (), BHENLLLL L, »D
BT EICHT 2REN 2 WS RSG5
na,

ZOMEH I FEIICEERNNIEHEL%
METHLOTHY), RAEESOHEL LT
Wl DB R L SIRRIENE R EHRITE
A3 Twady, BEELICHL TR bTH
DEHTLRELEELZ TS, Liod->T, &
BREN S VIER PR 2oIC 3 HER Y Bif 48
EENICHRET L LVFERETH b,

3. WEYTFRIFENRAE

ZITE, ERERGREBERENERENERKEY
MERET E L TE Y, BIBREED S 25800 EY
DOIFIRRFE & T~ C/N I (BE&E) 465
BEHADO KRR EBROLEZE 2 G NBRY
BOEE, BREESRL LUHEERNEIZOWT
BonrHgRIIOWTHET 5,

31 ERBREE
FHL-EBEFIFglcRL2b0TH
D, HEEE CIIHNEEH250mM] T, 2SR F o 7
AL =7 D\ L) [RIBEER LR TV 5,
S AT A ZRINEI ANLDT DT BV —FR/IK
BAILTHIRIC & D AT 5 EBbirFELRIL
Twa,

3.2 HEEH
FAwiEEA7 i, Zhva—2 k=7
PHEIC L TREMEEL Cwednzed bic?
Na—2 % HEHE L TEREL, WEmBESEoRT
T THREAEZHELLLNTH S,
EEERTOC/N ek 3ET LIz, 2TRE
JBELT T Na—2FBYT200mg/l X535, =
MIEKFEICT 5 &80mg/l &3, 2 d ki,
WETHC/NEIZCUTERE L L TREEH
Iml7ze %3, JISKIO2C & K304 3mmL
Tnad, ZHITEINLIERSLHEBICANT
Hbo

ERNEREIL, BRRNEEEETL THE
MPRIZREATY & 2 TOEEZE - 2, BERINED,
EERTHROEERZ0 S MDA YT T2 7 4
NE—THBL, HREEPHEL TRH2,



-
o
T

—
o
T

ot
[,
T

Oxygen Consumption [gC2(gC)™

L AT

:
o
N

L
e
ol

L
e

10.05

Oxygen Consumption Rate [gO»(gC)™hr™

0 6 1218 24 30
Time [hr]
(e)

0 6 12 18 24 30

0 Pt AR R
0 6 12 18 24 30 36 0 6 12 18 24 30 36
Time [hr] Time [hr]
(a) (b)
T
K
T
— 3
T T T T T T T T T T 3
o L ~
kS C/N=9 C/N=10 S
o~ —40.2 =
%145- ¥ | e
PR - &
§ 40.15
S10f . . 5
E 0.
z k- : 0.1 E
j= @0
(e} — -
“o5F - S
- q0.05 ©
(=
20 - 1 &
= N
(&) 0 L L 1 ;’
&)

Tirme [hr]

Fig. 5 Oxygen consumption (
consumption rate. (

3.3 BERMORERR
Fig.512, C/N b 14520 TE 2 THEMEA
Ty ORI B ANBRANER LBRENE
RENRERE AT, MF@~@ix C/N a1 4
L8NHETH D,

(f)

% C/N=6 1T =8 1
S15r 1 r 10.2
ke ] i

s | 10 lo.15
§.1 Or 4 r 4

2 1L 0.1
Q N 4
Oost L

< 1 0.05
(93]

=

(@]

Oxygen Consumption Rate [gOz(gCy hr]

L 1 1 h..”l.'"l
6 12 18 24 30
Time [hr]
(d)

o

0 6 12 18 24 30 0
Time [hr]

o~
o
T
L
i

=)
T
L
e
5

.
o

o
&
T
=
o
@

Oxygen Consumption [g0z(gC)™

Oxygen Consumption Rate [g02(gC)+hr™T]

o061218243{)3.6~ 0 6 12 18 24 30 36

Time [hr] Time [hr]
(9) (h)
— g

i U R BIREIAD B

M

N, £

T
<§’1.5‘ F ‘g
PR &
5 0157
a0 3 S
%1.0 =
2 - L 101§
5 ?
©o5¢ - 5
g 0,059
Q C
oo - &
& ; . . 2
O gl = L [ I A N =
0 6 12 18 24 30 36 0 6 12 18 24 30 36 o
Time [hr] Tme {hr]

]

yand oxgen

Har 928z 725720 LEENE 70—
LT ( 5, (O C/N=102#¥T® C/N It

PI2NEAIC T b T O—ERRITI L
EEh, t—?aﬁk%éﬁ‘w@ﬁ%tlﬂﬁ?ﬂ:ﬁﬁ:@
77 5, () C/N =204 Tl R

BRI RIS MU 25 B S A B T S sE
Hﬁfb*‘%b L, ZHNEEHTRLEOEET b
RN ERETRA LEMAEDHED T - 21

Té S AR Ny — AT AL
Rl e - 2T CRERUE A #1T$ 5, (e)9) C/N

HERETESR D N RE Y — 7 D RIT sy R
{Fl. LaL, OIS TIEISBUETL,
- mﬁﬁb‘:\f:‘ FTNF— 2 DOWTHB k(@)
& e
%LE<§ﬂTW$WW~ﬁéEE%mT%®t

~(1)D
27 nTWwad, 2, RERI M



T 1 77T T 1T T T 1T 7171
! 16 N6 o
T A —
- A —
© 141 A A 14 O
g AA/ 2
Szt &“ 12 9
g ¢ £ o
81Q§( 10 U
2 2 5
208/ DDD&e +a8 £
35 0 —
Eoe— o~o 8%
§ 04 04
e Lo i 0000 T
© 10 20

C/INC—3

Fig. 6 Oxgen consumption per unit mass
of carbon and cell yield.

Bbid,

Fig. 6 (2, LD EBEERI O, KEWEED
NOEERMEERE EWENELRKOSLHERTH 2,
B, EBRETHOMD TOC A KEKD D
DEFEAERULZ D THRIMRERZ LT
WEREESE L7, C/N Hofins: » 4 icBEERY
EipmlmEmL, BEAREREEAS T2 b
5, Thbb, EREAKRERIISERRICL > THIE
ST, BRI - 2B TIREEROEN
hE > TR-RET 2L T2 EiCR D
728, BREF DLW iz L » ToBRICEE
i, Flo, FNITITERENTREGHEL N
DITHREERBYZ( LN EEbI s,

4, #
g7 —u s M) —ic L 2BEEEENENT
4 P ZNbIE, BREREREFORA LS - TE

R IC BT 2 BEEDORIEIHRIC L - 72,

ZOFEIC L D) RESDORRIRAFME D 5 L IER K
ExREL &R KIFJE L7 Lva—2k,
FLERFEL L TEOHEZ B4R E D
RFEEROD BB 2 BT SF — 2 I0E
WYELNLT,

TER, £ipnBEc BITLET 2% BOD
EBEDWSNLT THL SN TERD, =
nx7na--x (#0.6g BOD/g, 0.4gC/g) N
ETRFREBEOLICHRAET L LMk 2, K

Jill]

RROBBEEHOBR LV KREDT L bLERD
BETRDLHTHLI b, 72, X
PBF DL EICIIBBEER RS L ERINEEY
it sz s Ly, BEEIREOEEICIE, KE
Pt (%), BRWEESENL, » @K
NPT 5 Z Ldvbhiroiz,

IR E ST — > OFFDOERIZ - ZIcEF- o
LW B WA R L E B b D G EORFES
b 2ATHL,

EEREBNEDLE L7 & LT E%R Tk
Y, MRL SRR k2, FEYR
THHEZESR, BTA, SRBOBILOREZ KD D
T EHL HDLY, FEELRICEHRDTERKLEH
[EFERHEMICL > TEINLGDOTENGHEIL
ENENDGEOEMFIZL - TEZ LTS
ZEHBETHEERbIS,

& £ X M
1) feq, #FH D FKERHSEE 8, 88, 16 (1971)
2) Young, J.C.and Clark, J].W.: Sewage
Works J.,112, 341 (1965)
3) FERAAES8—147349



High resolution measurement of oxygen consumption

—Application to respiration characteristic of microorganisms—

Shigenobu TANAKA,Yuji YOKOTA,Yasuo Kumacarl and Tugio NAKATA*

Synopsis

By improving the sensitivity of manometer of automatic recording respirometer,
resolution of oxygen consumption was raised from 0.04mg O, to 0.0lmg O,. The
apparatus that makes it possible to obtain the differenticalcharacteristic of the oxygen
consumption by digitizing the quantity of oxygen consumption was developed.

Oxygen consumption rate (respiration rate) of activated sludge under various
carbon to nitrogen ratios (C/N ratio) was measured and the rate patterns for C/N
ratios lower than 8 were different from those for C/N ratios higher than 8. Inthe case
of exess nitrogen (low C/N ratio), quantity of oxygen consumption decreased and cell
yield increased. On the contrary, in the case of deficient nitrogen (high C/N ratio),
reaction time was prolonged, quantity of oxygen comsumption increased and cell vield
decreased.

The high sensitivity oxygen consumption measurement apparatus is expected to
be applied in various fields.

* SESIL, Ltd.
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Table 1 Physical properties of liquid at p; =0.1MPa

.. Temp. Surface tension Liquid density
Liquid (K] [mN-m'] [kg-m™]
Water 291 72.1 1000
Ethanol- Water (89) 287 52.8 970
Methanol 293 22.6 791
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Table 2 Physical properities of solid particles

Material d, Mo
[pm] [kg-m™*]
Coal 144—177 1250
CaCQ, 5 2720

Coal - 8% EtOH aqg.sol. - Air
Cone type single nozzle, do=6 mm

Key | Csilkg-m™3] pif MPa]
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Fig. 2 Radial distribution of bubble size.
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Nomenclature 8) Imafuku, K., T.Y. Wang, K. Koide and H.
Csi = concentration of particles Kubota : J. Chem. Eng. Japan, 1, 153 (1968)
in a slurry (kg -m3] 9) hnEEREk, (bEIZE, 27, 7(1963)
d, = average local bubble size [mm] 10) fnpEEES, WEipEEME, O ESL, BHEE,
d, = averaged value of d, over HHEE, ¥, 36, 1333 (1972)
cross-section [mm] 11) Kato, Y., A. Nishiwaki, T. Fukuda and S.
d, = nozzle or orifice diameter [mm] Tanaka: J. Chem. Eng. Japan, 5, 112 (1972)
dr = diameter of solid particle [pm] 12) Kim, S.D., C.G.I1.Baker and M. A.
h = axial position of probe [m] Bergougnou: Chem, Eng. Sci., 32, 1299
Ny = number of holes [—] (1977)
P. = pressure [MPa] 12) /B, REHE—, {bETH¥RITE, 6, 46
R = radius of bubble column [m] (1980)
Re, = Reynolds number (d,u,/ vy) -] 14) Kolbel, H.and M. Ralek : Catal. Rev. Sci.
r = radial distance from the center Eng., 21, 225 (1980)
axis of bubble column [m] 15) LaNauze, R.D.and I J. Harris: Trans.
ug = superficial gas velocity under Instn, Chem, Engrs., 52, 337 (1974)
pressurized conditions [cm-s] 16) FrHBEMK, (77 > P e, B, 1985
U, = gas velocity through hole under 17) Narayanan, S., V.K.Bhatia and D.K.
pressurized conditions [m-s1] Guha : Can. J. Chem. Eng., 47, 360 (1969)
We = Weber number (o,u,2d,/ ) [—] 18) Roy, N.K., D.K.Guha and M.M. Rao:
& = local gas holdup [—] Chem. Eng. Sci., 19, 215 (1964)
£, = & averaged cross-section [—] 19) Ruff, K., T.Pilhofer and A.Mersmanu:
v; = kinematic viscosity of gas  [m2-s7!] Chem. Ing. Tech., 48, 759 (1976)
pe = density of gas (kg m™3] 20) Shah, Y.T.: “Gas-Liquid-Solid Reactor
m = density of liquid [kg-m2] Design”, p. 11, 46 McGraw-Hill (1979)
P = density of solid (kg m™3] 21) HIBF B, WSk, b5, 30, 1136
¢ = surface tension of liquid [N-m] (1966)
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Effect of Pressure on the Behavior of Bubbles in a Solid
Suspended Bubble Column under High Pressure

Kivoshi Inpocawa, Koji IKEDA and Takashi Fukupa

Key Wards : Chemical Reactor, High pressure, Bubble column, Bubble, Gas Holdup,
Jet

Synopsis

The gas holdup and bubble size in a solid suspended bubble column of 5cm
diameter equipped with a cone type gas distributor or perforated plate were measured
by the electric resistivity probe method under pressure up to 10 Mpa. The gas phase
was air, the liquid phase were water, 8 9% aqueous solution of ethanol and methanol,
and the solid phase were coal particle and calcium carbonate.

Bubble size and gas holdup in the gas-liquid-particle system were correlated by the
same dimensionless terms obtained in the gas-liquid system at the slurry concentration
of 0-16% kg m™.
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Table 1 Analysis of pulverized coal

Proximate analysis [wt% ]
Moisture 3.03
Volatile matter 28.75
Fixed carbon 30.25
Ash 37.97
Ultimate analysis [wt%, d. f]
C 47.10
H - 3.73
N 0.91
S 0.39
0 8.71

High heating value 19.76 X 10°kJ /kg (d. f)




Table 2 Analysis of limestone TBBEERE F ¢ LT 4 SRS E2FEHEL -2,
ZOFEREIL].05mm, HEE2,650kg/m?, Fi

Proximate analysis [wt%] B bFLE 120, 42m/sec (BE) TH 2,
Ca0 55.5 % 70, BRI L 2 BRI RO L T
Si0, 0.2 ZNSHEEE Table 2 12RY. = OFEIKA 2 HAE
MgO 0.3 3254 2 2 BUF I BBe L CHER L 72,
Fe, 0, } 0.1 FAEBKHES Table3 2 LHTRET,
ALQO,
Ig-loss 43.9

Table 3 Experimental condition

Bed temperature 1073~1273K
Air feed rate 13.4Nm?*/h
Fluidizing gas velocity 0.74~0.88m/s
Feed rate of pulverized coal 1.1~1.7kg/h
Primary air ratio 1.6~2.1
Static bed height 0.15m
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ABSTRACT

Fluidized Bed Combustion of Pulverized Coal.

Senji HoNMA

A new combustion method for pulverized coal was developed by using a fluidized
bed of 0.15 m I.D. and 1 m height. Silica sand of 1 mm in mean size as a bed material
was fluidized in the bed. The pulverized coal smaller than 0.35mm was fed into the
bed passing through the wind-box and gas distributor together with combustion air and
was burnt out in the bed at a temperature of 1073 K to 1273 K. The coal ash was
flown out from the top of the bed with the combustion gas and was collected by a
cyclon seperator.

The combustion was kept in stable state of b degrees in temperature fluctuation.
Combustibles in the ash was less than 8%. Emission of nitrogen oxides from the
combustor increased with the combustion temperature. Desulfurization tests were
carried out by feeding fine limestone into the bed together with the coal. Further-
more, overall combustion rate constant for the coal was determined on the basis of
experimental results. The observed overall combustion rate constants were in the
same order of the values appeared in literatures.
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