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Abstract

The effect of pH of aqueous phase on the extraction of Cr(III) and Cr(VI) in ammonium

1-pyrrolidinecarbodithioate/diisobutyl ketone (APCD/DIBK) extraction system was studied.

In order to avoid side effects such as masking, all of the experiments were carried out in the

absence of buffer agent. As first step, manners of pH change that caused from addition of

the chelating agent was examined in detail. Then, based on the results of the examination,

effect of pH on the chromium extraction was discussed extensively. Both pH conditions

before and after APCD addition affected the extraction behavior of chromium. By

considering the change of pH in aqueous solution, it was clear that a root of the effect of

pH on the extraction of both Cr(III) and Cr(VI) consists in the change of the species of

chromium in aqueous phase. In APCD/DIBK extraction system, species that extracted

effectively were CrfHzOMOH)*' and HCrO5. The results of the examination of the pH change

caused by chelating agent also clarified a cause of difference in the extractability of two

carbodithioate chelating agents; APCD and sodium diethylcarbodithioate (NaDDTC).
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INTRODUCTION

Dithiocarbamate complex formation has been used on chromium determination

combined with several analytical methods such as solvent extraction"2:"667B910"'21,sorbent

extraction"1', coprecipitation"", liquid chromatographylf'"i! and gas chromatographytl7).

Because the solvent extraction is simple and requires no special equipment, many
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applications based on dithiocarbamate formation-solvent extraction have been proposed

for the analysis of fresh water19121, seawater'3'4121 and sludge'71. An ammonium 1-

pyrrolidinecarbodithioate/methyl isobutyl ketone (APCD/MIBK) extraction system has

been adopted for the determination of chromium in water sample by the U. S.

Environmental Protection Agency (EPA)tlB1.

The aims of the above literatures are establishment of determination method or of

differentiation procedure for chromium, there is no study that focus on the extraction

behavior of chromium itself. Therefore, there is no unified view even about the pH range

over which chromium can be extracted quantitatively. For example, in some literatures

Cr(VI) can be extracted quantitatively (i.e. > 90 %) over the pH range 1-4'41 and in other

literature it was extracted in 50 % or less over the pH range 1-2'21. Although these results

are obtained under similar conditions in concentration of APCD and in shaking time,

these results considerably differ in extractabiiity over the pH range 1-2. Also in higher pH

region, difference in extraction behavior exists among literatures; some report that Cr(VI)

is extracted with APCD in only 10 % or less at pH 6ls<41, others report that more than 80

% of Cr(VI) can be extracted at pH 61681. On the other hand, the extraction behavior of

Cr(III) is much less known than that of Cr(VI). Because the extractabiiity of Cr(III) is low,

it is difficult to extract Cr(III) quantitatively. Hence, in order to determine Cr(III), Cr(III)

is usually oxidized to Cr(VI) before extraction step1110121. Only a few investigators succeeded

in quantitative extraction of Cr(III) without the pre-oxidation by addition of large amount

of chelating agent1'1111. There is few information about the extraction behavior of Cr(III).

In the chelate extractions, pH is one of the most important factor which affect on

extractabiiity. Because the difference between the extractabiiity of Cr(III) and of Cr(VI)

has been utilized for differentiation of chromium"-510121, elucidation of the effect of pH on

the chromium extraction is necessary both for improvement in reliability and for

development of the differentiation methods.

From the nature of monobasic acid of the dithiocarbamic acid"91, it is predicted that

the addition of the dithiocarbamate chelating agents change the pH of aqueous phase.

Indeed the addition of APCD caused pH change"81. Not only pH itself directly affects on

chelation, but the pH change has potential for change the species of chromium. Both

Cr(III) and Cr(VI) are able to exist as various species and the distribution of the species

is dependent on pH120. From the above, the following is suggested; in order to exactly

elucidate the effect of pH on the extraction of chromium, it is necessary to experiment

and to discuss with care in the pH change and in the chromium species change

accompanying the pH change. However, in most studies the effect of pH on the extraction

was discussed only with the initial pH of the aqueous phase, without consideration of the

pH change. Thus we studied with care in the pH change, in order to elucidate true effect

of pH on the extraction.

Most ideal solution for the elucidation of true effect of pH is to completely suppress
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the pH change using a buffer agent without any side reactions. However, since large

amount of a chelating agent is required to extract Cr(III)[5111, it is supposed that the

buffers can not suppress the change of pH effectively. Moreover, use of a buffer involves

a risk that the buffer agent reacts with chromium, because most of the buffer agents have

some complexation ability. For instance, some studies show that the extractability of

Cr(III) decrease with increase in concentration of the buffers'5111. This fact suggests that

the added buffer agents (i.e. phthalate, phosphate, citrate) act also as masking agents for

Cr(III). Because the insufficient buffer capacity and the possibility of the side reaction

shade the true effect of pH on the extraction, it is desirable to do experiments in the

absence of the buffers. Hence we elucidated the true effect of pH on the extraction of

chromium with following two steps. First, the pH change caused from addition of a

chelating agent was examined in detail. Then true pH effect on the chromium extraction

was evaluated based on the results of the examination, on the results of extraction and on

the nature of chromium species.

An APCD/DIBK extraction system was chosen for this study. In order to elucidate

the effect of pH, there is need to choose a extraction system which realize experiments

over the wide pH range. We already demonstrated that the APCD and DIBK suit to

extract some metals from highly acidic solution121'22'21'2^. A stability of APCD under acidic

conditions and a low mutual solubility of DIBK especially under acidic conditions made it

possible to carry out the extraction over the wide pH range.

EXPERIMENTAL

Apparatus

An HM-30S glass electrode pH meter (TOA, Tokyo, Japan) was used for measurement

of pH. An SR-IIw vertical reciprocating shaker (TAITEC, Saitama, Japan) was used in

extraction process. An AA-782 atomic absorption spectrometer (Nippon Jarrell-Ash, Kyoto,

Japan) was used for the measurement of chromium concentration.

Reagents

All chemicals used were of analytical-reagent grade or better. Doubly distilled water

was used throughout. Commercial Cr(III) and Cr(VI) atomic absorption standard solutions

(Aldrich Chemical Co. Inc., Milwaukee WI) were used as stock solutions. A working

solution was prepared daily by appropriate dilution of the stock solution. Solutions of

chelating agents were prepared daily by dissolving a APCD or NaDDTC (Wako Pure

Chemical Industries, Ltd., Osaka, Japan) in water. The solutions of the chelating agents

were filtered and stored in cold place. A 0.39 mol/L of potassium hydrogen phthalate

buffer solution was prepared by dissolving 40 g of the compound (Wako Pure Chemical

Industries, Ltd., Osaka, Japan) and 4 g of sodium hydroxide in 500 mL of water.
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Including DIBK (Wako Pure Chemical Industries, Ltd., Osaka, Japan), all chemicals were

used without further purification.

Evaluation of buffer capacity of phthalate solution

The concentration and volume of phthalate buffer and APCD solution were set at

similar conditions of the reported study1"1. A 3.0 mL of phthalate buffer (pH 4.9) and 25

mL of water, or only 28 mL of water was placed into a flask. The pH of the solution was

adjusted to 2-8.5 with nitric acid or sodium hydroxide and then 0.6 or 3.0 mL of APCD

solution (0.61 mol/L) was added to the solution. The pH of the mixture was measured 1

min after the addition of APCD.

Observation of pH change caused from addition of APCD or of NaDDTC

Appropriate concentration of hydrochloric acid or sodium hydroxide solutions (22.5

mL) was placed into a 50 mL Erlenmeyer flask. The pH of the solution was measured (pH

-0.5-13). A 2.5 mL of the 0.80 mol/L APCD solution (pH 6.6-6.9) was added to the flask.

After addition of the APCD, pH of the mixture was measured at appropriate time

interval. The measurements were repeatedly carried out until the pH change would be

negligibly small.

Extraction and AAS measurement

A 20 mL of hydrochloric acid or sodium hydroxide solution was placed into 50 mL

Erlenmeyer flask. A 2.5 mL of 4.0 iig/mL Cr(III) or Cr(VI) solution was added to the

solution and then pH value of the mixture was measured. Only for extraction of Cr(III),

the mixture was allow to stand for over 18 hours. During the standing time, the Cr(III)

solution was placed under N2 gas atmosphere to prevent the pH decrease caused from the

dissolution of atmospheric CO2, especially under the basic conditions. Just before the

addition of DIBK and of APCD, the pH of the solution was measured again and the

measured pH value was recorded as "initial pH". A 10 mL of DIBK and 2.5 mL of 0.80

mol/L APCD solutions were added to the flask. Then the mixture was shaken vigorously

over an appropriate period. Phase separation was carried out with a Whatman IPS phase

separator, then the chromium concentration in the organic phase was determined with the

flame AAS. If necessary, chromium concentration in the aqueous phase was also

measured. Except below the initial pH 1, the aqueous phase caused emulsification with

DIBK, thus the aqueous phase was centrifuged before the AAS measurement. An C2H>-

Air flame was used in fuel-rich condition (0.8-5.0 L/min for DIBK phase and 1.4-5.0 L/min

for aqueous phase) for the AAS measurement. A hollow cathode lamp was operated at 7.0

mA and a resonance line at 357.9 nm was used for the measurement.



How does pH affect extraction behavior of Cr(III) and Cr(VI)? 67

RESULTS AND DISCUSSION

pH change of buffered solution by addition of APCD

It is known that the addition of APCD causes pH change in aqueous phase'181. Because

the pH change during extraction process makes it difficult to elucidate the effect of pH on

the extraction, the buffer agents are used in most solvent extraction studies to suppress

the pH change. Also in APCD/MIBK system, Subramanian used phthalate buffer to

maintain pH[11). However, because the addition of large amount of the dithiocarbamates is

required to quantitatively extract Cr(III)[5"i, it seems to be difficult to effectively suppress

the pH change with buffer agent. Thus, to check the ability of the buffers, effect of

APCD addition on pH of buffered solution was examined in detail. Phthalate was chosen

as buffer agent to compare with the results of Subramanian's study"13. It is also a reason

for selection of the buffer agent that inhibition of phthalate for the Cr(III) extraction is

relatively weak than that of some other buffers (e.g. phosphate, citric acid)m.

Table 1. pH change with addition of APCD and effect of buffer agent on the pH

change

With phthalate

Vol. of APCD

Without buffer

Vol. of APCD

buffer

sol. 0.6

3.0

sol. 3.0

mL

mL

mL

1.96

2.31

3.79

4.02

Initial

2.97

3.24

4.17

4.85

PH

5.12

5.10

5.07

6.60

8.48

7.55

7.22

6.86

Concentration of the added APCD solution was 0.61 mol/L.

The results are shown in Table 1. In the absence of the phthalate buffer, the

addition of APCD caused remarkable pH change in the solution over the initial pH range

2-8.5. On the other hand, the pH of the buffered solution was not altered at the initial

pH 5. However, in spite of the existence of the buffer, pH was considerably altered except

at the initial pH 5. While the phthalate buffer (pH 4.9) fully acted around initial pH 5,

it could not effectively suppress the pH change at below the initial pH 3 and at above pH

8. Subramanian reported that the addition of APCD altered only by 0.1-0.2 at pH values

below 2.5, even in the absence of buffer"1. However, our results indicates that the

addition of 0.6 and 3.0 mL of APCD (0.61 mol/L) increased the pH more than 0.3 and 1.8

respectively at the initial pH 2, even though the buffer existed (Table 1). Although use of

higher concentration of phthalate and of lower concentration of APCD may suppress the

pH change more effectively, the former (>= 0.039 mol/L phthalate in total solution)
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completely inhibits the extraction of Cr(III) and the latter (=< 0.061 mol/L APCD in total

solution) results in incomplete extraction of Cr(III)"]. Our results indicate that the

capacity of the phthalate buffer is insufficient to suppress the pH change caused from the

addition of APCD, in the chromium extraction system. Rather than to use the buffer

which have insufficient capacity, not to use any buffer is simple and clear. Indeed, most

of the buffer agents has some complexation ability, and some buffer agents including the

phthalate inhibit the extraction of Cr(III)f>". The disuse of the buffer agents is desirable

to elucidate the true effect of pH on the chromium extraction.

Observation of pH change caused from addition of APCD and of NaDDTC

In the absence of buffer agent, the pH change caused from the addition of APCD has

been studied in detail, as the following. The pH of an aqueous solution was adjusted to

desired value, and APCD solution was added to the solution. Then the pH of the mixture

was measured repeatedly at appropriate time interval.

The results are shown in Fig. 1; results at 1 min and at 2 h after APCD addition are

indicated. The dashed line corresponds to the case when the pH values are not changed

with the addition of APCD. Thus, the vertical distance from the dashed line to each data

point means the magnitude of the pH change caused from the APCD addition. Below the

initial pH 1, the pH change was not observed. Over the initial pH range 1.5-6.7, pH of the

solution was increased significantly. On the contrary, the decrease in pH was observed

over the initial pH range 6.7-12. At the initial pH 13, the pH of the solution was altered

-2 0 4 6 8 10 12 14

pH (initial)

Fig. 1. Effect of chelating agent addition on pH: O, 1 min after APCD addition;

addition; D, 1 min after NaDDTC addition.

>, 2 h after APCD
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in little. The two set of the results (i.e. after 1 min and after 2 h) markedly differ only

over the initial pH range 1-5. This fact indicates that the pH change caused from the

APCD addition almost finished within 1 min after the APCD addition except the initial

pH range 1-5. Whereas in the initial pH 1-5, the increase in pH partly progressed within

1 min and then it slowly progressed for about 2 hours. A flat part of the curves over the

initial pH range 4-10 means that the added APCD made the pH of aqueous solutions into

practically same values, even the initial pH were much different; the APCD acted also as

a buffer agent. This fact is important for the following elucidation of the true effect of

pH on the chromium extraction.

The explanations for the mechanisms of the observed pH change were discussed based

on the manner of the pH change and on the nature of APCD. The cause of the pH

increase under the acidic conditions can be explained with the protonation of pcd- ion and

subsequent decomposition of the resulted Hpcd. The results of the study on acidic

character of dithiocarbamic acid"91 predict that the added pcd- ion protonates immediately

after mixing of the acidic solution and the APCD solution. Then the protonated pcd- (i.e.

Hpcd) decomposes relatively slowly into pyrrolidine and carbon disulfide; the reported half-

life of decomposition of pcd- is 30-90 min1251. The resultant pyrrolidine causes further

protonation. Thus, protons in the acidic solution are consumed in two steps (i.e.

protonation of pcd- and of pyrrolidine). It seems that the two steps of the consumption

of protons resulted in the fast pH increase (i.e. within 1 min) and the slow one (i.e. over

2 h) observed over the initial pH range 1-5 (Fig. 1).

On the other hand, cause of the pH decrease observed under the basic conditions can

be explained with neutralization with ammonium ion brought from dissociation of APCD.

To confirm the effects of the counter ions of the dithiocarbamate agents on the pH

change, same experiments were carried out with NaDDTC. The results are shown in Fig.

1 with the results of APCD addition. The addition of NaDDTC caused the pH increase

similarly to the addition of APCD over the initial pH range 1-9.5, however, the NaDDTC

addition did not cause the pH decrease. Because pKa values for Hpcd (3.29) and for Hdtc

(3.38) are nearly same'261, the difference in the natures of anions (i.e. pcd and dtc) is not

the cause of the difference in the manner of the pH change. It seems that the difference

in the manner of the pH change arise from the difference in the natures of the cations of

the two chelating agents. Though the sodium ion is not appreciably hydrolyzed in water,

the ammonium ion is considerably hydrolyzed. Thus it can be concluded that the cause

of the pH decrease observed in the APCD system is the neutralization of hydroxide ion

with ammonium ion.

True effect of pH on extraction behavior of Cr(VI)

As described above the addition of APCD causes the considerable pH change over the

wide initial pH range. Thus, in order to elucidate the true effect of pH on the chromium
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extraction, the extraction behavior must to be considered based not only on the initial pH

values of the chromium solutions but also on the pH values after the APCD addition.

However, it is quite difficult to continuously measure the aqueous phase pH which

dynamically changes during the extraction process. Then instead of the continuous

measurement of the actual pH, the following process has been applied for the elucidation.

The expected pH values at the end of the shaking periods were estimated from Fig. 1 and

from similar data obtained at various standing times; the estimated pH values were

obtained in the absence of DIBK. Then, based on both the initial pH values and the pH

values expected at end of shaking periods, the true effect of pH on the chromium

extraction has been elucidated.

Extraction of Cr(VI) was carried out over the initial pH range -0.5-12, at the several

shaking times. To consider both the effect of the initial pH and of the pH after the

APCD addition, the data of the percent extraction is plotted into Fig. 2-a with the initial

pH on the horizontal axis, and into Fig. 2-b with the estimated pH.

100 -

0 2 4 6 8 10

pH (expected at end of shaking period)

12

Fig. 2. Effect of pH on the extraction of Cr(VI). Horizontal axis: (a), initial pH; (b), pH

after the APCD addition. Shaking time: O, 1 min; •. 3 min; □, 3 h; ■. 27 h.
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With 1 min and 3 min of shaking periods, Cr(VI) shows highest extractability at the

initial pH about 3.5 {Fig. 2-a). The extraction curves obtained with 1 and 3 min decrease

above the initial pH 4 and form a plateau over the pH range 6-8.5, then above the pH 11

Cr(VI) is not extracted. These characters of the curves obtained in the short shaking

periods resemble the results of the similar extraction studies, below the pH 8Ifl " 12!; on the

other hand there is little literature about the extractability of Cr(VI) above the initial pH

8. Even above the initial pH 10, the extraction proceeded steadily in time though the

progress of the extraction was fairly slow. Quantitative extraction is achieved with 5 min

of shaking period in the initial pH 3-4, and the pH range in which Cr(VI) can be

quantitatively extracted extends with shaking time; the range is 1.4-9 with 3 h and 1.4-11

with 27 h. Under highly acidic conditions such as below the pH 0, Cr(VI) could be

extracted, even though in partially. It is known that Cr(VI) is extracted from high

concentrate HCl solutions to the oxygen-including solvent such as the ketones without any

chelating agent1"1. Our results of the experiments in the absence of APCD also indicated

that Cr(VI) is extracted in more than 10 % within 3 min of shaking period at pH 0 or

below, however, the long shaking periods such as 3 h resulted in the complete lack in the

extractability (< 1 %). Thus it is thought that the partial extraction of Cr(VI) below the

pH 0 (Fig. 2-a) were brought by the existence of APCD. Cr(VI) was extracted all over the

studied pH range -0.5-12.

These are noted that the plateaus are formed over the initial pH range 6-8.5 and the

plateau is observed even with long shaking period such as 3 h. The existence of plateaus

suggests that the extractability of Cr(VI) is not affected with the initial pH, in the initial

pH 6-8.5; it is thought that the extractability is affected with the pH after APCD addition

rather than with the initial pH. Then, the extractability around the initial pH 6-8.5 has

been discussed with Fig. 2-b in which the extraction data are plotted with the pH expected

at the end of shaking period horizontally. The data that were obtained over the initial

pH 4-10 exist over the expected pH range 6-7 in Fig. 2-b, and the plateaus observed in the

initial pH 6-8.5 (Fig. 2-a) are missing in Fig. 2-b. This complete disappearance of the

plateaus indicates that the plateaus are caused from the pH change with APCD addition

(Fig. 1); it is thought that the extractability of Cr(VI) above the initial pH 3.5 mainly

depends on the pH after APCD addition.

The extractability with short shaking periods such as 1 or 3 min, significantly

changes over the pH range 6-7.5 (Fig. 2-b). The cause of the extractability change around

pH 7 is attributable to the alternation of the species between HCrOi and CrOi. Because

the pKa value for the reaction of HCrO^ --> CrOf + H+ is 6-7;at|, the distribution of

concentration between the two species significantly changes around pH 6-7; HCrOi and CrOj

dominantly exist below pH 6 and above pH 7 respectively. The existence of CnOi is

negligibly low under such low Cr(VI) concentration. Since the product of the

complexation between Cr(VI) and dithiocarbamate ion is not a complex of Cr(VI) but two
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kind of Cr(III) complexes'291, thus the extraction process in APCD/DIBK system also

includes reduction of Cr(VI) into Cr(III). Because the standard reduction potential for the

reaction of HCrOi + 7H* + 3e -> Cr;it + 4H2O is 1.195 V and that for the reaction of

CrOr + 4H2O + 3e --> Cr(OH)3 + 5OH is -0.13 Vm\ HCrO:, is easily reduced to Cr(III) than

CrOl. Based on the pKa value for HCrOs and on the difference in the reduction potentials

for HCrO< and CrO<, it can be concluded that Cr(VI) is extracted relatively fast at below

pH 7 in which reactive HCrOi dominantly and Cr(VI) is not extracted with short shaking

periods at above pH 7 in which Cr(VI) mainly exists as inert CrO?. Unlike our result,

Thomas et al.1" concluded that extraction efficiency of Cr(VI) is apparently not determined

by the protonation of chromate, based on the fact that change of the extractability

appears around initial pH 4. The discrepancy between Thomas's conclusion and our

conclusion is due to that their discussion bases on only the initial pH values without the

consideration for the increase of pH caused from APCD. The species of Cr(VI) apparently

determine the extraction behavior of Cr(VI). Slow progress of the extraction at pH 8 and

above, seems to be caused from the reaction between pcd and HCrOi which exist in

extremely low concentration or and predominant CrOt which have low oxidizing ability.

Tsuchiya et al. reported that APCD and NaDDTC exhibit same extractability for

Cr(VI) under low pH conditions (pH < 3), but at higher pH region APCD shows higher

extractability than NaDDTC1*1. Fig. 1 indicates that, the addition of NaDDTC increases

the pH values more than that of APCD above initial pH 1, and APCD and NaDDTC make

flat part on the curves at pH 6.7 and 9.4. Thus, under same conditions the addition of

NaDDTC give higher pH values than that of APCD, and the addition of NaDDTC easily

derive the pH values into more than 8 in which CrOi dominantly exists. These our

results indicates that the difference in the extractability Cr(VI) between APCD and

NaDDTC"11 was caused from the difference in the ability of pH change between the two

reagents.

There is no persuasive explanation for the formation of the valley at pH 4 on the

curve obtained with 1 min shaking (Fig. 2-b). Because pH increased more than 2 in pH

unit immediately after the APCD addition at below the initial pH 4 (Fig. 1), the extraction

data that exist below pH 6 in Fig. 2-b were obtained during the drastic pH change. The

rapid pH change certainly complicate the clarification for the cause of the valley, however,

two possibilities can be pointed out as the cause; the effects of change in species of

dithiocarbamate ion and of Cr(VI) ion. Because the pKa for pyrrolidine carbodithioate ion

is 3.29a;i, dominant species change between pcd and Hpcd at pH about 3. Thus, there is

possibility that reactivity between Cr(VI) and chelating agent drastically change at pH

about 3. On the other hand, Finston et al. reported that Cr(VI) exist as hydronium

complex ion below pH 2!30:. Since the three data that form the peak at pH 2.5 in Fig. 2-b

are obtained below the initial pH 2 (Fig. 2-a), there is possibility that the hydronium

species give the left peak around pH 3.5 in fig. 2-b.
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As described above, the extraction behavior of Cr(VI) was mainly dominated by the

pH which was changed with the dithiocarbamate chelating agent. Although the pH after

the addition of the dithiocarbamate is not a directly adjustable factor on the contrary to

the initial pH, it is highly important for the extraction of Cr(VI). Thus, in order to

quantitatively extract Cr(VI) in analytical use, the initial pH of sample solution must be

adjusted by considering the pH change with addition of chelating agent. Fig. 2-b indicates

that Cr(VI) can be quantitatively extracted at the pH range 3-8, however, at above pH 7

long shaking period more than 3 h is required for the quantitative extraction. Thus, to

practically use the extraction of Cr(VI) for determination, it is recommended that the pH

become 3-6 after the addition of chelating agent. Under the extraction conditions used in

this paper, in order to satisfy the recommended pH condition, it is required that the

initial pH of chromium solution is adjusted to 1.4-4 (Fig. 1). When different extraction

conditions are applied to determination of chromium, initial pH of a sample must be

adjusted to another suitable value, because degree of the alternation of pH depends on

many factors (i.e. initial pH, volume of sample and amount of chelating agent).

Extraction of Cr(III)

Effect of standing time of Cr(III) solution after pH adjustment on extraction of Cr(III)

The species of Cr(III) in aqueous solution change with the pH and the rate of the

ligand exchange of Cr(III) is relatively slow1201. Thus it was supposed that the Cr(III)

solution should be allowed to stand for a while after the pH adjustment in order to

equilibrate the species of Cr(III) before the addition of APCD. Because the object of this

paper is the elucidation of true effect of pH on the chromium extraction, the data of

extractability which are obtained in non-equilibrium state is not suitable for this study.

If the extractability of Cr(III) change with the standing time, it will be decided that the

equilibrium of the Cr(III) species is still not established. Then, to determine the time

required for the pre-equilibrate, the effect of the standing time after pH adjustment on

the extractability of Cr(III) was examined.

The results are shown in Fig. 3. Although all the data in Fig. 3 were obtained with

30 min of shaking period, three curves obviously differ the initial pH above 5. For

instance at the initial pH 7, Cr(III) was extracted in about 50 % after 1 min of the

standing time, however, it was extracted in only 20 % after 2.25 h of the standing time.

This fact suggests that the species of Cr(III) did not equilibrate within 2.25 h after the pH

adjustment, above the initial pH 5. However, more than 18 hours of the standing time did

not cause further change in the extractability; the species of Cr(III) equilibrated within 18

hours after the adjustment. Some investigators report that Cr(III) could be extracted

partially even under basic conditions'9101"21. These partial extraction indicated that the

extraction process ware started without pre-equilibrium of Cr(III) species. In order to
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evaluate the true effect of pH on the extraction, we applied 18 hours of equilibration time

for subsequent extraction of Cr(III).

4 6

pH (initial)

Fig. 3. Effect of the standing time after pH adjustment on the Cr(III) extraction. Standing time:

O, 1 min; •. 2.25 h; D, 18 h.

True effect of pH on extraction behavior of Cr(III)

The extraction of Cr(III) was carried out over the initial pH range 0-11.4, at the

several shaking times. The results are plotted in Fig. 4-a with the initial pH on the

horizontal axis and in Fig. 4-b with the estimated pH, with same manner for the case of

Cr(VI).

With 10 min of shaking, Cr(III) was extracted in more than 60 % in the initial pH 4-5,

however, quantitative extraction was not achieved all over the initial pH range 0-11.4 (Fig.

4-a). Cr(III) could be quantitatively extracted with 30 min or above. The lower limit of

the pH range in which the Cr(III) was extracted quantitatively was lowered with

elongation of the shaking period; the quantitative extraction was observed over the pH

range of 4-5 with 30 min, of 3-5 with 60 min and of 2-5 with 2 h. Further lowering of

the lower pH limit was not observed with more than 3 h of shaking period and Cr(III) was

not extracted completely below the initial pH 1 even with 3 h of shaking. In contrast to

the lower pH limit of quantitative extraction, the upper limit (i.e. initial pH 5) did not

extend toward higher pH region with the elongation of shaking period.

It is known that the pKa value for the reaction Cr" + H2O --> Cr(OH)2- + H+ is 3.8-4.4[28;,

thus the distribution of concentration between Cr3' and C^OH)11' is significantly changed

with the pH change, at around pH 4. Furthermore, it was reported that the ligand

exchange of Cr(H2O)cu is very slow and that of CrfrLOMOH)2' is relatively fast1281. These

facts suggest that CrirLOMOH)2* reacts faster with pcd than Cr(H2O);!' and the existence

of Cr(H2O)f,(OH)2- makes the total rate of Cr(III) extraction fast at above pH 4. Indeed,
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Fig. 4-b indicates that the predicted change in the extraction rate around pH 4; the

extraction curves which obtained with short shaking periods such as 10 or 30 min

indicates that the extractability of Cr(III) changes in the pH 3-5. Then, to examine the

effect of the pH after the APCD addition on the extraction rate, extractability data were

plotted with shaking time (Fig. 5). The extractability data at the particular pH values

(i.e. 2, 3, •••, 6) were read out from the curves in Fig. 4-b, and the read data were plotted

as a function of shaking time in Fig. 5. The lower pH results in the lower extractability

at all shaking time. It is indicated that the rate of extraction is significantly change

around pH 4. For instance with 30 min of shaking, Cr(III) is extracted in less than 10 %

at pH 2 and 3, on the other hand, more than 80 % of Cr(III) is extracted at pH 5 and 6.

Such change in the rate of extraction around pH 4 suggests that Cr(III) is extracted

relatively fast when pH increases to more than about 4 after APCD addition. Thus we

concluded that the extractability of Cr(III) below the initial pH 4 is mainly dependent on

the pH after the APCD addition.

As opposed to below the initial pH 4, the extraction behavior of Cr(III) observed over

the initial pH range 5-8 (Fig. 4-a) was mainly dependent on the initial pH. In Fig. 4-a,

the upper limit of the initial pH of quantitative extraction is not changed with shaking

time, differ from the lower limit. The extractability decreased above the initial pH 5 with

any shaking time, then Cr(III) was not extracted completely even with 3 h of shaking over

the initial pH range 8-11.4.

It was reported that the solubility of Cr(OH);i drastically decrease from pH 4 to pH 7,

and Cr(III) ion mainly exists as Cr(OH)s above pH 7 and as Cr(OH)-' below pH 4|S2]. To

obtain the evidence for the reported change between the species, we carried out microscopic

observation of the Cr(III) solution around the initial pH 7. As the results of the

observation, formation of insoluble particle that was about 1 \i m in diameter was

observed in the initial pH above 7 and the amount of the particle slowly increased with

the standing time. The formation of the particle indicated that insoluble species of Cr(III)

was formed around pH 7. Generation of the insoluble species and the slow increase in

amount of the species fully correspond with the extraction behavior of Cr(III); Cr(III) was

extracted hardly at initial pH 7 after pre-equilibration (Fig. 4-a) and the extractability

decreases with the standing time at initial pH 7 (Fig. 3). From the above, the extraction

behavior of Cr(III) above the initial pH 4 could be explained by the following. The Cr3"

which was supplied from stock solution (pH 0.5) changed into Cr(OH)2* and further

changed slowly into Cr(OH)j, after the pH adjustment. If the adjusted pH value is about

4, chromium will exist mainly as Cr(OH)2\ and if the value is about 7, chromium will

exist mainly as Cr(OH):,. Because the reactive Cr(OH)2* chelated relatively fast, Cr(III) was

extracted steadily around initial pH 4. On the other hand, Cr(III) was hardly extracted

around initial pH 7, because Cr(OH), was inert in substitution. In brief, extractability of

Cr(III) above initial pH 4 was mainly dominated by the initial pH rather than by the pH
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after APCD addition.

The domination of the extractability by the initial pH is also evidenced by Fig. 4-b.

Because added APCD alters the pH of solutions to 6.7 in the initial pH 5-10 (Fig. 1), all

the percent extraction data obtained in the initial pH range 5-10 exist at the estimated pH

6.7 in Fig. 4-b. The data at the estimated pH 6.7 is clustered with three groups of the

data, which is obtained at the same initial pH (Fig. 4-b). If the extractability of Cr(III)

is mainly dominated by the pH after APCD addition, the data at pH 6.7 will be clustered

with each shaking time.

From the above elucidation for the true effect of pH on the Cr(III) extraction,

following notice for application of the extraction of Cr(III) was given. In order to

quantitatively extract Cr(III), pH of sample solution must be adjusted lower than 5 before

chelating agent addition and pH must become higher than 5 after the chelating agent

addition. To satisfy the later, initial pH value must be adjusted more than 2 under our

extraction condition, however, degree of the pH alternation which caused from chelating

agent depends on many factors as described in the Cr(VI) section. Thus, when different

extraction conditions are applied to determination of Cr(III), it is necessary to previously

check the manner of the pH alternation under the candidate extraction conditions and

then to decide initial pH value.

CONCLUSION

In order to elucidate the true effect of pH on the extraction of chromium with

dithiocarbamate, pH change caused from addition of dithiocarbamate has been observed in

detail and then the extraction behavior of Cr(III) and of Cr(VI) in APCD/DIBK system

has been discussed by considering the observed pH change.

The addition of the examined two dithiocarbamates (i.e. APCD and NaDDTC)

significantly changed the pH of chromium solution over the wide initial pH range. Cause

of the pH increase observed in low initial pH region was attributed to protonation of the

dithiocarbamate ion and to protonation of amine, which is derived from decomposition of

the protonated dithiocarbamate. Cause of the pH decrease observed only in case of the

addition of APCD was attributed to neutralization with ammonium ion.

The true effect of pH on the extraction was discussed with consideration for change

in species of Cr(III) and Cr(VI) with the pH change caused from chelating agent addition,

and the discussion gave the following conclusions. The extractability of Cr(VI) is

mainly dominated by the pH after the addition of APCD. When Cr(VI) dominantly exist

as HCrQ; after the addition; pH is lower than 7, Cr(VI) is extracted faster than under

condition that Cr(VI) exist as CrOi (i.e. pH > 7). The extractability of Cr(III) is

dominated by the pH after the addition of dithiocarbamate when the initial pH value of

Cr(III) solution is lower than 5, on the contrary, when the initial pH is higher than 5 the
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extractability is dominated by the initial pH of chromium solution rather than by the pH

after the addition. When Cr(OH)2* dominantly exist after pH adjustment, Cr(III) is

extracted relatively fast. When Cr(III) solution is adjusted to pH 5 or above, Cr(III) forms

insoluble particle of Cr(OH)n or analogous which is hardly extracted.

The discrepancies among the previous studies in the extraction behaviors of chromium

with the dithiocarbamates can be explained with the results of this study. Most of the

discrepancies are arisen from that the extraction behavior was discussed without

consideration of the pH change which, caused from addition of chelating agent. The cause

of some discrepancies about extraction behavior of Cr(III) seems to be difference in

standing time before chelating agent addition after pH adjustment, among previous

literatures.

The results of this study not only explain the discrepancies about extraction behavior

but also become fundamental information about the dithiocarbamate extraction system for

chromium speciation. Although many kind of dithiocarbamates have been used to

chromium speciation, conditions (e.g. pH of sample, amount of chelating agent) which used

in all of the previous speciation methods have been determined based only on trial and

error. Our results of this study become effective help for the determination of the

conditions for such speciation. A novel speciation technique for chromium, which requires

no sample splitting is being developed based on the results of this study.
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