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Abstract A novel simple, sensitive, rapid, direct, and

spectrophotometry-based procedure was investigated to

determine Th(IV) at trace amounts. The new method is

based on Th(IV) chelation with 3,6-dichloro-2,5-dihy-

droxy-l,4-benzoquinone (DDBQ). The reagent reacts with

Th(IV) in 0.1 M HCl to form an orange 1:2 complex. The

stability constant value is 6.62 9 104 for the Th(IV)

complex. The Th(IV)-DDBQ obtained shows one peak

with a maximum at about 346 nm. The chelate forms

immediately and the absorbance remains stable for over

24 h. Beer’s law was obeyed in the concentration range

0–10 lg mL-1. The molar absorptivity and Sandell’s

sensitivity were 4.4 9 104 L mol-1 cm-1 and

0.0053 lg cm-2, respectively. Different analytical param-

eters were tested in detail. Interfering ion (cations and

anions) effects were tested. Methods for Th(IV) determi-

nation by second and third-derivative spectrophotometry

were also introduced at about 344 and 341 nm, respec-

tively. These two derivative orders offer the feature of

sensitivity without the necessity for solvent extraction,

heating, or pre-concentration steps. Finally, the methods

were successfully utilized for Th(IV) determination in

monazite, environmental water, and wastewater samples.

Keywords Th(IV) determination � p-benzoquinone

derivative � Spectrophotometry

1 Introduction

Thorium (Th) is a very significant metal [1]. It is widely

utilized in medicine, catalysis, the fuel industry, ceramics,

lenses, refractory materials, and electronic components

[1, 2]. The haphazard release of Th(IV) species from dif-

ferent industries increases its content in the surrounding

ecosystem. Increased concentrations of this metal increase

the incidence of lung diseases, and pancreatic and bone

cancers [1–3]. Thus, the analytical quantification of Th(IV)

is helpful in ecological science, nuclear fuel chemistry, and

geochemistry [4, 5].

Numerous procedures for Th(IV) ion determination

have been elaborated. These methods include gravimetry,

titrimetry, thin-layer chromatography, reverse-phase liquid

chromatography, spectrofluorescence, X-ray fluorescence,

capillary zone electrophoresis, inductively coupled plasma

(ICP), electroanalytical techniques, activation analysis, and

alpha spectrometry [6]. These reported procedures are

precise but costly and require pre-treatment steps and

complicated instrumentation. Furthermore, the use of these

techniques is restricted because of their higher working

cost in addition to the equipment cost [2, 4–9].

Spectrophotometry is predominantly a trace analysis

technique and is one of the most widely available appara-

tuses in chemical analysis. It has gained much attention

owing to its simplicity, accuracy, precision, and easy

automation. It is a multi-use technique because of its wide

availability, simple implementation, and economic feasi-

bility in comparison with others [10]. The spectrophoto-

metric estimation of Th(IV) ions using appropriate

chromogenic reagents is one of the simplest, most precise,

and most accurate tolls. There is therefore a need to pro-

pose new, simple-to-utilize methods for Th(IV) ion
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determination in different samples [7, 11]. Th(IV) deter-

mination at the microgram level using spectrophotometry

remains more favorable than other analytical techniques

[11]. Normal procedures for spectrophotometric Th(IV)

determination are based on the reaction of Th(IV) ions with

a chromogenic or complexing reagent [6, 10].

A search of the literatures shows that only a few chro-

mogenic reagents are useful for spectrophotometric Th(IV)

determination [7, 9–11]. Various chromogenic reagents for

spectrophotometric Th(IV) determination have been rec-

ognized. These include methylthymol blue, xylenol orange,

galleon, 5,8-dihydroxy-1,4-naphthoquinone, nitrosulfonazo

III, 1-amino-4-hydroxyanthraquinone, 4-(2-triazolylazo)-

resatophenone, 1-(2-thiazolylazo)-2-naphthol, arsenazo III,

and thoron [6, 7, 10]. Among these chromogenic reagents,

thoron, arsenazo III, and xylenol orange are particularly

sensitive for Th(IV) determination [9, 10]. Few other

analytical complexing reagents are helpful for direct

Th(IV) ion determination [10]. The majority of the above

procedures requires a preliminary step to separate closely

associated ions and hence lack selectivity [6, 10].

Derivative spectrophotometry has the advantages of

increased sensitivity and selectivity compared to zero-order

(ordinary) spectrophotometry. The selectivity increase in

the new derivative mode originates from the fact that peaks

that are superimposed in the zero-order spectrum are sep-

arated in the new derivative mode; thus, derivative mode

can reduce the interference effect. Derivatization can

enhance sensitivity by reducing noise and amplification of

the derivative signals [12, 13] and has been utilized suc-

cessfully for the estimation of many ions [9, 12, 14]. In our

laboratory, we have used various organic reagents for the

determination of Nb(V), Zr(IV), U(VI), Th(IV), Cr(III),

Cr(VI), V(V), Fe(III), and Mo(VI) in different environ-

mental samples and alloys with derivative methods

[5, 8, 15–19].

In the present investigation, a direct, non-extractive,

simple, sensitive, and derivative method for spectrophoto-

metric Th(IV) ion determination using a new reagent, 3,6-

dichloro-2,5-dihydroxy-l,4-benzoquinone, is reported.

2 Experimental

2.1 Reagents

Most of the chemicals applied in our work were of

analytical grade (AR) and were used as is. Deionized dis-

tilled water (DDW) was used for preparing aqueous solu-

tions. The glassware used was immersed in 10% (v/v)

HNO3 for 24 h and rinsed many times with DDW.

A stock solution of 1000 ppm of thorium was obtained

by dissolving the appropriate amount of Th(NO3)4 (Loba)

in 100 mL of DDW. Solutions with lower Th(IV) con-

centrations were obtained by dilution of the 1000 ppm

Th(IV) stock solution. The thorium solution was stan-

dardized spectrophotometrically [10]. A chromogenic

solution (0.1% (w/v) DDBQ, Aldrich) was obtained by

dissolving 0.250 g DDBQ in 250 mL of DDW. In the

interference study, solutions containing various ions were

obtained by dissolving the calculated amount of each

compound to give solutions containing 1000 ppm of each

ion. All solutions were stored in bottles (made from poly-

ethylene). Different concentrations of hydrochloric acid

(Aldrich) were tested as the acidic complexation medium.

Environmental samples from different sources were

collected and filtered using Whatman filter paper to retain

the suspended particles. The filtered samples were then

treated with 0.1 M HCl to prevent possible hydrolytic

precipitation of some ions.

2.2 Equipment

Spectra of the thorium complex were measured using a

Shimadzu UV–visible spectrophotometer-160A from

Japan. This spectrophotometer (double beam) operates in

the range of 200 to 1100 nm. The built-in software includes

a program for obtaining different order derivative spectra

and the automatic computation of derivative values. In all

measurements, two quartz cells with a path length of

10 mm were used.

2.3 Analytical procedures

A thorium sample containing up to 100 lg of thorium

was placed in a 10-mL standard flask, after which their

acidity was adjusted to 0.1 M HCl and 1 mL of DDBQ

solution [0.1% (w/v)] was added. The volume of the

solution in the measuring flask was increased to 10 mL and

mixed. The absorbance of the thorium complex [Th(IV)-

DDBQ] was measured at 346 nm after 2 min versus blank

containing the reagent but no thorium ions under similar

conditions.

The second-derivative spectrophotometric determina-

tion procedure was carried out for thorium concentrations

as low as 0.5 lg mL-1. The second-derivative spectrum

was obtained at Dk = 8 nm and a 1500 nm min-1 scan

speed in the range of 320 to 400 nm. The analytical

response was obtained by computing the vertical distance

(H1) from the base line to the trough value at approxi-

mately 344 nm.

The third-derivative spectrophotometric procedure was

carried out when the Th(IV) ion concentration was smaller

than 0.5 lg mL-1 (0.25 to 8.0 lg mL-1). The third-

derivative spectrum was obtained at Dk = 8 nm and a

1500 nm min-1 scan speed in the range of 320 to 400 nm.
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The analytical response was obtained by computing the

vertical distance (H2) from the zero line to the peak value

at 341 nm.

2.4 Procedure for the continuous variation method

Thorium (IV) solutions of 4.3 9 10-4 M (0.1, 0.2,

0.3,… 1 mL) were pipette out and placed into ten flasks

(10 mL), and aliquots (0.9, 0.8, 0.7,…, 0 mL) of

4.3 9 10-4 M DDBQ reagent were placed in the flasks,

respectively, in such a way that the mole fraction of the

solution remained fixed. The absorbances were recorded at

346 nm after 2 min versus a reagent blank that contained

no thorium ions under similar conditions.

3 Results and discussion

DDBQ was applied as a chromogenic reagent for

spectrophotometric Th(IV) estimation in an acidic medium

to form an orange complex. Studies were carried out

spectrophotometrically to determine the most effective

conditions for the complexation of Th(IV) with DDBQ to

achieve maximum color development during the quantita-

tive measurement of the thorium ions.

3.1 Spectral characteristics

The reagent DDBQ reacted immediately with the tho-

rium ions in the HCl medium (0.001 to 3.0 M) to form an

orange complex at normal temperature. Normal (zero-

order) absorption spectra of DDBQ and its Th(IV) complex

obtained using the optimum conditions at 320–400 nm are

given in Fig. 1. The spectrum of the Th(IV)-DDBQ com-

plex versus the blank showed the greatest absorbance

intensity at 346 nm (kmax), and the absorption reading was

taken at this wavelength. The absorption was linear and

obeyed Beer’s law for thorium ion concentrations up to

10 lg mL-1.

The uses of derivative spectrophotometric modes have

become increasingly widespread, since they are more

selective and sensitive than classical spectrophotometry.

This tool has opened the possibility to increase the detec-

tion limit and selectivity of measurement without addi-

tional cost [15–20]. The properties of the investigated

method (sensitivity and selectivity) can also be increased

by utilizing derivative spectroscopy. Hence, different

derivative orders were studied.

Studies of the first-, second-, third-, and fourth-deriva-

tive spectra of the Th(IV)-DDBQ complex under the

optimum conditions were explored, and the second-order

and third-order derivative spectra of the Th(IV)-DDBQ

complex were found to be optimal (offering better detec-

tion limit and selectivity compared to those of other

derivative profiles) at 1500 nm min-1 (scan speed) and the

range of 320 to 400 nm at a wavelength interval Dk(N) of

8. The second-order and third-order derivative spectra of

the Th(IV)-DDBQ complex under the optimum conditions

are shown in Figs. 2 and 3, respectively.

The second-order spectrum of Th(IV)-DDBQ shows one

peak and two troughs in Fig. 2. The third-order derivative

spectrum of Th(IV)-DDBQ also shows one peak and two

troughs in Fig. 3.

In the second-order method, the analytical response was

obtained by measuring the peak value of the valley at

344 nm. In the third-derivative method, the analytical

response was obtained by calculating the peak value at

341 nm.

3.2 Effect of acidity

Hydrochloric acid was used as an acidic environment for

thorium complexation [to form a colored complex between

DDBQ and Th(IV) ions]. The absorbance behavior of

Th(IV)-DDBQ as a function of HCl concentration

Fig. 1 Absorption spectra of DDBQ and the Th(IV)-DDBQ complex

in hydrochloric acid: [Th(IV)] = 1.0 lg mL-1, [HCl] = 0.1 M, and

1 mL of DDBQ, and that of the reagent blank [containing 1 mL of

0.1% (w/v) DDBQ in 0.1 M HCl]

Fig. 2 Second-derivative spectrum of the Th(IV)-DDBQ complex

against the reagent blank under the optimum conditions used in Fig. 1
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(0.001–3.0 M) was studied; the data are shown in Fig. 4.

The impact of the hydrochloric acid molarity on the peak

intensity of the colored Th(IV) complex was investigated at

a concentration of 2 lg mL-1 Th(IV) and a constant con-

centration of DDBQ.

This figure clearly shows that the absorbance of the

Th(IV)-DDBQ complex decreases with an increase in

hydrochloric acid concentration. Since lower acidities

enhance the hydrolysis of thorium and increase the error

caused by interference from other ions, 0.1 M HCl was

applied throughout the rest of the work as the acidic

complexing media to diminish or prevent interference.

3.3 Effect of the reagent concentration

It is very critical to optimize the concentration of

reagent, which reacts quantitatively with the thorium ion to

form a stable Th(IV)-DDBQ complex. The effect of the

DDBQ concentration on absorbance intensity of Th(IV)-

DDBQ at 0.5 and 2 lg mL-1 Th(IV) in 0.1 M HCl was

investigated by measuring the absorbance of Th(IV)-

DDBQ in solutions containing a constant Th(IV) concen-

tration and varying volumes of 0.1% DDBQ.

The experiments revealed that the optimal signal of the

thorium complex was obtained at about 1 mL of 0.1%

DDBQ solution, and the signal remained almost constant

up to 3.0 mL of the DDBQ reagent as shown in Fig. 5.

However, 1 mL of the 0.1% DDBQ reagent solution was

employed for all further studies.

3.4 Order of addition

The absorbance intensity of the thorium complex

depended slightly on the addition order of the reactants, the

best addition order being the thorium sample, hydrochloric

acid (0.1 M), and DDBQ (1 mL), and then adding deion-

ized distilled water to fill the 10-mL standard measuring

flask. Other orders resulted in the same kmax, but with a

reduction in absorbance. Hence, the first order of reactant

addition was chosen as the optimal one.

3.5 Reaction rate and the effect of the reaction time

and temperature on the complex stability

The effect of the reaction time on the formation of the

thorium complex was also tested under the optimal con-

ditions described earlier. The results indicated that the rate

of color formation did not depend on the reaction time and

that the Th(IV)-DDBQ complex was formed instanta-

neously, and reached its maximum concentration and

remained constant after about 1 min. Thus, a 2-min reac-

tion time was selected for the rest of the study. The thorium

Fig. 3 Third-derivative spectrum of the Th(IV)-DDBQ complex

against the reagent blank under the optimum conditions used in Fig. 1

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.2

0.4

0.6

0.8

1.0

Ab
so

rb
an

ce
 (A

)

[Th] = 2.0 µg/mL
0.1 % DDBQ = 1 mL
Temp. = 28 oC

HCl  (M)

Fig. 4 Effect of HCl on the absorbance of the Th(IV) complex

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

0.1

0.2

0.3

0.4

0.5

Ab
so

rb
an

ce
 (A

)

0.1 % DDBQ (mL)

 [Th] = 0.5 µg/mL
 [Th] = 2.0 µg/mL

[HCl] = 0.1 M
Temp. = 28 oC

Fig. 5 Effect of the DDBQ concentration on the absorbance of

Th(IV) complex

123

73 Page 4 of 10 M. M. Hamed, R. F. Aglan



complex developed as mentioned above showed no sig-

nificant changes in its absorbance value after being left at a

normal temperature for about 24 h, which suggested that

there was no time effect on the formation of Th(IV)-

DDBQ.

Similarly, variation in the temperature (20 to 40 �C) did

not result in any remarkable alteration in the color strength

(absorbance) of the thorium complex. This was confirma-

tion that a stable thorium complex was promptly created by

the combination of Th(IV) ions and DDBQ (28–30 �C),

and that no alteration in the absorption spectra was

observed with an increase in temperature.

3.6 Optimization of parameters

The parameters that required optimization in order to

achieve perfect selectivity in the thorium complexation and

superior sensitivity in the measurement step were studied.

The data obtained are listed in Table 1.

3.7 Analytical calibration curves and sensitivities

A standard graph for the estimation of thorium in mul-

tiple solutions was constructed according to the analytical

procedure. The absorption was found to obey Beer’s law

for thorium ion concentrations of 0.0–10 lg mL-1. The

best range for thorium concentration determination was

1.0–10 lg mL-1. The data led to the following equation:

A ¼ 0:18836 Th IVð Þ½ �; R ¼ 0:99891;N ¼ 12ð Þ;

where A denotes the Th(IV) complex absorbance at

346 nm and [Th(IV)] is the thorium ion concentration in

units of lg mL-1. The molar absorptivity (e) and Sandell’s

sensitivity (f) values were determined and were found to be

4.4 9 104 L mol-1 cm-1 and 0.0053 lg cm-2, respec-

tively. The low Sandell’s sensitivity and high value of

molar absorptivity indicated the high sensitivity of the new

investigated method for the determination of Th(IV).

In the case of the second-derivative procedure, the

derivative amplitude was computed by a peak-zero method

at 344 nm versus the Th(IV) ion concentration and was

linear for thorium concentrations of 0.5 to 10 lg mL-1

Th(IV). The data were fitted by the equation:

dA2=d2k ¼ 0:0045 þ 0:447 Th IVð Þ½ �; R ¼ 0:9996ð Þ:

In the third-derivative procedure, the amplitude of the

derivative, which was computed by a peak-zero method at

341 nm versus the Th(IV) ion concentration, was linear for

thorium concentrations from 0.25 to 8.0 lg mL-1. The

data were fitted by the equation:

d3A=dk3 ¼ 0:0559 þ 1:1405 Th IVð Þ½ �; R ¼ 0:9989ð Þ;

where d2A/dk2 and d3A/dk3 are the second- and third-order

derivative amplitude values at 344 and 341 nm,

respectively.

3.8 Sensitivity of the different determination modes

Our obtained results indicated that the detection limit

(sensitivity) of thorium in the second- and third-derivative

procedures at 344 nm and 341 nm were two and four times

smaller than that of the zero-order (normal mode) proce-

dure, respectively, demonstrating the higher sensitivity of

the second- and third-derivative modes.

3.9 Recovery and precision

Accuracy was calculated by analysis of synthetic Th(IV)

samples. Thorium ions were added to DDW samples, and

Th(VI) concentrations were measured using our investi-

gated methods. The recoveries of Th(IV) ions obtained

using the normal mode and second-order and third-order

derivative modes were found to range from 100.26 to

106.33, 99.60 to 102, and 100.13 to 100.4%, respectively

(Table 2).

The precision of the various modes was also determined

as the RSD (relative standard deviation) computed by

measuring a peak at 346 nm, and the second-order and

third-order derivative amplitudes (H1 and H2) of five

replicate thorium samples containing 2 lg mL-1 Th(IV)

ions. These gave RSDs of 1.12, 0.64, and 0.72, respec-

tively. These results demonstrate the small RSD and good

percentage recoveries (values close to 100%). Based on the

improved sensitivity and reproducibility, the estimation of

the derivative amplitudes at H1 and H2 is recommended for

Th(IV) in different samples.

Table 1 Optimization of parameters

Parameter Range studied Optimum value

Chemical

HCl (M) 0.001–3.0 0.1

0.1% DDBQ (mL) 0.001–3.0 1.0

Reaction time 1.0 min–24 h 2.0 min

Spectral

Derivative order 0–4 2, 3

Dk (N) (nm) 1–9 8

Analytical wavelength (nm) 320–400 346* (344 and 341)#

Scan speed (nm min-1) 480–2400 1500

*kmax in zero-order mode
#Peaks in the second- and third-derivative modes, respectively
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3.10 Stability of DDBQ

Calibration plot obtained using the optimum conditions

described above (in the general procedure) and DDBQ that

had been stored at about 29 �C for 7 days matched well

with the standard curve obtained using fresh DDBQ. A

fresh DDBQ should be prepared after 7 days; alternatively,

the DDBQ solution was stable for 14 days when kept at

cooler temperatures.

3.11 Structure and stability constant of the thorium

complex

We used Job’s method (method of continuous variation)

[21] to determine the composition (stoichiometry) of the

obtained Th(IV)-DDBQ complex. In this test, we prepared

various solutions in which the concentrations of Th(IV) and

DDBQ were varied, but the sum of their concentrations

was kept fixed. Using these thorium and reagent solutions,

the absorption values of Th(IV)-DDBQ were computed and

plotted versus the mole fraction. The resulting plot

displayed a maximum at the mole fraction identical to their

thorium complex (Fig. 6).

From this curve, it was noted that the maximum value

was located at about 0.4 mol fraction, which suggests a 1:2

Th(IV):DDBQ stoichiometry for this complex [22]. The

stoichiometric ratio of the thorium complex was also

examined using the molar ratio method [1]. The complex

formation (or stability) constant was computed using Job’s

method as follows [21, 22]:

KDDBQ ¼ ½ML�
½M� � ½L� ;

KDDBQ ¼ ½A2=A1�
½1 � A2=A1� � ½CDDBQ � CTh � A2=A1�

;

where A1 is the absorbance at the break point, A2 is the

actual absorbance, CTh is the concentration of thorium, and

CDDBQ is the concentration of DDBQ. The stability con-

stant was computed from the Job’s method results. The

stability constant of Th(IV)-DDBQ was found to be equal

to 6.62 9 104. Knowledge of this value is required to

quantitatively determine the amount of uncomplexed

Th(IV), DDBQ, and the complex species formed at dif-

ferent pH values. Thus, based on the data obtained above,

the following mechanism is suggested:

Table 2 Determination of thorium in different synthetic samples

Sample No. Added (lg mL-1) Founda (lg mL-1) Recovery

(%)

1 0.250 0.251 100.4

2 0.50 0.500 102.0

3 1.00 1.063 106.33

4 2.50 2.503 100.13

5 3.50 3.489 99.60

6 4.00 4.100 102.50

7 5.00 5.02 100.33

8 6.00 6.11 101.83

9 6.50 6.52 100.26

10 7.00 7.02 100.24

11 8.00 8.07 100.88

aAverage of three determinations

Nos. 1, 4, and 7 were determined using the third derivative at

341 nm

Nos. 2, 5, 8, and 10 were determined using the second derivative at

344 nm

Nos. 3, 6, 9, and 11 were determined using zero order at 346 nm
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Fig. 6 Job’s method for determining the stoichiometry of the Th(IV)

complex at 346 nm
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In order to provide a useful understanding of the ther-

modynamics of the reaction (complexation) between the

thorium ion and DDBQ, it is useful to compute the con-

tributions of free energy, entropy, and enthalpy for this

complexation reaction. The standard free energy change of

thorium complex formation was determined using the

formation constant (KDDBQ) as in the following equation

[23, 24]:

DG
� ¼ �2:303RT logKDDBQ;

where DG� is the change in free energy of the formation of

the Th(IV)-DDBQ complex with units of kJ mol-1, R is the

gas constant, which is equal to 8.314 J mol-1 K-1, T is the

absolute temperature (273 ? 30 K), and KDDBQ is the

formation constant of Th(IV)-DDBQ at 30 �C.

The obtained DG� value of - 12.14 reveals that the

Th(IV)-DDBQ formation process is spontaneous. The

value of DG� becomes more negative as the stability con-

stant of Th(IV)-DDBQ increases. As the binding of Th(IV)

and DDBQ becomes stronger, and thus, the Th(IV) and

DDBQ undergo additional physical strain or loss of free-

dom, DG� takes on more negative values.

3.12 Impacts of interfering ions

Derivatization increases not only the sensitivity of the

investigated method, but also its selectivity. An estimation

of the selectivity of the investigated new methods for

Th(IV) determination using DDBQ was carried out by

adding known concentrations of different ions to a constant

concentration of Th(IV) ions (8 lg mL-1) and determining

the thorium content using the above methods. The limits of

tolerance corresponding to a ± 3% variation in absorbance

are shown in Table 3.

The results indicated that many species did not interfere

in the Th(IV) determination. The results in Table 3 clearly

demonstrate that a variety of ions can tolerate in consid-

erable concentrations in the classical and derivative modes.

Similar selectivity was noted when the reagent thorin was

applied for Th(IV) ion estimation [4]. The tolerance limit

values for many ions were greater in the derivative mode. It

was noted that the second-derivative method was more

selective than the third-derivative method.

3.13 Analytical applications to real samples

3.13.1 Thorium determination in environmental

and wastewater samples and monazite

To determine the analytical applicability and the accu-

racy of the investigated methods, the investigated proce-

dures were applied to real matrices. The amount of thorium

(IV) in samples collected from environment, including

river water, tap water, ground water, and seawater, was

detected using the new methods. Various spiked samples

were synthesized by mixing Th(IV) ions into real water

matrices, as shown in Table 4.

Wastewater and monazite samples were also analyzed.

The effects of these matrices were tested. The obtained

data are shown in Table 5. 1.0 g of monazite was mixed

with concentrated H2SO4 (5 mL) and heated at 250 �C for

about 4 h to digest the monazite. The obtained material

(viscous) was dissolved using distilled water. After that, the

solution was filtered and the Th(IV) ions in the filtrate were

precipitated as the hydroxide by adding NH4OH. The

precipitated thorium was filtered and dissolved in the

minimum volume of HCl. After that, the solution was made

up to a known volume with DDW [9, 25–27]. The specific

volume was analyzed using the investigated method. The

values obtained were compared by analyzing the sample

using ICP, as shown in Table 5.

The concentrations of Th(IV) that were obtained using

the new investigated method agreed well with the certified

amounts and reference method, which demonstrated the

good accuracy of the Th(IV) estimation in different

matrices.

3.14 Comparison with other methods

The new method investigated in this paper is very

simple, sensitive, and selective, does not require heating or

extraction tools, and compares favorably to many methods

in precision and accuracy. The limits of tolerance for a

Table 3 Effect of foreign ions on the determination of thorium

Interfering ion Tolerance limit (mg-1 L)

Zero order Second order Third order

Na(I), K(I), Cs(I) 1100 1500 1300

Ag(I) 1000 1400 1100

Sr(II), Ba(II) 750 1000 950

Al(III) 220 300 250

Zn(II) 250 290 270

Co(II), Cd(II) 300 340 330

Pb(II) 350 400 400

Ni(II) 40 60 45

Fe(II), Fe(II) 8.5 13 10

Mn(II) 35 42 40

Sm(III), Eu(III), Nd(III) 10 25 15

Cr(VI) 30 50 35

Tartrate 120 180 170

Citrate, oxalate 130 180 150

Sulfate 500 600 520
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Table 4 Determination of

Th(IV) in environmental water

samples

Sample Added (lg mL-1) Founda (lg mL-1) Recovery (%) RSD (%)

Tap water 0.25 0.252 100.8 2.80

‘‘ ’’ 0.50 0.51 102.0 1.96

River water 0.25 0.251 100.4 3.23

‘‘ ’’ 1.00 1.03 103.0 2.91

Ground water 2.0 2.04 102.0 1.08

‘‘ ’’ 2.5 2.52 100.8 0.87

Seawater 3.5 3.51 100.3 0.46

‘‘ ’’ 5.0 4.99 99.8 0.26

aAverage of five determinations

Table 5 Determination of

Th(IV) in wastewater samples

and monazite

Sample Conc. of Th(IV) taken (lg mL-1) Foundb (lg mL-1) Recovery (%) RSD. (%)

Wastewatera 1.0 1.030 103.00 1.94

‘‘ ’’ 1.5 1.520 101.33 0.42

‘‘ ’’ 2.0 2.030 101.50 1.18

‘‘ ’’ 5.0 5.080 101.60 0.40

Monazite 20.0 21.60c 108.0 0.94

aWastewater sample results from normal work in our laboratory containing different ions
bAverage of five determinations
cIn the presence of 0.4 mL from 0.2 M EDTA

Table 6 Comparison of some spectrophotometric methods for thorium determination

Reagent pH/

medium

Aqueous/

extraction

e 9 104

(L mol-1 cm-1)

Sensitivity

(lg cm-2)

References

Lawsone – Aqueous 0.27 0.0859 [11]

Rifampicin 3.5 Aqueous 0.823 0.0282 [1]

Thorin/cetylpyridinium chloride 3 M

HClO4

Aqueous 2.95 0.0079 [7]

2-Hydroxy-1-naphthaldehyde-p-

hydroxybenzoichydrazone

5.5–6.5 Aqueous 3.5 0.0066 [9]

N-phenyl benzohydraxamic acid 2.0–6.5 Extraction 1.7 0.0137 [28]

Arsenazo III 2 M

HClO4

Aqueous 3.0 0.0077 [9]

2-Hydroxy-3-methoxybenzaldehyde

isonicotinoylhydrazone

5.0 Aqueous 1.4 0.0167 [11]

Alizarin maroon and 5-sulfosalicylic acid 4.6-5.5 Ethanol 1.1 0.0211 [11]

Thorin 3 M

HClO4

Aqueous 1.6 0.0145 [9]

1-(20-Thiazolylazo)-2-naphthol 2.4-2.8 Methanol 3.14 0.0074 [9]

Aniline blue—benzoate 4.9 Aqueous 0.316 0.0749 [11]

DDBQ 0.1 M

HCl

Aqueous 4.4 0.0053 This work

Eriochrome cyanine R/cetylpyridinium bromide 4.3 Aqueous 6.6a 0.0035 [29]

aMeasurement was carried out after 30 min, i.e., the method was time dependent
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variety of ions were good. Moreover, the use of derivative

spectrophotometry could accurately estimate thorium from

various matrices. A comparison of the new method with

some published ones for the direct determination of Th(IV)

is given in Table 6.

In the case of our new methods, which utilize DDBQ as

an analytical reagent, not only was the selectivity prefer-

able, but the sensitivity was also better than that of the most

used analytical methods.

4 Conclusion

The investigated normal and derivative spectrophoto-

metric methods were simple, accurate, and highly sensitive,

and had good precision. They also have the advantage of

performing the analysis at a minimum cost without

reducing its accuracy. The developed methods are based on

common reagent and instrument, and could be used for

routine measurements. The sufficiently high molar

absorptivity of the Th(IV) complex makes it possible to use

this complex for the determination of trace amounts of

thorium in solutions and in various materials. The com-

parison of the data obtained in this paper and those from

other investigations (Table 6) demonstrates that the new

method is superior, as well as having good linear range

sensitivity and a short standing time. It was demonstrated

that the method could be effectively applied using a simple

instrument (spectrophotometer), which would allow a large

number of samples to be quantified daily for environmental

or industrial applications.
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