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Abstract

A new flow injection on-line sequential extraction procedure coupled with hydride generation atomic fluorescence spectrometry (HG-AFS)
was developed for rapid and automatic fractionation of arsenic in soils. The developed methodology involved a three-step sequential extraction
procedure with deionized water, KOH solution, and HCI solution. 25 mg of the soil sample packed into a microcolumn (4xnfhcnal.
long) was dynamically extracted by continuously pumping each individual extractant through the column. The extracted arsenic solution
was merged with 4% (m/v) ¥5,05 solution for on-line oxidation of all arsenic species into’AShe total extracted arsenic was on-line
detected by HG-AFS, and quantitated using an on-line standard addition calibration strategy. The total time for the three-step sequential
extraction and on-line detection lasted only 10 min. The developed methodology offers several advantages over conventional batch sequential
extraction protocols, including minimization of readsorption/redistribution problem, improvement of accuracy, high speed, less amounts of
sample/reagents required, less risk of contamination and analyte loss. The developed methodology was successfully applied to the fractionation
of arsenic in certified soil reference materials.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ical forms of arsenic can give widely varying apparent envi-
ronmental availabilityf2]. Hence, identification of the main
Arsenicis one of the elements of public concern because ofbinding sites and phase associations of arsenic in soil helps
its highly toxic and carcinogenic properties. It may accumu- in understanding geochemical processes in order to evaluate
late in soils due to the use of arsenic pesticides, application ofthe remobilization potential and the risks induced.
fertilizers, irrigation, oxidation of volatile arsine in air, dust Sequential extraction technique has been widely used for
from the burning of fossil fuels and disposal of industrial, fractionation of toxic elements in soils and sediments. From
municipal and animal wastg$]. Soils are typically hetero- ~ 1980s till now, many extraction procedures have been devel-
geneous mixtures of sands, silts, and clay minerals, alongoped to evaluate the behavior of metal cafi®+b]. Typically,
with natural organic matter. In addition, these solid phases sequential extractions involve the successive leaching of a
may be coated with organics or amorphous oxides. There-contaminated soil with extractant solutions that are chemi-
fore, soil provides a variety of surfaces to which contami- cally increasingly aggressive. Leaching is usually completed
nants such as arsenic may adsorb. As a result, arsenic may bby batch extraction, which involves thorough mixing between
adsorbed to several coexisting phases. These different physthe entire sample and the extractant at a defined solution/soil
ratio and for a defined time period and reaction temperature.
* Corresponding author. Tel.: +86 22 23508724; fax: +86 22 23508724. | he extractant is then separated from the solid phase by cen-
E-mail addressxpyan@nankai.edu.cn (X.-P. Yan). trifugation or filtration, the leachate and any rinse solutions
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are analyzed for the contaminant, and the remaining solid Table 1 _
phase is used in the subsequent extraction steps. Such batcHptimized operating parameters of AFS

sequential extraction procedures are time-consuming and te-Parameter Setting
dious, suffering great risk of contamination and analyte loss. Lamp Arsenic hollow
Also the batch sequential extraction procedures provide the cathode lamp
potential for readsorption/redistribution of elements among Primary current (mA) 60
hases during extractida] Boost current (mA) 60
P 9 : . . Quartz furnace temperature) 200
Recently, a flow-through sequential extraction reactor was quartz furnace height (mm) 7
developed to overcome some of the above-mentioned prob-Negative high voltage of photomultiplier (V) 260

lems in conventional batch sequential extraction procedures

[6]. With appropriate design, a flow-through system allows . .

extraction of the contaminant and the associated solid phasét‘)d' X 14 cmc(a]uartz ttube) ?\f AVT/S'kT?i.S'gnzl was recprded
followed by extractant flow out of the system and away from S)(/) ftQV\I/ZIrqguCo [? dmaNc:algr:j?r?g y Chi?] ra)s ?'r;cénogtizri:i]zl re]?j S;)aer;gf
the remaining solid phase, thereby minimizing the possibil- ing parameters of the AFS instrument are givefTable 1.

ity of readsorption/redistribution. The flow extraction system .
was off-line coupled with graphite furnace atomic absorption Details about the AFS system can be found elsewffer].
spectrometric detection for As fractionation in 9.

With on-line sequential extraction using flow injection 2-2- Reagents
(FI) techniques, the drawbacks of batchwise operation can )
be overcome to a great extent. The low cost, easy operation, Allthe reagents used are at least of analytical grade. Dou-
high selectivity and sensitivity of hydride generation atomic Ply deionized water (DDW, 18 M@m) obtained from a Wa-
fluorescence spectrometry (HG-AFS) make it attractive as [€rPro water system (Labconco Corporation, Kansas, MO,
an on-line detector of the on-line sequential extraction. Un- USA) was used throughout. All glasswares are soaked in
fortunately, no such on-line combination has been reported 10% (v/V) nitric acid solution for at least 24 h and rinsed
before. with DDW before use.

This work was undertaken to develop a new hyphenated  The _Aé‘“ stock solution of 1000 mg’ll_ was prepared by
technique for rapid, sensitive and automatic fractionation of dissolving 0.1320 g AZ); (Beijing Chemicals Co. Ltd., Bei-

arsenic in soils by on-line coupling of FI sequential extrac- 1ing, China) in 1? ml of 1.0 !“0”1 KOH solution, neutral-
tion system to HG-AFS. The new technique offers several |ze\9 with 5mol > HCl and diluted to 100 ml with DDW. The
advantages over traditional batch-mode sequential extraction®S" Stock solution of 1000 mgt was prepared by dissolv-
and currently available flow-through sequential extraction N9 N&HAsOs-7H,0 (Beijing Chemicals Co. Ltd.) in DDW
schemes with off-line detection and quantification, such as directly. Working standards solutions were prepared daily by
minimization of readsorption/redistribution, improvement of Successive dilution to the required concentration just before
accuracy, high speed, less amounts of sample/reagents re4Se- A 3% (m/v) KBH solution was prepared daily by dis-
quired, less risk of contamination and analyte loss. solving KBH;, (Tianjin Institute of Chemical Reagents, Tian-
jin, China) in 0.5% (m/v) KOH (Taixing Chemicals Co., Tian-
jin, China) solution. A 4% (m/v) KS,;Og (Beijing Chemicals
2. Experimental Co. Ltd.) solution containing 4% (m/v) KOH was prepared
for on-line oxidation.
2.1. Instrumentation
2.3. Soil samples
The Fl on-line sequential extraction, on-line oxidation, hy-
dride generation and standard addition calibration were per-  Two certified soil reference materials, GBW 08302 and
formed on a model FIA-3100 flow injection analyzer (Vital GBW 07405 (National Center for Standard Materials, Bei-
Instrumental Co. Ltd., Beijing, China). The FIA-3100 con- jing, China) were used for the validation of the developed
sists of two peristaltic pumps and a standard rotary injection methodology.
valve (8-channel 16-port multifunctional injector).
A model XGY-1011A non-dispersive atomic fluorescence 2.4. Procedures for arsenic fractionation
spectrometer (Institute of Geophysical and Geochemical Ex-
ploration (IGGE), Langfang, China) fitted with an arsenic A sample microcolumn was prepared by loosely packing
hollow cathode lamp (Ninggiang Light Sources Co. Ltd.,, 25mg of soil into a 4mm i.dx 3cm long microcolumn
Hengshui, China) is employed for on-line detection of the between quartz wool plugs, and integrated into the flow in-
extracted arsenic from soil. A laboratory-made gas-liquid jection manifold for flow injection on-line extraction.
separator (GLS) is used to isolate the generated arsenic va- The Fl on-line sequential extraction procedure consists
por from the reaction mixture solution, and an argon flow is of three single extraction sequences with deionized water,
used to transport the arsenic vapor into the atomizer (7 mm 1.4 mol -1 KOH solution and 1.0 moH! HCI, sequentially.
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Each single extraction sequence ran through three steps. Théasted until the signal returned to the baseline level or became

FI manifold for the present on-line sequential extraction cou- steady. The above latter two steps repeated for a subsequent

pled with HG-AFS is shown ifrig. 1. Details of Fl programs  extraction. The total time for the three-step dynamic sequen-

and steps of operation are describedrable 2. In step 1, tial extraction, online detection and online quantitation lasted

the injector valve was in the fill position and pumpl was ac- only 10 min.

tive to fill the As’ standard solution or deionized water into

a (300ul) for standard addition calibration. Meanwhile, the

HCI and KBH, solution mixed to produce an Ar-Hlame 3. Results and discussion

for a baseline. In step 2, pump 2 started running while the

injector valve was still in the fill position. In this step, the ex- While many sequential extraction procedures have been

tractant solution was introduced to pass through the sampledeveloped to evaluate the behavior of cationic species, only

microcolumn to extract arsenic from the sample, reacted with a limited number of schemes have been reported for the frac-

a mixture of 4% (m/v) kS, 0g and 4% (m/v) KOH solution tionation of elements giving anionic species, such as arsenic,

to oxidize the extracted A5 to As’. In step 3, the injector  selenium and phosphoroi@]. Based on previous publica-

valve turned to the inject position while the two pumps were tions on arsenic fractionation in s¢il0—15], we considered

still running. The standard solution in the loop was driven the following three fractions of arsenic in soil to demonstrate

by a flow of HCI solution to merge with the extract solution, the feasibility of the present hyphenated technique for rapid

and then reacted with KBfsolution for hydride generation.  fractionation of arsenic in solid materials in this work: (a) wa-

The generated gaseous mixture was transported to the atomter soluble; (b) KOH extractable for the As fraction adsorbed

izer with an argon flow at 400 ml mirt. At the same time, by iron hydroxide precipitatefd2]; (c) HCI extractable for

the atomic fluorescence signal was detected by AFS. Step 3he Ca-associated As fracti¢hl,16]. The factors affecting

the on-line extraction, online oxidation of arsenic species into

AsV, hydride generation, online calibration were investigated
in detail. These factors include the concentration and flow rate

P1 i, of the extractants, the concentration of the oxidizing agent,

i

the concentration of KBland HCI carrier solution.

3% miv KBH,
2 mol I' HCI
Standard/DDW

3.1. Effect of the extractant concentration

The effects of KOH concentration (extractant) on the ex-
traction of arsenic from the two certified reference mate-
rials (GBW 08302 and GBW 07405) were studied with a
fixed flow rate of 3.0mIminl. The results showed that
4% miv K.S,0, the KOH extractable concentration of arsenic from GBW

Extractant _MC | 07405 increased significantly as the concentration of KOH

increased up to 1.0 mott, then kept almost constant from
1.0 to 2.0molt! KOH. The concentration of extractable
As for GBW 08302 was also dependent on the concentra-
AFS tion of KOH. The maximum extractable As concentration
P1 Ar A for GBW 08302 was achieved in the KOH concentration
3% miv KBH, + I|:| range of 0.7-1.8 motil. Pierce and Moorfl5] investigated

2 mol I' HCI —>W the adsorption of arsenite and arsenate on amorphous iron
Standard/DDW hydroxide, and found that at pH > 10 no adsorption took
place. Therefore, in a batch sequential extraction procedure,
1 mol I~ KOH was used to release the As fraction adsorbed
by iron hydroxide precipitates by Daus et HI2]. The op-
timum KOH concentration found in this work is generally

v in consistent with these previous observati§ti, 15]. For
Exctrastant e further experiments, a 1.4 mol} KOH solution was used as
- ——— the extractant for GBW 08302 and GBW 07405.
The effect of HCI concentration on the extracted As con-
Fig. 1. FI manifold for the on-line sequential extraction coupled with HG- centration was investigated within a concentration range of
AFS and standard addition calibration. P1, P2, peristaltic pump; W, waste; 0.2—1.6 molt? at a flow rate of 3.0 mImin. It was found

L, standard solution loop (300-p.l); V, injector valve (the inner is the rotor); . . .
GLS, gas-liquid separator; Standard,YAstandard solution, MC, micro- that the HCl extractable As in GBW 07405 incremented with

column (4mm i.d.x 3cm long) packed with 25 mg of soil. Injector valve  iNcreasing of HCI concentration from 0.2t0 0.8 mot) and
position: (a) fill and (b) inject. leveled off in the range of 0.8—1.6 mofi HCI. The HCl ex-

(a)

P2

4% miv K,S,0,

(b)
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Table 2

Program of FIA-3100 for the FI on-line sequential extraction coupled with HG-AFS and on-line standard addition calibration

Step Time (s) Valve Pumped medium Flow rate (mlmirr?) Function

position

Pump 1 Pump 2 Pump1l Pump?2

1(Fig.1a) 20 Fill Standard/DDW; 2 mott HCI 3.5 Off Fill standard solution
(carrier); 3% (m/v) KBH into the loop

2 (Fig.1la) 10 Fill 2molt1 HCI (carrier); 3% Extractant; 4% (m/v) K5,03 3.5 3.0 Start extraction;
(m/v) KBH4 oxidize the extract

3 (Fig. 1b) Variablé Inject 2mol 1 HCI (carrier); 3% Extractant; 4% (m/v) K5,03 3.5 3.0 Continue extraction;
(m/v) KBH4 oxidize the extract;

add standard; generate
hydride

a Variable with extractant: 100 s for deionized water, 200 s for 1.4 mokIOH, and 120's for 1.0 motf HCI.

tractable As for GBW 08302 increased as the concentration3.4. Hydride generation and delivery

of HCl increased up to 0.6 mott. The maximum HCI ex-

tractable As was obtained within the HCl concentrationrange  Potential factors affecting the hydride generation and
0f0.6—1.2 molt?. The optimum HCl concentration observed transfer were investigated in light of the sensitivity and pre-
in this work was in good agreement with the concentration of cision, including the concentration of KBHand HCl in the

HCI (1 moll~1) used to dissolve the Ca-associated As frac- carrier solution, and the argon gas flow rate. To ensure good
tionin soil in batch sequential extraction procedures reported sensitivity, acceptable precision, and minimum reagent con-

by McLaren et al[11] and Jones et a16]. Accordingly, a
1.0 mol -1 of HCI solution was used as the third extractant
for GBW 08302 and for GBW 07405.

3.2. Effect of the extractant flow rate

The extractant flow rates for efficient extraction may de-
pend on the type of soil and particle size, so optimization
of the flow rate should be carried out. Studies on the effect
of the extractant flow rate showed that the concentration of
extracted As slightly decreased as the extractant flow rate
increased from 1.5 to 4 ml mirt. Further increase in the ex-
tractant flow rate significantly diminished the concentration
of the extracted As.

3.3. On-line oxidation of A% and organic arsenic
species into AS

The arsenic extracted from soil could exist in different ox-
idation states, such as sand A¢’. In order to quantify the
total extracted As concentration in each fraction by HG-AFS,

sumption, a 3% (m/v) KBH solution, a 2 molt! HCI car-
rier solution, and an argon flow rate of 400 ml minwere
selected.

3.5. On-line standard addition calibration

Because the extracts contain large amounts of dissolved
salts, the standard additions technique is required for calibra-
tion to overcome the matrix effect on the determination of
arsenic in the extracts. However, off-line standard addition
calibration needs manual collection of the extracts and ad-
dition of a series of standard solutions to the extracts. Thus,
considerable volumetric manipulation is involved, and such
a calibration procedure is a tedious operation, suffering great
risk of contamination and analyte loss. To overcome the short-
comings involved in the off-line calibration, an FI on-line
standard additions method was incorporated into the flow
system. The on-line calibration was achieved by injecting a
standard solution into a carrier stream (2 mdl HCI solu-
tion) to be merged with the extract for generation of a con-
centration profile by precise timing.

all the extracted As species should be reduced or oxidized t03.6. Application to the fractionation of arsenic in soils
an identical valence state. The reducing reagent for convert

AsY to As"" are typically potassium iodide andcysteine.
However, a heating step should be integrated for the appli-
cation of these reagents for online reduction of As As'!!,
making it inconvenient to design the online extraction proce-
dure. Here, we employ a#§,0g solution as the oxidizing
reagent for the oxidation of A5 and organic arsenic species
into As¥. Studies on the effect of the,§,Og solution con-
centration showed that a 4% (m/vh8&Og solution could
rapidly and efficiently oxidize all the As species to the’As
at room temperature, making it easy to integrate the on-line
oxidation into a dynamic extraction procedure.

The developed technique was applied to the fractionation
of arsenic in two certified soil reference materials, GBW
08302 and GBW 07405. The results are giverTable 3.

The arsenic extractograms for GBW 07405 obtained by the
present online hyphenated technique under optimal condi-
tions are shown ifrig. 2. The concentration of As in residue
after three-step sequential extraction was determined by HG-
AFS with HNO;—HF digestion. Good agreement between
the sum of the As concentration in each extracted frac-
tion from these soil samples and the certified total arsenic
concentration demonstrates the accuracy of the developed
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Table 3 and demonstrated for the first time for rapid, automatic
Sequential extraction results for arsenic (meam, n =3, ngg™) in soils and sensitive fractionation of arsenic in soils. Compared
by the developed Fl on-line sequential extraction coupled with HG-AFS with traditional batch-mode sequential extraction and
Fraction GBW 08302 GBWO07405  cyrrently available flow-through sequential extraction
Water extractable 1.23+0.06 12.9+1.2 schemes with off-line detection and quantification, the
KOH extractable 0.34+0.04 49.3+1.9 present methodology offers several advantages, such as
:gslizﬁtéadab'e g:ggi 8:23 ;%Zﬁ:é minimization of readsorption/redistribution, improvement
sum 3.49+0.21 408.7-3.5 of accuracy, high speed, less sample/reagent consumption,
Certified total As 3.8-0.4 412+ 24 less risk of contamination and analyte loss. We expect that
a Determined by HG-AFS after complete acid digestion. it will become a useful and powerful technique for the study
of the mobility, leaching kinetics and the environmental
geochemistry of arsenic in contaminated solid materials,
such as soils, sediments, solid wastes and air particulates.
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