Journal of Hazardous Materials 181 (2010) 1066-1071

Contents lists available at ScienceDirect

Journal of Hazardous Materials

journal homepage: www.elsevier.com/locate/jhazmat

Arsenic and lead (beudantite) contamination of agricultural rice soils in the
Guandu Plain of northern Taiwan

Kai Ying Chiang?, Kuo Chuan LinP, Sheng Chi Lin¢, Tsun-Kuo Chang¢, Ming Kuang Wang?*

a Department of Agricultural Chemistry, National Taiwan University, No. 1, Sec. 4, Roosevelt Rd., Taipei 10617, Taiwan
b Division of Silviculture, Taiwan Forestry Research Institute, COA, Taipei 10017, Taiwan
¢ Department of Bioenvironmental Systems Engineering, National Taiwan University, Taipei 10617, Taiwan

ARTICLE INFO ABSTRACT

Article history:

Received 3 December 2009

Received in revised form 27 May 2010
Accepted 27 May 2010

Available online 2 June 2010

This study investigates the species of As and Pb (beudantite) residues present in the seriously contam-
inated agricultural rice soils of the Guandu Plain. Two pedons in the Guandu Plain agricultural soils,
each pedon separated into five horizons (each of 20 cm) were collected for this study. Soil samples were
packed into a column for leaching with simulated acid rains. Soil pH ranged from 5.1 to 7.1 with high
base saturation. Soils can be classified as clay loam, mixed, thermic, Typic or Umbric Albaqualfs. The XRD
analysis indicated the beudantite particles are present in clay fractions, showing high concentrations of

ig ;/z:jlrfj;al paddy soils As and Pb. This is because of 50-100 years ago irrigation water was introduced from Huang Gang Creek
Beudantite of hot springs containing high concentrations of As and Pb. Only low concentrations of As and Pb can
Hot springs be leached out with simulated acid rains (i.e., pHs 2 and 4), even through 40 pore volumes of leaching

experiments. The sequential extraction experiments resulted in the high portions of As and Pb remaining
in the amorphous, Fe and Al oxyhydroxides and residual fractions. Thus, the remediation of As and Pb in
this agricultural rice paddy soils merits further study.

Sequential extraction

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Taiwan was colonized by the Japanese Government from 1895
to 1945. At that time, farmers occasionally irrigated the Guandu
agricultural rice soil during the drought seasons with water from
Huang Gang Creek, unaware of the presence of arsenic (As), lead
(Pb) and sulfate (SO4) contaminants in the spring waters (personal
communications with older local farmers). The irrigation water in
the Huang Gang Creek originated from the Beitou Thermal Val-
ley (i.e., outcrop size about 0.35ha) of hot spring water (Fig. 1).
From a previous soil survey, the As and Pb contaminated soils in
the Guandu rice soils cover about 842 ha, and the serious As (As
concentrations higher than 60 mg kg~!) contamination of rice soils
in the Guandu Plain cover about 128 ha [1,2].

2. Geological settings
2.1. Pleistocene volcanic rocks in northern Taiwan

Large scale andesitic volcanic eruptions took place in north-
ern Taiwan and in some northeastern offshore islands during the
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Pleistocene. Both andesitic lavas and andesitic pyroclastics are rep-
resented. Two important Pleistocene volcano groups were formed,
the Tatun Volcano Group and the Chilung Volcano Group [3]. No
volcano is known to be active in Taiwan in the historical record,
but these volcanoes may not be entirely extinct since geothermal
evidence is still extensive in this area.

The Tatun Volcano Group comprises a series of andesitic volca-
noes in the northernmost part of Taiwan, the nearest being 15 km
northeastern of Taipei City (Fig. 1A). Hot springs, fumaroles, and
solfataras are found at many places in this volcano group, mostly
on the southeast side of the Chinshan longitudinal geological fault.
There are clear surface manifestations of geothermal steam in the
volcanic area, and exploration for geothermal resources has been
going on for many years [3].

2.2. Environmental information nearby Guandu Plain

The outcrop of hot springs of the Chinshan geological fault
(Tatun Vocanoes) is located at Beitou Thermal Valley which is on
the eastern part of the Guandu Plain (distance about 5 km) (Fig. 1B).
In the water from these hot springs the pH ranges from 1.57 to 1.75,
the temperature from 60.3 to 64.5 °C, arsenic (As), sulfate (SO4) and
lead (Pb) concentrations of the hot springs range from 3.71 to 5.95
(As) and 1813 to 4293 mgL-! (SO4) and 302 to 414 pgL-! (Pb),
respectively [4,5]. The pH, temperature, and concentrations of Pb
and As in thermal spring waters, however, are dependent on the
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Fig. 1. Location of (A) Beitou and Guandu, and (B) Beitou hot springs, Huang Gang
Creek and the Guandu Plain.

precipitation level and sampling season. It was lucky that no black
foot diseases occurred in this region because of the stink smelling
of hot spring waters.

Hot springs along the Huang Gang Creek flow into the Chilung
River. The ChilungRiver is one of the major watersheds in the north-
ern part of Taiwan and flows around the south-western boundary of
the Guandu Plain from east to west until it merges with the Danshui
River watersheds and the Taiwan Strait Estuary.

Due to long-term water flows from Beitou hot springs (i.e., from
several tens of thousands to millions of years), thus we can find sub-
stantial amounts of beudantite [PbFe3(AsO4)(SO4)(OH)g] deposits,
crystals or rocks present on the banks of the Huang Gang Creek. In
addition, hokutolite [(Ba,Pb)SO4] and barium sulfate (barite) with
radium (Ra) radioisotope are also present in the center part of the
Huang Gang Creek for unknown reasons [6]. There has been misin-
terpretation these deposits as jarosite [KFe3(SO4),(OH)g] [7]. Since
the X-ray diffraction (XRD) pattern of jarosite (JCPDS 22-827) is
similar to that of beudantite (JCPDS 19-689).

The climate in this region is humid, with mean annual air tem-
perature of 25.7 °C and mean annual precipitation of 2471 mm. The
ground water table is always high during the typhoon and monsoon
seasons [8]. This study investigates the species of As and Pb (beu-
dantite) residues presented in seriously contaminated agricultural
rice soils of the Guandu Plain.

3. Experimental
3.1. Soil samplings

Two pedons #1 and #2 were located at 25°740.87"N and
121°29'47.37"E (pedon 1), and 25°7’35.26”"N and 121°29'46.19"E
(pedon 2), in the subtropical Guandu Plain (Fig. 1). Two individ-
ual soil profiles with As and Pb contamination were collected for
this study. These two soil profiles have five horizons in each depth
(20 cm interval) which were analyzed to determine chemical and
mineralogical differences with soil depth [9].

3.2. Laboratory analyses

Soil samples were air-dried, and crushed to pass through a 2-
mm sieve. Organic matter was removed by 30% H,0, and heating
on a hot plate. For improved identification of soil clay minerals by
X-ray diffraction (XRD) analysis and identification of the As and Pb
species in soil clays, the soil samples were treated and not treated
with dithionite—citrate-bicarbonate (DCB) and heated at 80°C to
remove and not remove Fe-oxides, respectively [10]. The silt was
separated from the sand by wet-sieving (53 wm sieve) [11]. The
clay fractions were dialyzed again with distilled water and then
freeze-dried.

Soil pH was determined for 1:1 soil to water suspensions using a
pH meter. For cation-exchange capacity (CEC) determination, 10g
of air-dried soil samples were equilibrated with 90mL 1M NHy4-
acetate (pH 7.0) solution and washed with 10% NaCl solution. The
NH4 concentrations were determined by the Kjeldahl method [12].
Soil bulk and particle densities were determined using the core and
density bottle methods [13].

The deferrated soil clays were saturated with Mg and K, and
mounted as slurries on glass slides for XRD analysis [14]. The
Mg-saturated clays were examined at 25°C before or after glyc-
erol solvation. The K-saturated clays were examined at 25°C and
after heating at 105, 250, 350, 450 and 550 °C for 2 h. The oriented
clay mineral aggregates were examined with X-ray diffractome-
ter (Rigaku Geigerflex) with Cu Ka radiation at 35kV and 18 mA,
recorded in the range of 3-50° 26. Powder XRD patterns of the
sand, silt and clay fractions were recorded in the range of 3-80° 260
with a scan rate of 2° 20 min~'. The soil clay samples without DCB
treatments and bulk beudantite samples collected from the bank
of Huang Gang Creek were also subjected to powder XRD analy-
sis. The CEC values of K/NH4 and Ca/Mg exchange were used to
determine the quantity of vermiculite [15,16]. The quantity of illite
was estimated from the K, O content. In clay samples, kaolinite was
estimated by the XRD peak intensity at 7.1A [17]. Then 0.25mg
of bulk and clay fraction samples was digested with 5mL aqua
regia solutions, and As and Pb concentrations were determined by
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-
AES, Perkin-Elmer, Model Optima 2000 DV).

3.3. Scanning electron microscopy (SEM) and energy dispersive
spectrometer (EDS)

A scanning electron microscope was used to examine clay frac-
tions without deferration of freeze-dried samples. Samples were
fixed onto aluminum stubs with double-stick tape, coated with gold
and viewed with a JEOLJSM-5310, Japan. Samples were also coated
with carbon about 200 A thick with a Denton vacuum evaporator
and viewed with an INCA X-sight Model 6587, Oxford, England,
Energy Dispersive Spectrometer (EDS) with an automated quali-
tative elemental analysis mode and X-rayed mapping. Operating
voltage of JEM-5310 was 15kV.

3.4. Soil column leached with simulated acid rains

In order to simulate the long-term condition of the Guandu
soils leached by acid deposition, and assess the influence of acid-
ity on retention of As and Pb, soil column samples were artificially
leached with simulated acid rain. The Taiwan Environment Pro-
tection Agency (Taiwan-EPA) [8] reported that the acid rain pH
range from 4.51 (winter) to 5.14 (summer) nearby Taipei City,
2004-2007. Mean annual precipitation, SO42~ and NO3;~ concen-
trations are around 2486 mm, 58 and 32 weqL~!, respectively. In
order to enhance the effect of acid rains leaching experiments
thus, we selected pHs 2 and 4 of simulated acid rains of 7450
and 45 peqL-! (ie., SO42~ concentrations) of sulfuric acid solu-
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© tions for the soil column leaching experiments. The pH of acid rains
*E L was monitored by pH-stat (TIM865 Titration Manager, Radiometer
g HuuvbBu 2286 Analytic) and adjusted pH with H,SO4 or NaOH solution.
Acrylic columns of soil 10 cm long (internal diameter of 2.54 cm,
& ot mma ©0®sn soil particle size less than 2 mm) were collected from 0 to 20cm
= MmONAam AN = A (about 32.5 g weight of soils packed as surface soil horizon) and
. 20-40 cm (about 32.5 g weight of soil packed as subsoil horizon),
IS SIFITS KE!R2KIF placed into each 5 cm of soil column, and then simulated acid rain
solutions was introduced. The bulk density of soils in a column was
= 1.30 gcm~3. The flow rate was adjusted with a mechanical vacuum
A FRRAR ¥38%7 extractor. Flow velocity observed from average saturated hydraulic
conductivity of soils was 1.0cmh~!. Pore volume of solution was
§ calculated from saturated water hydraulic conductivity, porosity
£ and total volume of soils in column. The detailed procedure was
b described by King et al. [18] and Liu et al. [19]. Percolate solu-
& = gy aadnn tions were collected and analyzed for As and Pb concentrations.
H5 e PEORR NN o The break-through curve (BTC) was expressed as the relative con-
00 wme o wo o~ cent'ra.ti.0n (C/Co) anq pore volume number (V/Vo), where Co i's
S aie SIEieafe the initial concentration added and Vo is the pore volumes of soil
HHHHH HHHHAH column.
W |8833% 88381
= aaaan maaas 3.5. Sequential fractionations of soil As and Pb
§ E § é E g E g g g Bulk soil samples were air-dried and with sequential fractiona-
HHHHH HHHAH tion for their As and Pb components, using the modified method
L~ haAR N8 RRERE of Wenzel et al. [20] or Yolcubal and Akyol [21]. One gram of
S oven-dried soil sample (<2 mm) was mixed with 25 mL of extracted
= solution. The soil samples were fractionated by the following
;‘5, 29598 §8I2E sequential extractions: (1) with 50mM [(NHg4);SO4] solution, at
j 3 j j j j j j j j 20°C shaken for 4 h with continuous agitation (nonspecific bound
e BEE s @EEOE easily exchangeable). (2) The residue from (1), continuous agita-
% z S—r—r SO0~ tion with 50 mM [(NH4),H,PO4] solution at 20 °C for 16 h (strongly
by bound inner-sphere complexes). (3) The residue from (2) was
% I5338 583835 extracted with 1M, pH 5 of NaOAc/HOACc buffer solution shaking
& 23559 93555 at 20°C for 6 h (bound to carbonate). (4) The residue from (3) was
—E: QARNE 228 extracted with pH 6 of 100mM NH,OH-HCl+1M NH40Ac solu-
&k S——S = 850553 tion shaking 30 min (bound to Mn oxyhydroxides). (5) The residue
from (4) was extracted with pH 3.25, 200 mM of NH4-oxalate buffer
= hETRR BR2RI solution shaking 4 h in the dark at 20°C, wash step with pH 3.25,
%ﬁ S P S ) o o o) 200 mM NH;-oxalate buffer solution, shakir}g at 20°C for 10min
O E“ RNEBEE NRBRE (bound to amorphous Fe a_nd Al oxyhydroxides). (6) The residue
2 3 SEECEE JNZET from (5) was extracted with 15mL, 30% H,0, and 3 mL, 20 mM
HNO3 at 85 °Cshaking for 2 h,and 5 mL, 3.2 M NaOAc solution, shak-
) ing at 85°C for 3h [22] (bound to sulfides and organic matter). One
’ZE RERRS 88885 gram F)feach sample was digesFed with aqua regia solution for total
(o) N0 Sfe) NS N oo (N chemical analysis [23]. The residual fractions were calculated from
total As subtracted from (1)+(2)+(3)+(4)+(5)+(6).
=z
Z 2-882 283833 4. Results and discussion
= o O O oo o O O oo
w ® 4.1. Soil physical and chemical properties
g ?o XIZRG IIBK]YQ Mean soil pH range was from 5.1 to 7.1. The range of CEC was
g|° Ne==E6 N = from 11.38 to 22.54 cmol . kg . Exchangeable K*, Na*, Ca?*, Mg?*
T concentrations and base saturation are in the range from 0.19 to
3 SSSS3 ss38a 1.57,0.78 to 1.46, 5.74 to 11.06, 1.82 to 2.94 cmol kg—!, and 42.3 to
g - j g i i 3 j jj f i j . 98.4%, respectively (Table 1). These study pedons were close to the
g | = 10 OO Win O~ OV § Chilung watershed with high groundwater tables, containing high
=S =] exchangeable cations. Soil textures were clay, clay loam and silt
3| £ o - ;JO clay loam. The soils can be classified as clay loam, mixed, thermic,
E é" = SI % 8. % SI SI ST ?? % SI _;:‘i Typic or Umbric Albaqualfs with respect to pedons 1 and 2 [24].
18 & S8R °R8BIE
f,, £ 4.2. X-ray diffraction, SEM images and EDS analyses
~3 |5 g
= % E _ o : The powder XRD pattern of beudantite collected from the bank
£5 g of Huang Gang Creek showed 5.99, 5.72, 5.13, 3.67, 3.08, 2.97, 2.84,
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Fig. 2. Powder X-ray diffractograms of (A) beudantite minerals collected from the bank of Huang Gang Creek, (B) 0-20cm, and (C) 60-80 cm of soil clays without DCB
treatments, and (D) oriented XRD pattern of DCB-treated with clay fractions (60-80 cm), K-saturated clay at (a) 25°C, (b) 105°C, (c) 250°C, (d) 350°C, (e) 450°C, (f) 550°C,
and Mg-saturated clay at (g) 25 °C and (h) glycerol solvation. Symbols used are B: beudantite, Go: goethite, I: illite, K: kaolinite, Q: quartz, V: vermiculite.

2.54, 237,227, 2.24,2.12, 1.98, 1.83, 1.77, 1.74, 1.71, 1.69, 1.67,
1.64, 1.56, 1.54, 1.50, 1.48, 1.43, 1.41, 1.39, 1.34, 1.32, 1.25 and
1.22 A, which is consistent with JCPDS 19-689. This XRD pattern
also exists the, 4.26, 3.34, 2.45, 1.82 and 1.54 A of quartz (JCPDS 33-
1161) (Fig. 2A) and a 7.1 A kaolinite peak. On the other hand, the
powder XRD pattern of soil clay sample untreated with DCB (pedon
1, 0-20 cm), also shows 5.99, 3.67, 3.08, 2.97, 2.86, 2.54, 2.37, 1.98,
1.67, 1.64, 1.50, 1.48, 1.41, 1.32 and 1.28 A of beudantite; 4.18 and
2.19A of goethite; 7.1, 447 (020, hkl), 2.49 and 2.34 kaolinite;
4.26, 3.34 of quartz (Fig. 2B). The powder XRD pattern of soil clay
fractions untreated with DCB (pedon 1, 60-80cm) shows a simi-
lar diffractogram (Fig. 2C). This sample clearly showed the 10.1, 5.1
and 3.34 A of illite. X-ray powder diffractograms of the silt and sand
fractions significantly show 3.08, 2.54, 2.54, 2.27, 2.12, 1.98, 1.83,
1.54, 1.43, 1.39, 1.25, 1.22 A of beudantite d-spacings, quartz and
feldspar in the XRD reflection peaks.

The oriented XRD pattern of the DCB-treated clay samples
(i.e., pedon 1, 60-80cm), vermiculite was characterized by the
14.1A at Mg-saturated clay at 25°C, collapsing to 10.1A when
K-saturated clay were heated at 110°C. The 7.1A of kaolinite at
25°C of the K-saturated clay, however, the d(00 1) reflection peak
was not observed after heating the K-saturated clay to 550°C
(Fig. 2D). But 10.1 A of illite XRD reflection peak with K-saturated
clay was present when clay was heated from 110 to 550°C.
Semi-quantitative of clay minerals show the following trends: ver-
miculite > kaolinite > illite > mixed layered clays in all pedons. After
the clays were treated with DCB procedures to remove the free
sesquioxides, clay fractions also showed significant criteria for beu-
dantite XRD reflection peaks (i.e., 2.82, 2.97, 2.56, 2.37 and 1.98 A)
still existing in the XRD pattern (Fig. 2D).

The above XRD analyses clearly show that beudantite exists in
the soil profile of rice fields in the Guandu Plain. This confirms the
story of irrigation waters being introduced from Huang Gang Creek
to Guandu rice paddy soils during dry seasons, coming from Beitou
Thermal Valley at that about 50-100 years ago (e.g., 1895-1945).
Beudantite can assume a distinct morphology, which suggests it
forms pseudomorphically feature (Fig. 3A). These XRD patterns,
SEM and EDS (Fig. 3B) analyses provide further evidence that As
and Pb (i.e., fine particle size of beudantite existing in water sus-
pensions and soil clay fractions) remain in soil profiles. Beudantite
formed in the most concentrated As and Pb system are com-
posed of rather equidimensional particles and many of them are
euhedral.

4.3. Chemical analysis

Mean As and Pb concentrations in bulk soil and clay fraction
samples are shown in Table 2. This shows that this As concentrated
in surface soils and Pb is concentrated at 60-80 and 80-100cm,
indicating the leaching of Pb to deeper soil horizons. However,
arsenic movement in pedons is related to the fluctuation of under-
ground water tables and soil redox potentials, As and Pb sorption
capacities by soil particles, and distribution of beudantite particle
sizes.

4.4. Soil columns leached with simulated acid rains
The mean BTC of soils with simulated acid rain leaching (pHs 2

and 4) is shown in Fig. 4A. After 22 pore volumes of leaching exper-
iments (i.e., pH 4.0 simulated acid rain) and 28 pore volume of pH



1070 K.Y. Chiang et al. / Journal of Hazardous Materials 181 (2010) 1066-1071

Fig. 3. (A) Scanning electron micrograph and (B) energy dispersive elemental analysis of beudantite.

2.0 simulated acid rain, the As concentrations in leachates reached
the maximum. This is related to the dissociation constants of As(V)
[K1=5.62 x 1072; pK; =2.2]. Fig. 4B shows the accumulation of As
concentrations in leachates. Accumulation of As concentrations in

Table 2
As and Pb concentrations in bulk soils and clay fractions digested by aqua regia
solution.

Sample Soil depth (cm) Element
As Pb
(mmolkg!)
Bulk soil 0-20 3.88 £ 0.05 0.01 £+ 0.01
20-40 3.31 £ 032 0.01 £+ 0.01
40-60 3.61 £ 043 0.19 £+ 0.06
60-80 2.66 + 0.08 2.88 +£0.13
80-100 1.96 + 0.12 2.78 £ 0.16
Clay fraction 0-20 3.15 + 0.08 0.88 + 0.06
20-40 2.81 £ 0.02 0.81 £+ 0.01
40-60 217 £0.14 0.86 + 0.11
60-80 2.83 £ 0.01 6.33 £ 0.30
80-100 1.56 + 0.49 0.02 £+ 0.01

Fig.4. Soil columns leached with simulated acid rains (A) break-through curve (BTC)
of As, and (B) accumulated As after 40 pore volumes of leaching experiments.

leachates were 0.489 and 0.394 mg (i.e., total amounts of As in soil
columnis 17.51 mg), which correspond to 2.8 and 2.2% with respect
to pHs 2 and 4 of simulated acid rain leaching experiments after
40 pore volumes. This indicates that the soil beudantite is not be
removed by simulated acid rains. Thus, beudantite cannot be com-
pletely leached out, even the Guandu Plain rice soils have passed
through so many years of rice production, fertilization and pre-
cipitation. The mean As concentrations in grains, straws and roots
of the Guandu rice field were 0.201 (n=60), 4.36 (n=28) and 244
(n=28) mg of As kg1, respectively (unpublished data). The arsenic
concentration accumulated in the rice roots, whereas soil beudan-
tite is still remaining in soil profiles. The remediation of As and Pb
in the Guandu Plain merits further study.

Fig. 5. As and Pb species in soil samples by sequential fractionations of (A) As and
(B) Pb.
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The effect of calcium addition used as a stabilization agent was
evaluated by arsenic desorption experiments from ferric water
treatment residuals [25]. Arsenate desorption was induced in two
ways: controlling solution pH in de-ionized water, and control-
ling solution pH in a phosphate solution where phosphate is a
competing anion. Similarly, arsenic leaching decreased when field
treatmentresiduals were treated with lime as stabilizing agent [26].
The use of humic acid for arsenic and heavy metal remediation may
possibly be developed as an environmentally friendly and effec-
tive remedial option to reduce and avoid further contamination
[27]. There are several reports, concerning lead and heavy metal
removal by phosphatic clay [28], green algae Cladophora fascicu-
laris [29]; phosphosilicate glass [30]; waste biomass of hazelnut
and almond shells [31]; low cost adsorbents (i.e., activated carbon,
kaolin, bentonite, blast furnace algae and fly ash) [32].

4.5. Sequential extractions

High percentages of As still remained in soil profiles as
bound to amorphous, Fe and Al oxyhydroxides and residual
portions by sequential fractionations, showing the following
trend: bound to amorphous Fe, and Fe and Al oxyhydrox-
ides > residues > strongly bound inner-sphere complexes>bound
to carbonate > bound to Mn oxyhydroxides > bound to sulfides and
organic matter ~ nonspecifically bound, easily exchangeable frac-
tions (Fig. 5A). On the other hand, Pb concentrations show a similar
trend, except at 60-80 and 80-100 cm soil horizon, whereas the Pb
in residual fractions is higher than that bound to amorphous Fe, Fe
and Al oxyhydroxide fractions (Fig. 5B).

5. Conclusions

Chemical, physical, EDS and XRD analyses indicate that beudan-
ite particles are present in the Guandu agricultural rice soils. The
As and Pb contamination of rice soils was due to the careless use
of irrigated waters introduced from the Huang Gang Creek of the
Beitou Thermal Valley from 1895 to 1945 during drought seasons.
The springs waters contain high concentrations of As and Pb. Beu-
dantite cannot completely leach out even though the Guandu Plain
rice soils have passed through so many years of rice cultivation, fer-
tilization and precipitation. Rice growth only uptakes low amounts
of As. High concentrations of As and Pb still remained in soil profiles
as bound to amorphous, Fe and Al oxyhydroxides and residual por-
tions as shown by sequential fractionations. Thus, the remediation
of As and Pb from the Guandu agricultural rice soils is an important
research subject that merits further study.
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