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Abstract 
Cadmium (Cd) contaminated soils from the Mae Sot district in northwest Thailand, a region in 
which rice Cd concentrations often exceed health limits (0.4 mg/kg) set by the World Health 
Organisation, were examined for isotopically exchangeable Cd (Cd E values using a 111Cd 
spike) to determine how this rates as a predictor of rice grain Cd in comparison with soil total 
Cd and solution extractable Cd (using the commonly applied BCR scheme and, in an attempt 
to distinguish carbonate bound forms, the Tessier soil sequential extraction scheme reagents). 
Step 1 of the BCR scheme (0.11 M CH3COOH) and step 1 of the Tessier scheme (1M MgCl2) 
showed the highest R2 values in regressions with rice Cd (91% and 90%, respectively), but all 
predictors were strongly linked to rice Cd (p<0.001) and could be used for prediction purposes. 
One soil, of the six tested, was an exception to this, where all predictors over-estimated grain 
Cd by a factor of 2.5 to 5.7, suggesting that rice grain Cd had been restricted here by the 
differing flooding regime and subsequent changes to redox conditions. E values and Tessier 
step 1 extractions were closely related, indicating that these measurements access similar 
pools of soil Cd. Separately, the isotopic exchangeability (representing bioavailability) of Cd 
was also assessed in two soils amended with rice husk and miscanthus biochars (0, 1, 5, 10, 
15 and 20% w/w) in order to assess the utility of the biochars as a soil amendment for 
immobilising Cd in-situ. One soil showed significant reductions in Cd E value at 5% rice husk 
biochar addition and at 15% miscanthus biochar addition however, based on the E value-rice 
grain Cd regression relationship previously established, the E values in the amended soils still 
predicted for a rice Cd concentration above the health limit. In the second soil, neither of the 
biochars successfully reduced the Cd E value. This indicates that further work is needed to 
customise biochar properties to suit specific soil and contaminant situations if they are to be 
used successfully for remediation of metal contaminated soils.                   
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1. Introduction 
Metal contamination of soils is a long recognised and persistent environmental problem in 
many parts of the world. Indeed, ecological and/or human health concerns linked with elevated 
soil metal concentrations have been reported in every continent (e.g. Basta and Gradwohl, 
2000; de Lima Neto et al., 2017; Farmer et al., 2011; Flynn et al., 2002; Mungai et al., 2016; 
Pereira et al., 2017; Taylor et al., 2010; Zhao et al., 2015). Contamination can arise from many 
potential sources, including mining and smelting activities, the use of rock phosphate or 
sewage sludge in agriculture, gaseous and particulate emissions from coal combustion, other 
industrial releases, and vehicular emissions (e.g. Atkinson et al., 2011; McGrath et al., 1988; 
McLaughlin et al., 1999; Santos et al., 2015). Transfer from soil to plants and so entry into 
food chains is a primary concern in relation to soil metal content and, while any metal can 
become toxic at elevated concentrations, cadmium (Cd) is a particular problem because it is 
a non-essential element that can accumulate in plants at levels that are harmful to humans 
and other animals before becoming phytotoxic (Prince et al., 2002). Rice is known to 
accumulate Cd when grown on contaminated soils and human health impacts, particularly 
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kidney disease and associated conditions, have been conclusively linked to Cd exposure via 
rice consumption (Cai et al., 1990; Chaney, 2015; Swaddiwudhipong et al., 2012).  
 
One avenue of research that is receiving increasing attention is the use of soil amendments 
to bind Cd (and other contaminants) in situ and so restrict bioavailability and assimilation into 
plants. Biochar, a charcoal-like material created via thermal decomposition (or pyrolysis) of 
organic biomass under limited supply of oxygen (Lehmann and Joseph, 2009), has shown 
promise in this regard with several studies having highlighted the capacity of biochars made 
from various feedstocks to restrict mobility and availability of metals in soils (Beesley and 
Marmiroli, 2011; Fellet et al., 2014; Houben et al., 2013). Such studies have shown decreased 
concentrations of metals (e.g. Cd, Pb and Zn) in the porewaters and vegetation of mining or 
otherwise metal contaminated soils following treatment with biochar (Puga et al., 2015). 
However, other studies have reported mixed results, including cases where biochar additions 
were found to lower the water soluble Cu and Cd concentrations in soil but left unchanged or 
enhanced the concentrations in earthworms (Gomez-Eyles et al., 2011). The contaminant 
binding capacity of biochars and their use in environmental management is therefore a 
growing and evolving area of research. It is understood that the structure of biochar, being 
porous with high surface area and reactive surfaces, is what leads to this high potential binding 
capacity (Lehmann and Joseph, 2009; Sohi et al., 2009). Its alkalinity, i.e. typically pH 7-9 
(Beesley et al., 2011), also likely contributes to its binding potential. However, the nature of 
the feedstock and the pyrolysis conditions during biochar production will have an influence on 
the properties of the end product (Buss et al., 2016) and so research is needed to establish 
the efficacy of various types of biochars for this application. Furthermore, in order to be of 
practical use in a soil remediation situation, the feedstock materials need to be available locally 
or regionally and so this must also be considered when trials or treatments with biochars are 
conducted.      
 
The Tak province of northwest Thailand has areas of Cd contaminated soils where health and 
environmental problems have been identified hence numerous studies have investigated the 
Cd levels in soils and rice of the region as well as the health effects (Akkajit and Tongcumpou, 
2010; Kosolsaksakul et al., 2014; Simmons et al., 2005; Swaddiwudhipong et al., 2012). The 
aims of the current study were to further examine the mobility and bioavailability of Cd in soils 
from one important area within this region of Thailand by employing isotopic exchange 
techniques and comparing them with previous assessments based on single and sequential 
extraction methods. Isotopic exchange techniques have been described as a rigorous and 
direct way of assessing the lability of metals in soil (e.g. Huang et al., 2011; Nakhone and 
Young, 1993; Smolders et al., 1999) and, as outlined by Degryse et al. (2011), they function 
by discriminating between isotopically exchangeable (‘labile’) and nonexchangeable (‘non-
labile’) metal pools in soils. The technique involves adding a small amount of an isotopic tracer 
of the analyte of interest to the soil and determining the degree to which the native element 
within the soil can exchange with it between solid and solution phases. Moreover, the study 
aimed to examine properties (surface functional groups) of biochars produced from locally 
available materials (rice husk and miscanthus) and evaluate the feasibility of using them as a 
soil amendment to restrict the mobility, and thus bioavailability, of Cd. 
 
2. Methods 
2.1 Sampling sites  
Soils (top 20 cm) and rice grain were collected from sites within a set of 18 rice paddy fields 
located in a Cd contaminated region in the Mae Tao watershed, Mae Sot District, Tak 
Provence, Thailand (Figure 1), the location and contamination history of which has been fully 
described in our previous paper (Kosolsaksakul et al., 2014). In brief, the area supports 
regionally important cascade-irrigated rice paddy fields that are linked to the Mae Tao Creek 
(the main water supply) through a system of canals. The soils within the set of 18 fields 
examined in this study have pH ranging 6.8-7.7, organic matter between 1.1 and 3.7% and a 
loamy texture with 16-27% clay (Kosolsaksakul et al., 2014). These soils have been found to 
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have Cd concentrations from 2.5 to 88 mg/kg (Kosolsaksakul et al., 2014), while other soils in 
the nearby region were found to have even higher Cd levels, e.g. up to 284 mg/kg at Ban Pha 
Te (Simmons et al., 2005). The elevated Cd observed in many soils of this area is likely linked 
to the close proximity (<5 km in places) of large scale Zn mining operations (Padaeng deposit 
– a major Zn mineralisation with substantial levels of Cd as an impurity) (Kosolsaksakul et al., 
2014). The general area is recognised as being Cd contaminated and has been the focus of 
multiple soil remediation and human health investigations (e.g. Akkajit and Tongcumpou, 
2010; Khaokaew et al., 2011; Khaokaew and Landrot, 2015; Simmons et al., 2009; Simmons 
et al., 2005; Swaddiwudhipong et al., 2012).   
 
Details of soil and rice grain collection from each of the 18 fields and the sample processing 
methods employed (i.e. air-drying and grinding to <2 mm for soils; rice grains were rinsed in 
de-ionised water, dried at 60°C and ground to a powder) were described previously, as were 
details of total Cd determinations following aqua regia (3:1 HCl:HNO3, trace analysis grade) 
digestion and ICP-OES analysis (Optima 5300 DV instrument, Perkin Elmer, UK)  
(Kosolsaksakul et al., 2014). Soil samples from selected fields (Table 1), chosen in order to 
give a spread of the total Cd concentrations observed across the site, were used in the Cd 
bioavailability and sequential extraction procedures.    
 
2.2 Soil extractions  
For our previous study (Kosolsaksakul et al., 2014), soils were subjected to the European 
Communities Bureau (BCR) sequential extraction method (Ure et al., 1993), the first step of 
which is an extraction with 0.11 M CH3COOH at pH 2.85 (targeting the ‘exchangeable’ fraction, 
i.e. nominally that bound to carbonates as well as loosely held elements). The soils were also 
subjected to the first two steps of the Tessier sequential extraction scheme (Tessier et al., 
1979) in an attempt to distinguish easily exchangeable forms of Cd (i.e. Cd extractable by 1M 
MgCl2 at pH 7; Tessier 1) from those nominally bound to carbonates (i.e. extractable by 1M 
CH3COONa at pH 4.5; Tessier 2). The extract solutions generated were analysed via ICP-
OES (Optima 5300 DV instrument, Perkin Elmer, UK) using reagent-specific calibration 
standards. Further details of the extraction scheme methods, including all quality control 
measures employed, are provided in our previous paper (Kosolsaksakul et al., 2014). The 
extractable element concentrations of soils for the first step of the BCR (BCR-1), and first and 
second step of the Tessier (Tessier-1 and Tessier-2, respectively) schemes determined in that 
previous study are presented in Table 1 to facilitate comparison with the isotopically 
exchangeable Cd concentrations determined in the present study.   
 
Table 1. Soil properties and rice grain Cd previously determined for the fields (F) selected for study 
(mean ± standard error) (Kosolsaksakul et al., 2014) 

Soil pH OM (%) % 
Clay 

Soil Cd 
mg/kg 

BCR-1a 
mg/kg 

Tessier-1b 
mg/kg 

Tessier-2b 
mg/kg 

Rice grain 
Cd mg/kg 

F1 7.68±0.02 - 26 4.67±0.08 1.97±0.05 -c - 0.07±0.02 

F4 7.52±0.07 4.15±0.35 22 16.78±0.47 10.61±0.50 7.58±0.15 7.62±0.52 0.90±0.00 

F7 7.27±0.03 4.55±0.25 27 3.70±0.06 0.635±0.01 - - 0.12±0.02 

F10 7.70±0.03 4.75±0.05 16 83.69±0.44 72.03±2.05 20.37±0.36 60.6±0.61 4.03±0.04 

F14 7.60±0.00 1.25±0.15 24 35.44±4.34 22.13±0.23 10.12±0.02 16.4±0.38 0.37±0.02 

F18 7.70±0.02 3.60±0.90 16 81.91±4.74 68.24±0.94 17.81±0.28 58.1±0.33 2.77±0.03 

a BCR-1: extractable element content of soil considering step 1 of the BCR scheme (0.11 M 
CH3COOH at pH 2.85, targeting the readily ‘exchangeable’ fraction of elements). 
b Tessier-1: extractable element content of soil considering step 1 of the Tessier scheme (1M MgCl2 
at pH 7, targeting readily ‘exchangeable’ fraction of elements but excluding carbonate bound forms). 
c Not determined. 
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2.3 Isotopically exchangeable Cd 
Following the stable isotope exchange method described in Sterckeman et al. (2009), an 
enriched 111Cd solution (IES-Cd111, Innovative Solutions in Chemistry; 10.224±0.029 mg 
Cd/kg, isotopic abundances 106Cd 0.008%, 108Cd 0.008%, 110Cd 0.351%, 111Cd 96.167%, 112Cd 
2.004%, 113Cd 0.487%, 114Cd 0.867% and 116Cd 0.108%; matrix 2% v/v HNO3) was used to 
spike samples with 111Cd. For calculations of isotope mixing and exchange 114Cd, the most 
abundant naturally occurring isotope (28.73% abundance), was used as the other isotope in 
calculations of isotopic ratio, i.e. 114Cd/111Cd. The spike solution was prepared such that the 
added Cd represented ~0.5-1% of the total Cd already present in the contaminated soils 
(Table 1), thus meeting the requirement for reliable isotopic exchange studies that the added 
spike does not appreciably disturb the equilibrium established between solid and solution 
phases (as discussed by Degryse et al. (2011) and Young et al. (2006). A 20-fold dilution of 
the IES-Cd111 solution, using 2% v/v Aristar HNO3, was performed to generate a working 
spike solution. Then, 1.4 ml of spike solution (0.7 µg Cd) was added to a suspension of 1.00 
g soil in 20 ml 0.01 M MgCl2 that had been agitated for the previous 48h (mechanised wrist-
action shaking) to ensure that it was fully mixed prior to spiking. Chloroform (60 µl) was also 
added to inhibit microbial activity (Lombi et al., 2003; Oliver et al., 2006), with the samples 
then placed on a shaker for one week to ensure isotopic exchange processes reached 
equilibrium (Ayoub et al., 2003). Samples were then centrifuged at 7000 rpm (6793 g) for 15 
minutes, with supernatant solutions filtered (0.22 µm Millex® Syringe Filters) in preparation 
for Cd isotope analysis via Inductively Coupled Plasma-Mass Spectrometry (ICP-MS; Agilent 
7500ce). All soils in Table 1 were subjected to this isotopic exchange measurement in 
duplicate (n=2). Isotopically exchangeable Cd (or the Cd E-value) was calculated according 
to Equation 1 (Nolan et al., 2004; Oliver et al., 2006): 
 

𝐸 𝑣𝑎𝑙𝑢𝑒 (𝑚𝑔/𝑘𝑔) = 𝑅  ×
(¹¹¹ )

× ×  (𝐼𝑅𝑛𝑎𝑡 + 1)   Eq.1. 

where;  

E value  =  isotopically exchangeable Cd (mg/kg),  
R  = total concentration of 111Cd in the spike (µg) / soil weight (g),  
AW(111Cd)  = atomic weight of 111Cd isotope,  
AWnat   = atomic weight of natural Cd (112.411)  
IRnat  = the 114Cd/111Cd ratio based on natural abundances  
IRsp   = the 114Cd/111Cd ratio in the spike solution  
IRmeas  = measured 114Cd/111Cd ratio in the soil solution after equilibration 
 
 
Quality control was achieved through checking Cd isotope measurement stability (106Cd, 
108Cd, 111Cd and 114Cd) in standard solutions (0.5-100 µg/l), with a high degree of linearity in 
instrumental response having been maintained (i.e. R2 values of 0.999 or better obtained for 
each Cd isotope, see supp. Information). Stability within analytical runs was verified by 
determining the 114Cd/111Cd ratio in the 5 and 10 µg/l Cd standard solutions after every 5 or 6 
samples (example values of 2.32±0.004 and 2.35±0.003, respectively, observed). The 
114Cd/111Cd ratio was also determined in spiked blanks (i.e. no soil, just 20 ml 0.01 M MgCl2) 
and were found to be, in two separate batches, 0.01291±0.0002 and 0.01183±0.0003, which 
are in close agreement with the calculated 114Cd/111Cd ratio of the pure enriched 111Cd spike. 
In addition, the natural 114Cd/111Cd ratio was directly determined in unspiked soil samples 
(2.34±0.005, n=11) and was used as the natural abundance ratio (IRnat, Eq.1) in all 
calculations of isotopically exchangeable Cd. This measured natural abundance compares 
well with the theoretical natural abundance ratio of 2.25. A final quality control measure was 
to determine the 114Cd/111Cd ratio in a certified reference soil (CRM/SRM1643, certified Cd 
6.568±0.073 mg/kg), determined as 2.33±0.007 (n=10), in good agreement with the isotopic 
ratios obtained for the test soils.  
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Because the isotopically exchangeable Cd (E values) closely matched the extractable Cd 
determined by step 1 of the Tessier scheme (see results section 3.1), a further experiment 
was conducted in which the isotopically exchangeable Cd was determined on the residues of 
samples following Tessier-1 extraction. The aim was to evaluate whether the E value and 
Tessier-1 procedures did indeed access the same pool of Cd in the test soils.   
 
 
2.4 Assessing Cd immobilisation via biochar additions 
Two types of biochar were trialled for their capacity to immobilise Cd in contaminated soils 
and thereby restrict Cd bioavailability as measured by isotopic exchangeability (E values). The 
biochars were made at the Biochar Research Centre (University of Edinburgh) by pyrolysis of 
rice husk and miscanthus grass feedstocks (separately) at 350°C. Rice husk and miscanthus 
were chosen because they reflect raw materials available to farmers in the Mae Sot district. 
The biochars were characterised in terms of cation exchange capacity (CEC) and surface 
functional groups (Fourier Transform Infra-red spectroscopy, FTIR) in order to provide insight 
into possible Cd binding processes. CEC was determined following Sumner and Miller (1996), 
where 1.5 g finely ground solid (n=3) was treated three times in succession with 33 ml 0.2 M 
CaCl2 - 0.0125 M CaSO4 solution (15 minute shaking, centrifuged for 15 minutes at 7000 rpm 
(6793 g) and supernatant discarded) and then washed repeatedly with deionised water to 
remove excess Ca (until Ca concentrations were <1 mg/l, verified by ICP-OES). Then, three 
times in succession, 33 ml 0.2 M Mg(NO3)2 was added to displace Ca, samples were shaken 
for 15 minutes, centrifuged for 15 minutes (7000 rpm, 6793 g), and supernatants filtered 
(Whatman 42) into a 100 ml flask, after which the volume was made to 100 ml with deionised 
water. Displaced Ca (and thus CEC) was measured by ICP-OES. To facilitate FTIR analysis, 
potassium bromide (KBr) discs were prepared by mixing 1.5 mg dried and ground biochar 
samples with 200 mg dried IR grade KBr using an agate pestle and mortar. The homogeneous 
powder was then placed between stainless steel discs, pressure (~10 tonnes for ~1 minute) 
applied by hydraulic press (Specac) and the resulting disc transferred into the FTIR 
spectrometer (Perkin Elmer spectrum 65) for analysis. Analysis conditions were: scanned 
wavenumber range 4000-400 cm-1; scanning increment 2 cm-1; number of scans set to 12; 
and background correction achieved using a blank KBr disc (i.e. no sample).  
 
The soils used for the Cd immobilisation trial were from field 10 (Table 1, collected on the 
original sampling trip) and field 14 (collected from near the field 14/15 margin on a subsequent 
collection trip, total Cd 61.5 mg/kg, referred to henceforth as field 14b). These soils were 
selected because they were in the mid to high Cd contamination range and thus were 
representative of soils from this area that most warranted remediation trials. Finely ground 
(powderised) biochars were added to the soils at rates of 0, 1, 5, 10, 15 and 20% w/w, and 
after mixing and equilibration in 0.01 M MgCl2 solution for 2 days the isotopically exchangeable 
Cd was determined using the 111Cd method as described above (with E values calculated 
according to soil mass). Biochar only samples (i.e. no soil) were also assessed for isotopically 
exchangeable Cd and were found to have negligible amounts (≤ 0.1 mg/kg).  
 
Statistical evaluation of data was conducted via correlation, regression and analysis of 
variance (ANOVA) using Minitab17 following appropriate data suitability tests. 
 
3. Results & Discussion 
 
3.1 Extractable, isotopically exchangeable and rice grain Cd comparisons 
The various abiotic measures of exchangeable (available) Cd employed produced comparable 
results for soils with total Cd <20 mg/kg but were more varied for soils with greater 
contamination levels (Figure 2). Isotopically exchangeable Cd correlated well with Tessier 1 
extracts across all soils (r = 0.904, p = 0.002), whereas BCR 1 and Tessier 2 extracts were far 
greater than E values for soils with high Cd. This may be related to both BCR 1 and Tessier 2 
extracts accessing Cd bound to carbonate phases in the higher Cd soils that are not 
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isotopically labile. When isotopically exchangeable Cd was measured in soils previously 
subjected to the Tessier 1 extraction (Table 2), i.e. to more closely examine the relationship 
between Cd pools accessed by the two methods, in most cases the E values were 
substantially lower than for the equivalent soils not subjected to a prior extraction. The 
reduction was ≥50% for most soils, indicating that the Tessier 1 and isotopically exchangeable 
methods did access similar pools of soil Cd. The reductions were not 100%, however, 
indicating that the pools accessed did vary to a degree and/or that the Tessier 1 extraction 
process exposed a portion of the Cd that was previously not isotopically exchangeable. 
Interestingly, it was soil from field 14 that showed the lowest reduction in E value following 
Tessier 1 treatment (37%), and it was this soil that also stood out when rice grain 
concentrations were compared with the abiotic measurements of available Cd (see below).       
     
Regression analysis revealed that rice grain Cd was associated with, and so could be 
predicted by, all abiotic measures of available Cd as well as total Cd (Table 3). Considering 
rice grain and all predictors across all fields, the regression coefficient was greatest for BCR 
1 and lowest for E value. However, when rice grain Cd was back-predicted from the derived 
regression equations it was clear that E values were in fact the best predictor of rice grain Cd 
for several of the soils (e.g. F4, F18; Figure 3). All of the predictors grossly overestimated rice 
grain Cd for soils from field 14, which was unexpected considering that this soil is comparable 
to the others in terms of key parameters such as pH and clay content. This set of results may 
suggest that it is not the Cd availability estimates that have failed for soil from field 14 but 
rather that some other process has restricted Cd assimilation here, a process possibly linked 
to site management. As noted previously (Kosolsaksakul et al., 2014), field 14 remains wetter 
for longer than the other soils because of its position in the cascade irrigation system at the 
site and therefore an oxidation-reduction related process may be restricting the assimilation 
of Cd. This would fit with the Mn-Cd uptake competition theory discussed by Chaney and 
others (Chaney et al., 2016; Fulda et al., 2013) in which dissolved Mn2+ in soil solution of wet 
soils strongly inhibits Cd uptake but upon soil drying is re-oxidized to MnO2 and no longer 
competes with Cd for uptake by the roots. If this were the case, any abiotic measurement of 
available Cd in such soils may have to be interpreted with this point in mind.         
 
 
Table 2. Isotopically exchangeable Cd (111Cd E value, mg/kg, mean± standard error) in soils and in soils 
previously extracted with 1M MgCl2 at pH 7 (Tessier step 1 reagent)   

Soil E value 
E value post Tess 1 

extraction 
Reduction (%) 

post Tess 1 

F1 1.93±0.01 1.04±0.01 46.1 

F7 0.75±0.01 0.25±0.01 66.7 

F4 6.92±0.07 3.08±0.07 55.5 

F14 14.5±0.16 9.12±0.01 37.1 

F10 19.0±0.14 9.6±0.41 49.5 

F18 18.0±0.62 7.89±0.34 56.2 
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Table 3. Regression equations and coefficients for rice grain Cd (mg/kg) vs predictors total Cd (aqua-
regia 3:1 HCl:HNO3 digestion, BCR1 (0.11 M CH3COOH extraction at pH 2.85), Tessier 1 (1M MgCl2 
extraction at pH 7), Tessier 2 (1M CH3COONa extraction at pH 4.5), and 111Cd E value  

Equation 
Model p value and 

regression coefficient 

0.041 Total Cd (mg/kg) - 0.184 p<0.001; R2 = 86.4% 

0.048 BCR1 Cd (mg/kg) - 0.029 p<0.001; R2 = 91.0% 

0.262 Tessier 1 Cd (mg/kg) - 1.65 p<0.001; R2 = 89.5%* 

0.057 Tessier 2 Cd (mg/kg) - 0.010   p= 0.001; R2 = 86.2%*  

0.047 Tessier 1+2 Cd (mg/kg) - 0.310 p= 0.001; R2 = 87.15%* 

0.166 E value Cd (mg/kg) - 0.312  p= 0.001; R2 = 66.5%  

* Regression derived from 4 fields only (Tessier extractions not performed on F1 or F7). 

 
 
3.2 Cd immobilisation by biochar 
Rice husk and miscanthus biochar CECs were 8.12±0.01 and 3.6±0.54 meq/100 g, 
respectively, which is comparable with CECs reported elsewhere for biochars produced from 
wheat-straw (0.5-5.1 meq/100 g) and peanut shell (0.3-7.2 meq/100 g) (Gai et al., 2014). FTIR 
analysis (Figure 4) revealed the two biochars to have similar surface functional groups, with 
features including non-H bonded OH groups (~3500 cm-1), carbonyl C=O (e.g. 1697 cm-1), 
alcohol/phenol O-H bend (e.g. 1378 cm-1), C-O groups (e.g. 1106 cm-1) and aryl C-H groups 
(e.g. 873 cm-1), reflecting the observations made by Jindo et al. (2014) for rice husk and rice 
straw biochars.  However, as shown in Figure 4, there were some discernible differences in 
surface functional groups between the rice husk and miscanthus biochars; the rice husk 
biochar had more prominent bands at lower wavelengths and this is attributed to a greater 
silica content on the grounds that silica is a major component in the chemical structure of rice 
materials and that silica is known to give strong peaks in this region (Jindo et al. 2014). 
Moreover, it has been found that rice husk and rice straw biochars have more silica compared 
to biochars made from other (i.e. woody) source materials (Jindo et al. 2014).       
 
Isotopically exchangeable Cd measurements in amended and non-amended soils revealed 
statistically significant (ANOVA, with Tukey pairwise comparisons) reductions in E values for 
field 14b soils at rice biochar application rates of 5% and above (Figure 5). When amended 
with miscanthus biochar, the same soil only showed significant reductions at application rates 
of 15% and above (Figure 5). Contrastingly, neither biochar was able to significantly reduce 
isotopically exchangeable Cd in field 10 soils at any application rate tested (Figure 5). The 
precise reason for this failure is unclear but it may be linked to the higher organic matter 
content of field 10 soil (i.e. 4.75% vs 1.25%), which may have enabled indigenous soluble soil 
organic matter to maintain Cd mobility despite the sorbing capacity of the biochar. Considering 
that recent work has demonstrated how higher pyrolysis temperatures produce biochars with 
greater metal sorption capacity (Rodríguez-Vila et al. 2017), it may be that employing biochars 
produced at 550°C (which would have greater sorption capacity than those used in the present 
study) could overcome this theorised mobilisation effect. Hypotheses aside, the results appear 
comparable with those of Ippolito et al. (2017) who observed varying degrees of success in 
reducing extractable Cd in mine contaminated soils treated with pine and tamarisk biochars. 
They found 0.01M CaCl2 extractable Cd was only modestly reduced in some soils treated with 
tamarisk biochar at application rates of 10% w/w (i.e. from ~27 to 18 mg/kg and from ~10 to 6 
mg/kg for two tested soils respectively) but was more substantially reduced by pine biochar 
applications (i.e. down to ~5 and 3 mg/kg, respectively, for the same two soils). Houben et al. 
(2013), on the other hand, saw substantial (i.e. 50%) decreases in 0.01M CaCl2 extractable 
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Cd in contaminated soils treated with miscanthus biochar at 10% application rates. However, 
those reductions were largely attributed to the increase in pH brought about by biochar 
additions (from an acidic ~5.7 to a more neutral 6.7), which would not have occurred to the 
same extent in the soils tested in the current study because of their much higher natural pH 
values (~7.7). Therefore, biochar properties and site specific circumstances need to be 
considered when remediation efforts involving biochar are considered.             
 
Although the results of the current study support the concept, in principle at least, that biochar 
applications can restrict Cd availability in some soils, the degree of any restriction achieved 
and its ecological and human health relevance in terms of successful site amelioration needs 
to be evaluated. If one considers the isotopically exchangeable Cd content of the biochar 
amended soils tested here and uses them to predict (using regression equations in Table 3) 
the rice grain Cd that would arise in a crop, it becomes apparent that even for soil 14b (which 
showed statistically significant reduction in E value following biochar applications) the amount 
of Cd in the resulting rice would still be an order of magnitude above the safe limit of 0.4 mg/kg 
(FAO-WHO, 2006). Moreover, this would still be the case at the highest biochar application 
rate tested (i.e. 20% w/w). Therefore, even at the impractical and likely uneconomical rate of 
biochar application of 20% by mass (which would equate to ~240 t/ha considering the top 10 
cm of soil and a soil bulk density of 1.2 g/cm3), the biochars tested here would not achieve the 
desired level of site amelioration for these soils. This is in contrast to findings reported by Bian 
and co-workers (Bian et al., 2013) where field applications of wheat biochar to rice paddy soils 
in China (pH 5.0-6.3; total Cd 0.2-21.8 mg/kg) successfully reduced rice grain Cd to near or 
below the 0.4 mg/kg health limit in 4 out of 5 soils treated at 20 and 40 t/ha. Again, this 
emphasises the need to evaluate, select and even deliberately engineer, the properties of 
biochars produced from different feedstocks and to consider the implications of important site 
specific conditions such as pH and water (flood irrigation) management.       
 
 
4. Conclusions 
For the Cd contaminated soils investigated, step 1 of the BCR scheme and step 1 of the 
Tessier scheme showed the highest R2 values in regressions with rice Cd (91% and 90%, 
respectively), but all predictors examined were strongly linked to rice Cd (p<0.001) and could 
be used for prediction purposes. However, all predictors over-estimated grain Cd by a factor 
of 2.5 to 5.7 for soil from field 14, suggesting that rice grain Cd had been restricted here by 
the differing flooding regime and subsequent changes to redox conditions. The precise 
mechanisms involved should be further investigated to determine whether this phenomenon 
is explained by the Mn-Cd uptake competition theory. E values and Tessier step 1 extractions 
were closely related, indicating that these measurements access similar pools of soil Cd.  
 
Biochar addition did reduce the isotopically exchangeable Cd in one soil (at 5% rice husk and 
15% miscanthus biochar addition rates, respectively), but made no difference in the second 
soil. Moreover, based on E-value – rice grain Cd relationships established here, the reductions 
in isotopically exchangeable Cd observed would not be sufficient to predict reductions in rice 
grain Cd below health limit thresholds. This indicates that while biochars can reduce Cd 
mobility, further work is needed to customise biochar properties to suit specific soil and 
contaminant situations if they are to be used successfully for remediation of metal 
contaminated soils. 
 
 
Acknowledgements 
The authors thank the Royal Thai Government for financial support (via a grant awarded to 
Kosolsaksakul). We also thank Prof. John Farmer and Dr. Lorna Eades for advice and 
technical assistance with ICP-MS analysis.  
 
 



Journal of Environmental Management 215: 49-56. DOI: 10.1016/j.jenvman.2018.03.044. Accepted 11-3-2018. 

References    
Akkajit, P., Tongcumpou, C., 2010. Fractionation of metals in cadmium contaminated soil: 

Relation and effect on bioavailable cadmium. Geoderma 156(3–4), 126-132. 
Atkinson, A.R., Bailey, E.H., Tye, A.M., Breward, B., Young, S.D., 2011. Fractionation of lead 

in soil by isotopic dilution and sequential extraction. Environmental Chemistry 8(5), 
493-500. 

Ayoub, A.S., McGaw, B.A., Shand, C.A., Midwood, A.J., 2003. Phytoavailability of Cd and Zn 
in soil estimated by stable isotope exchange and chemical extraction. Plant and Soil 
252(2), 291-300. 

Basta, N., Gradwohl, R., 2000. Estimation of Cd, Pb, and Zn bioavailability in smelter-
contaminated soils by a sequential extraction procedure. J. Soil Contam. 9(2), 149-
164. 

Beesley, L., Marmiroli, M., 2011. The immobilisation and retention of soluble arsenic, cadmium 
and zinc by biochar. Environmental Pollution 159(2), 474-480. 

Beesley, L., Moreno-Jimenez, E., Gomez-Eyles, J.L., Harris, E., Robinson, B., Sizmur, T., 
2011. A review of biochars' potential role in the remediation, revegetation and 
restoration of contaminated soils. Environmental Pollution 159(12), 3269-3282. 

Bian, R.J., Chen, D., Liu, X.Y., Cui, L.Q., Li, L.Q., Pan, G.X., Xie, D., Zheng, J.W., Zhang, 
X.H., Zheng, J.F., Chang, A., 2013. Biochar soil amendment as a solution to prevent 
Cd-tainted rice from China: Results from a cross-site field experiment. Ecological 
Engineering 58, 378-383. 

Buss, W., Graham, M.C., Shepherd, J.G., Mašek, O., 2016. Suitability of marginal biomass-
derived biochars for soil amendment. Science of the Total Environment 547, 314-322. 

Cai, S.W., Yue, L., Hu, Z.N., Zhong, X.Z., Ye, Z.L., Xu, H.D., Liu, Y.R., Ji, R.D., Zhang, W.H., 
Zhang, F.Y., 1990. Cadmium exposure and health-effects among residents in an 
irrigation area with ore dressing wastewater. Science of the Total Environment 90, 67-
73. 

Chaney, R.L., 2015. How Does Contamination of Rice Soils with Cd and Zn Cause High 
Incidence of Human Cd Disease in Subsistence Rice Farmers. Current Pollution 
Reports 1(1), 13-22. 

Chaney, R.L., Kim, W.I., Yang, J.E., Ok, Y.S., 2016. Integrated management strategies for 
arsenic and cadmium in rice paddy environments Preface. Geoderma 270, 1-2. 

de Lima Neto, E., Guerra, M.B.B., Thomazini, A., Daher, M., de Andrade, A.M., Schaefer, 
C.E.G.R., 2017. Soil Contamination by Toxic Metals Near an Antarctic Refuge in 
Robert Island, Maritime Antarctica: A Monitoring Strategy. Water, Air, & Soil Pollution 
228(2), 66. 

Degryse, F., Voegelin, A., Jacquat, O., Kretzschmar, R., Smolders, E., 2011. Characterization 
of zinc in contaminated soils: complementary insights from isotopic exchange, batch 
extractions and XAFS spectroscopy. European Journal of Soil Science 62(2), 318-330. 

FAO-WHO, 2006. Codex Alimentarius Commission. Report of the twenty-ninth session. In: 
Joint FAO/WHO Food Standards Programme ALINORM 06/29/12. 

Farmer, J.G., Broadway, A., Cave, M.R., Wragg, J., Fordyce, F.M., Graham, M.C., Ngwenya, 
B.T., Bewley, R.J.F., 2011. A lead isotopic study of the human bioaccessibility of lead 
in urban soils from Glasgow, Scotland. Science of the Total Environment 409(23), 
4958-4965. 

Fellet, G., Marmiroli, M., Marchiol, L., 2014. Elements uptake by metal accumulator species 
grown on mine tailings amended with three types of biochar. Science of the Total 
Environment 468–469(0), 598-608. 

Flynn, H.C., Mc Mahon, V., Diaz, G.C., Demergasso, C.S., Corbisier, P., Meharg, A.A., Paton, 
G.I., 2002. Assessment of bioavailable arsenic and copper in soils and sediments from 
the Antofagasta region of northern Chile. Science of the Total Environment 286(1-3), 
51-59. 

Fulda, B., Voegelin, A., Kretzschmar, R., 2013. Redox-Controlled Changes in Cadmium 
Solubility and Solid-Phase Speciation in a Paddy Soil As Affected by Reducible Sulfate 
and Copper. Environmental Science & Technology 47(22), 12775-12783. 



Journal of Environmental Management 215: 49-56. DOI: 10.1016/j.jenvman.2018.03.044. Accepted 11-3-2018. 

Gai, X.P., Wang, H.Y., Liu, J., Zhai, L.M., Liu, S., Ren, T.Z., Liu, H.B., 2014. Effects of 
Feedstock and Pyrolysis Temperature on Biochar Adsorption of Ammonium and 
Nitrate. PLoS ONE 9(12). Article Number: e113888. 

Gomez-Eyles, J.L., Sizmur, T., Collins, C.D., Hodson, M.E., 2011. Effects of biochar and the 
earthworm Eisenia fetida on the bioavailability of polycyclic aromatic hydrocarbons and 
potentially toxic elements. Environmental Pollution 159(2), 616-622. 

Houben, D., Evrard, L., Sonnet, P., 2013. Mobility, bioavailability and pH-dependent leaching 
of cadmium, zinc and lead in a contaminated soil amended with biochar. Chemosphere 
92(11), 1450-1457. 

Huang, Z.Y., Chen, T., Yu, J., Zeng, X.C., Huang, Y.F., 2011. Labile Cd and Pb in vegetable-
growing soils estimated with isotope dilution and chemical extractants. Geoderma 
160(3-4), 400-407. 

Ippolito, J.A., Berry, C.M., Strawn, D.G., Novak, J.M., Levine, J., Harley, A., 2017. Biochars 
Reduce Mine Land Soil Bioavailable Metals. Journal of Environmental Quality 46(2), 
411-419. 

Jindo, K., Mizumoto, H., Sawada, Y., Sanchez-Monedero, M.A., Sonoki, T., 2014. Physical 
and chemical characterization of biochars derived from different agricultural residues. 
Biogeosciences 11(23), 6613-6621. 

Khaokaew, S., Chaney, R.L., Landrot, G., Ginder-Vogel, M., Sparks, D.L., 2011. Speciation 
and Release Kinetics of Cadmium in an Alkaline Paddy Soil under Various Flooding 
Periods and Draining Conditions. Environmental Science & Technology 45(10), 4249-
4255. 

Khaokaew, S., Landrot, G., 2015. A field-scale study of cadmium phytoremediation in a 
contaminated agricultural soil at Mae Sot District, Tak Province, Thailand: (1) 
Determination of Cd-hyperaccumulating plants. Chemosphere 138, 883–887. 

Kosolsaksakul, P., Farmer, J.G., Oliver, I.W., Graham, M.C., 2014. Geochemical associations 
and availability of cadmium (Cd) in a paddy field system, northwestern Thailand. 
Environmental Pollution 187(0), 153-161. 

Lehmann, J., Joseph, S., 2009. Biochar for Environmental Management. In: J. Lehmann, S. 
Joseph (Eds.), Biochar for Environmental Management: Science and Technology. 
Routledge, London. 

Lombi, E., Hamon, R.E., McGrath, S.P., McLaughlin, M.J., 2003. Lability of Cd, Cu, and Zn in 
polluted soils treated with lime, beringite, and red mud and identification of a non-labile 
colloidal fraction of metals using isotopic techniques. Environmental Science and 
Technology 37, 979-984. 

McGrath, S.P., Brookes, P.C., Giller, K.E., 1988. Effects of potentially toxic metals in soil 
derived from past applications of sewage sludge on nitrogen fixation by Trifolium 
repens L. Soil Biology and Biochemistry 20(4), 415-424. 

McLaughlin, M.J., Parker, D.R., Clarke, J.M., 1999. Metals and micronutrients - food safety 
issues. Field Crops Research 60, 143-163. 

Mungai, T.M., Owino, A.A., Makokha, V.A., Gao, Y., Yan, X., Wang, J., 2016. Occurrences 
and toxicological risk assessment of eight heavy metals in agricultural soils from 
Kenya, Eastern Africa. Environ Sci Pollut Res 23(18), 18533-18541. 

Nakhone, L.N., Young, S.D., 1993. The significance of (radio-) labile cadmium pools in soil. 
Environmental pollution 82, 73-77. 

Nolan, A.L., Ma, Y., Lombi, E., McLaughlin, M.J., 2004. Measurement of labile Cu in soil using 
stable isotope dilution and isotope ratio analysis by ICP-MS. Analytical and 
Bioanalytical Chemistry 380, 789-797. 

Oliver, I.W., Ma, Y., Lombi, E., Nolan, A.L., McLaughlin, M.J., 2006. Stable isotope techniques 
for assessing labile Cu in soils: Development of an L-value procedure, its application, 
and reconciliation with E values. Environmental Science and Technology 40(10), 3342-
3348. 

Pereira, J.L., Pereira, P., Padeiro, A., Goncalves, F., Amaro, E., Leppe, M., Verkulich, S., 
Hughes, K.A., Peter, H.U., Canario, J., 2017. Environmental hazard assessment of 



Journal of Environmental Management 215: 49-56. DOI: 10.1016/j.jenvman.2018.03.044. Accepted 11-3-2018. 

contaminated soils in Antarctica: Using a structured tier 1 approach to inform decision-
making. Science of the Total Environment 574, 443-454. 

Prince, W.S., Kumar, P.S., Doberschutz, K.D., Subburam, V., 2002. Cadmium toxicity in 
mulberry plants with special reference to the nutritional quality of leaves. J. Plant Nutr. 
25(4), 689-700. 

Puga, A.P., Abreu, C.A., Melo, L.C.A., Paz-Ferreiro, J., Beesley, L., 2015. Cadmium, lead, 
and zinc mobility and plant uptake in a mine soil amended with sugarcane straw 
biochar. Environmental Science and Pollution Research 22(22), 17606-17614. 

Rodríguez-Vila, A., Selwyn-Smith, H., Enunwa, L., Smail. I,, Covelo, E.F., Sizmur, T, 2017. 
Predicting Cu and Zn sorption capacity of biochar from feedstock C/N ratio and 
pyrolysis temperature. Environmental Science and Pollution Research 
doi.org/10.1007/s11356-017-1047-2. 

Santos, M.J., Teixeira Tarley, C.R., Cunha, I., Zapelini, I., Galunin, E., Bleinroth, D., Vieira, I., 
Abrao, T., 2015. Leachability of major and minor elements from soils and sediments of 
an abandoned coal mining area in Southern Brazil. Environmental Monitoring and 
Assessment 187(3). 

Simmons, R., Noble, A., Pongsakul, P., Sukreeyapongse, O., Chinabut, N., 2009. Cadmium-
hazard mapping using a general linear regression model (Irr-Cad) for rapid risk 
assessment. Environmental Geochemistry and Health 31(1), 71-79. 

Simmons, R.W., Pongsakul, P., Saiyasitpanich, D., Klinphoklap, S., 2005. Elevated Levels of 
Cadmium and Zinc in Paddy Soils and Elevated Levels of Cadmium in Rice Grain 
Downstream of a Zinc Mineralized Area in Thailand: Implications for Public Health. 
Environmental Geochemistry and Health 27(5-6), 501-511. 

Smolders, E., Brans, K., Foldi, A., Merckx, R., 1999. Cadmium fixation in soils measured by 
isotopic dilution. Soil Science Society of America Journal 63(1), 78-85. 

Sohi, S., Lopez-Capel, E., Krull, E., Bol, R., 2009. Biochar, climate change and soil: A review 
to guide future research. CSIRO Land and Water Science Report 05/09 

Sterckeman, T., Carignan, J., Srayeddin, I., Baize, D., Cloquet, C., 2009. Availability of soil 
cadmium using stable and radioactive isotope dilution. Geoderma 153(3-4), 372-378. 

Sumner, M.E., Miller, W.P., 1996. Cation exchange capacity, and exchange coefficients. In: 
D.L. Sparks (Ed.), Methods of soil analysis. Part 2: Chemical properties. Soil Science 
Society of America, Madison. 

Swaddiwudhipong, W., Limpatanachote, P., Mahasakpan, P., Krintratun, S., Punta, B., 
Funkhiew, T., 2012. Progress in cadmium-related health effects in persons with high 
environmental exposure in northwestern Thailand: A five-year follow-up. 
Environmental Research 112(0), 194-198. 

Taylor, M.P., Mackay, A.K., Hudson-Edwards, K.A., Holz, E., 2010. Soil Cd, Cu, Pb and Zn 
contaminants around Mount Isa city, Queensland, Australia: Potential sources and 
risks to human health. Applied Geochemistry 25(6), 841-855. 

Tessier, A., Campbell, P.G.C., Bisson, M., 1979. Sequential extraction procedure for the 
speciation of trace metals. Analytical Chemistry 51, 844-851. 

Ure, A.M., Quevauviller, P., Muntau, H., Griepink, B., 1993. Speciation of Heavy-Metals in 
Soils and Sediments - an Account of the Improvement and Harmonization of Extraction 
Techniques Undertaken under the Auspices of the BCR of the Commission-of-the-
European-Communities. International Journal of Environmental Analytical Chemistry 
51(1-4), 135-151. 

Young, S.D., Zhang, H., Tye, A.M., Maxted, A., Thums, C., Thornton, I., 2006. Characterizing 
the availability of metals in contaminated soils. I. The solid phase: sequential extraction 
and isotopic dilution. Soil Use and Management 21, 450-458. 

Zhao, F.-J., Ma, Y., Zhu, Y.-G., Tang, Z., McGrath, S.P., 2015. Soil Contamination in China: 
Current Status and Mitigation Strategies. Environmental Science & Technology 49(2), 
750-759. 

 
 
 



Journal of Environmental Management 215: 49-56. DOI: 10.1016/j.jenvman.2018.03.044. Accepted 11-3-2018. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Sketch map indicating orientation and water flow direction for the set of rice paddy fields 
examined (inset map indicates location of the Mae Sot area within Thailand) (adapted from 
Kosolsaksakul et al. 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Comparison of rice grain Cd and various abiotic measures of available soil Cd: step 1 of the 
BCR extraction scheme (BCR1 = 0.11 M CH3COOH at pH 2.85), steps 1 and 2 of the Tessier extraction 
scheme (Tess 1, Tess 2 = 1M MgCl2 at pH 7 followed by 1M CH3COONa at pH 4.5) and isotopically 
exchangeable Cd (111Cd E value). Soils presented according to total soil Cd (note Tessier scheme not 
performed on soils from Field 1 or 7).    
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Figure 3. Rice grain Cd back-predicted from regression equations in Table 3 divided by measured 
(actual) values. BCR1 = 0.11 M CH3COOH extraction at pH 2.85, Tess 1 = 1M MgCl2 extraction at pH 
7, Tess 2 = 1M CH3COONa extraction at pH 4.5, E value = isotopically exchangeable Cd (111Cd). Error 
bars indicate standard deviations. The horizontal dashed line represents a perfect (1:1 
predicted:measured) value. Fields 1 and 7 not shown as Tessier extractions were not performed on 
them.    
 
 
 

 
 
Figure 4. Fourier-transform infrared (FTIR) spectra of the rice husk and miscanthus biochars.  
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Figure 5. Isotopically exchangeable Cd (E value, mg/kg) for field 10 and field 14b soils amended with 
varying rates of rice (RC) and miscanthus (MC) biochar. Error bars indicate standard errors. Asterisks 
(*) indicate values significantly lower than control (0% biochar) for rice biochar treatments while daggers 
(†) indicate same for miscanthus treatments. 
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