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Abstract 

It has been challenging to analyze inorganic arsenic (iAs) with anion exchange HPLC-Electrospray 

Ionization-Mass spectrometry (HPLC-ESI-MS), because arsenite (As(III)) is difficult to retain on column 

and the salts in mobile phase causes ionization suppression of iAs. To address these issues, a method has 

been developed involving the determination of arsenate (As(V)) with mixed mode HPLC-ESI-MS and the 

conversion of As(III) to As(V) for total iAs. As(V) was separated from other chemicals on Newcrom B, a 

bi-modal HPLC column involving anion exchange and reverse phase interaction. The elution employed a 

two-dimensional gradient, including a formic acid gradient to elute As(V) and a concurrent alcohol 

gradient to elute organic anions used in sample preparations. As(V) was detected by Selected Ion 

Recording (SIR) in negative mode at m/z = 141 with a QDa (single quad) detector. As(III) was 

quantitatively converted to As(V) by mCPBA oxidation and measured for total iAs. By replacing salt 

with formic acid in elution, the ionization efficiency for As(V) was greatly enhanced in ESI interface. The 

limit of detection (LOD) for As(V) and As(III) were 0.0263 M (1.97 ppb) and 0.0398 M (2.99 ppb), 

respectively. The linear range was 0.05 – 1 M.  

The method has been used to characterize iAs speciation change in the solution and precipitation in a 

simulated iron-rich groundwater caused by air exposure.  
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1. Introduction  

Groundwater contamination by arsenic impacts 94-200 million people worldwide.[1]  Most of the natural 

arsenic exists as either As(V) or As(III). They have different mobilization and sequestration behaviors in 

a mineral-water-soil system. Their transportations are complicated by As(III) – As(V) interconversion 

through redox oscillation in different environmental settings.[2]  Speciation of iAs has been a key issue in 

environmental characterization and management. 

Speciation of iAs is also needed for drinking water production management. In the United States, 

groundwater is not only used for drinking through private wells, but also used as the main water source 

for community water systems (CWSs). For arsenic in drinking water, the Maximum Contaminant Level 

(MCL) is 10 ppb.[3] To meet the MCL, polluted water needs to be treated for human consumption. The 

treatment typically involves oxidation of As(III) to As(V), followed by chemical or physical removal.[4] 

However, spatiotemporal fluctuations of arsenic in various matrices present challenges to managing 

quality compliance of the potable water from CWSs. A recent report showed that high levels of arsenic 
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was one of the major contributors to health-based violations based on the water quality data from 48,215 

CWSs in the US. The arsenic MCL violations were significantly correlated to variations in climate factors 

such as precipitation and drought, and human consumption.[5] Since iAs speciation plays a fundamental 

role in its spatiotemporal fluctuation,[6] a comprehensive speciation analysis would help to customize 

infrastructure in CWS.  

Although there is a tremendous need for iAs speciation, only a few options are available for lab analysis. 

The speciation methods are either based on the reactivity difference between As(III) and As(V), or carried 

out by HPLC separation.[7, 8] The most popular HPLC methods are anion exchange or ion-pair 

chromatography. [9] As(III) is generally eluted at close to void volume in these methods and the 

quantitation accuracy is strongly influenced by the matrix.[10, 11] To achieve ppb-level detection, atomic 

optical spectrometry and mass spectrometry are used, with the most popular being inductively coupled 

plasma mass spectrometry (ICP-MS).  

ESI-MS has been typically used as a complimentary detector for As speciation identification in 

chromatography.[12, 13] It has not been commonly used for quantitation of iAs because it was strongly 

influenced by sample matrix when interfaced with the HPLC separations.[14] In ion-pair chromatography 

analysis, iAs gave very poor signal.[10, 11]  In anion exchange chromatography with salt elution, the 

mobile phase depressed the signals and the co-eluted matrix chemicals had unpredictable impacts on ESI 

signals for As(III) and As(V).[15] In analyzing iAs with a Hamilton PRP-X100/Waters TQ MS, the 

groundwater matrix caused a 4-fold increase of the selected ion record signal for As(III), and 3- and 5- 

fold increases of multiple reaction monitor (MRM) signals for As(III) and As(V), respectively.[15]  

The development of a standalone HPLC-ESI-MS method for iAs speciation is reported in this paper. The 

strategy focused on addressing three issues: eliminating salt from the mobile phase of HPLC to improve 

ESI-MS interfacing, separating matrix chemicals from As(V) for reliable detection, and converting 

As(III) to As(V) for total iAs determination. The first two issues were addressed by replacing anion 

exchange column with a mixed mode column.[16] Converting As(III) to As(V) eliminated problems 

associated with low retention, and improved its detectability.  

The research was carried out with a HPLC separation system interfaced with an ESI- single quad MS 

detector (QDa). A method with HPLC-EIS-MS can be a valuable alternative to HPLC-ICP-MS for 

arsenic analysis. Apart from the difference in analysis capability, HPLC-EIS-MS has a different profile in 

terms of cost, operation support, and maintenance.[8, 17]   

 

2. Experimental  

2.1 Chemicals 

Sodium arsenate heptahydrate was acquired from Spectrum Chemical (New Brunswick, NJ, USA). 

Sodium (meta)arsenite, Oxalic acid dihydrate, 3-Chloroperbenzoic acid (mCPBA), and formic acid 

(HCOOH) were from Sigma Aldrich (St. Louis, MO, USA). Reagent Alcohol (a mixture of 90 % EtOH, 

5% MeOH, and 5% 2-propanol, Catalog # A962-4, Fisher Scientific), acetonitrile (MeCN), and methanol 

(MeOH) were from Fisher Scientific (Waltham, MA, USA). Ultrapure water was produced by a Milli-Q 

Advantage A10 Water Purification System from Millipore Sigma (Burlington, MA, USA). Sodium 

percarbonate, sodium perborate, hydrogen peroxide urea, sodium persulfate, and ammonia carbonate were 

purchased from Sigma Aldrich.  
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2.2 LC-ESI-MS analysis 

All chromatography experiments were carried out with a Waters Alliance e2695 XC separation module 

equipped with a quaternary solvent system, autosampler, a 250 l syringe, and a 100 l sample loop 

(Waters Corp., Milford, MA, USA). Signal detection was carried out with a Waters 2998 Photodiode 

Array (PDA) and an Acuity QDa mass detector equipped with an electron spray ionization (ESI) 

interface. The nitrogen was supplied by a NM30A nitrogen generator (PEAK Scientific Inc., North 

Billerica, MA, USA). Empower 3 Software was used for chromatography data acquisition and processing.  

The volume of sample injection was 10 l. For 2-D elution gradient development, three mobile phase 

stocks were used, including water, Reagent Alcohol, and 10% v/v HCOOH in water. The column 

temperature was 25 ⁰C.  

Eluted chemicals were detected by QDa in negative mode with a probe temperature of 600 ⁰C and a 

capillary voltage of 0.8 kV. The nitrogen flow of the nebulizer was 120 L/hour. Quantitative analysis of 

targeted analytes was carried out by Single Ion Recording (SIR) at the mass-to-charge (m/z) of the base 

peak. The matrix was monitored with total ion current (TIC) in the m/z range of 100 – 200, and UV 

absorption in the range of 200 – 300 nm. In the final method, total analysis time was 16 min.  

2.3 Detection, chromatography, and sample preparation development 

Prior to chromatography development, the detection was investigated by SIR of arsenic standards (2-1000 

M) eluted from a Xterra C18 column (4.6 x 150 mm, 3.5 , and 100 Å, Waters, Milford, MA, USA). 

The mobile phase was a gradient of 5-10% MeCN over 10 min in water containing 0.1% HCOOH and 15 

mM (NH4)2CO3. The sensitivity was characterized by the slope of the standard curve. 

The candidate columns for iAs separation were Obelisc, Newcrom, and Primesep columns (3.2 x 100 

mm, 5 , and 100Å, SIELS, Wheeling, IL, USA). The separation modes involved anion exchange plus 

hydrophobic interaction or cation exchange. Column evaluation was carried out with isocratic elution by 

(NH4)2CO3 (2.5 – 12.5 mM) in 5% MeCN. The pH of the mobile phase was adjusted to 4.0 with formic 

acid.  

For elution in anion exchange, (NH4)2CO3 was replaced by formic acid (0.4 – 0.9 v/v%) in mobile phase. 

Methanol and ethanol (the Reagent Alcohol) were compared with MeCN in the second dimension of the 

elution. The composition and flow rate of mobile phase were systematically evaluated for their impacts on 

chromatographic separation as well as QDa detection. The experiment was designed and analyzed with 

JMP 15 software (JMP Statistical Discovery LLC, Cary, NC, USA). The chromatographic behavior was 

characterized in terms of retention time (tR) and theoretical plate number (N). N was calculated by the 

equation below, where H is peak height and A is peak area.[18]  

 

Theoretical Plate Number: 𝑁 = 2 𝜋 (
𝐻

𝐴
 𝑡𝑅)2  Eq. 1 

 

Oxalic acid was tested for its ability to preserve the speciation of 20 mM iAs stock solutions in long term 

(weeks) as well as low concentration samples in short term (days). To oxidize As(III), m-

Chloroperbenzoic acid (mCPBA), percarbonate, perborate, hydrogen peroxide urea, and persulfate were 
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compared. The oxidation was optimized for maximal efficiency, completeness, and minimal number of 

byproducts. After the protocols for sample modification with oxalic acid and As(III) oxidation were 

finalized, the elution was optimized to separate As(V) from the other chemicals, including oxalic acid, the 

oxidant, and the oxidation byproducts.  

2.4 Method characterization 

The HPLC method was characterized by linearity, limit of detection (LOD), and limit of quantitation 

(LOQ). The linearity of the standard curve was characterized by linear range, slope, and coefficient of 

determination. The LOD and LOQ were 3- and 10- fold of the quotient of the standard deviation divided 

by the slope of the calibration curve. The precision was evaluated by relative standard deviation (RSD) as 

a function of concentration. Recoveries of As(III) and As(V) were used to evaluate speciation accuracy.  

2.5 Arsenic stability and speciation change in simulated groundwater 

The method was applied to evaluate the change of arsenic speciation in a simulated groundwater matrix. 

The concentrations of chemicals were the median values of those in 53 groundwater samples collected 

between 2006 and 2007 at Fort Devens Superfund Site, Devens, MA (Table 1). [19] Air exposure was 

simulated by leaving vials open for 20 min, a typical time required for ground water sampling. The 

samples were allowed to stand for 16 h to complete ferric oxide precipitation. As(III) and As(V) were 

quantified in liquid and solid phases. Mass balance was evaluated in terms of total iAs recovery.   

 

Table 1 Composition of the simulated groundwater 

Chemical Mol Wt 
Cation 

(M) 
mg L-1 

[CO3
2-]  

(M) 

[Cl-]  

(M) 

FeCl2 (4H2O) 198.81 612 121.67  1224 

MnCl2 125.84 83 10.44  166 

CaCO3 100.1 1105 110.61 1105  

K2CO3 138.21 426 29.44 106  

MgSO4 120.4 256 30.82   

NaHCO3 84.1 847 71.23 847  

(NH4)2CO3 96.09 286 13.74 72  

Sodium silicate 

(26.5% SiO2) 

Na2O 10.6% 

SiO2 26.5% 

310 Na 

(400 SiO2) 
90.72   

Na2HPO4 2H2O 178 
200 Na 

(100 PO4
3-) 

17.8   

Total (M)    2130  1390  

 

 

3 Results and discussion 

3.1 Arsenic detection and column selection 

The detection of As(III) or As(V) with ESI-MS was evaluated by injecting standard solutions through a 

C18 column. The mobile phase was typical for the mixed mode columns to be screened, including a 5-

10% MeCN gradient in 15 mM (NH4)2CO3, and 0.1% HCOOH (pH 3.0). The two species were monitored 

with SIR in negative mode at the mass charge ratios of their base peaks.[14] With the cone voltage at 15 

V, the base peaks were m/z = 141 and 107 for As(V) and As(III), respectively (Figure 1). Although both 

were eluted at void volume (3.89 min with flow rate = 0.4 ml/min), their detectability could be evaluated 
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by the slopes of their standard curves. The slope for As (III) was 41.5 CPS M-1 (50 -1000 M). The 

slope for As(V) was 1839 CPS M-1 (2-1000 M), indicating As(V) detection was 44-times more 

sensitive. This trend was also reported in an anion exchange HPLC-ESI-MS method.[15] With an elution 

by a 20 – 47.5 mM (NH4)2CO3 gradient in 5% MeOH, the SIR sensitivity for As(V) was about 10-fold 

higher than that for As(III). 

 

 

Figure 1 Chromatograms and Mass spectra and of As(III) and As(V) eluted by 5-10% MeCN, 15 mM 

(NH4)2CO3 and 0.1 v/v % HCOOH in water from Xterra C18 (4.5 x 150 mm, 5 ) 

 

The screened columns included Obelisc R, Newcrom B, Primesep SB, and Primesep B2. All were in 

dimension of 3.2 x 100 mm, with particle size 5  and pore size 100 Å. Primesep SB, Primesep B2, 

Newcrom B employed reverse-phase and anion exchange interactions. Obelisc R was a tri-mode column 

that had cation exchange interaction in addition to the two modes. The mobile phases for isocratic elution 

were solutions of 2.5 – 12.5 mM (NH4)2CO3 in 5% acetonitrile and the pH was adjusted to pH 4.0 with 

HCOOH. As(III) always eluted at void volume, suggesting no interaction in the employed modes. As(V) 

was retained in all four columns with retention factors ranging from 2.01 to 2.98. Newcrom B was 

selected for method development because As(V) was eluted as a sharp peak with 2.5 mM (NH4)2CO3. The 

stationary phase of Newcrom B was a strong anion exchanger at the end of a 100 Å polymeric 

hydrophobic chain. Higher concentrations of (NH4)2CO3 decreased As(V) retention and its peak area, 

indicating the interaction was anion exchange and (NH4)2CO3 suppressed the ESI-MS signal. 

The groundwater matrix presents additional challenges because the matrix chemicals can destabilize iAs 

speciation and interfere As(V) detection with ESI-MS. In a survey of As-polluted groundwater in 

Shepley’s Hill Landfill (Fort Devens, MA, USA), the iAs in the sample was precipitated with newly 

formed iron oxide after exposure to air in less than 20 min. The groundwater also had carbonate, sulfate, 
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and chloride in the range of 15-487 mg/L, 0.37-16.2 mg/L, and 1.31-35.4 mg/L, respectively. [19] The 

anions may impact ESI-MS detection if they are co-eluted with As(V). The objectives of HPLC would 

include separating As(V) from the anions in the matrix and the chemicals for sample preparation.  

3.2. Impact of mobile phase on chromatographic behavior and detection of As(V) 

Chemicals in mobile phase may impact ESI-MS detection in several stages, including formation of 

charged droplets, solvent evaporation, droplet fission, and gas-phase ion formation. Ammonium 

carbonate would increase the solution conductivity, change the surface tension of analyte droplets, and 

compete with As(V) in gas-phase ion formation.[20] These issues were addressed by replacing 

(NH4)2CO3 with formic acid for elution. It was found that As(V) was eluted by 0.5 – 1.0 v/v% formic acid 

in 10- 40% of MeCN. By eliminating the salt in the elution, As(V) peak areas were increased by 1.9- to 

7.5- fold. Organic solvent was evaluated by comparing MeCN with MeOH and EtOH (Reagent Alcohol, 

Fisher Scientific, catalog # A962-4). The peak area with Reagent Alcohol in mobile phase was twice as 

much comparing to those with MeCN or MeOH.   

Formic acid, reagent alcohol, and flow rate influenced not only chromatography efficiency but also ESI-

MS sensitivity for As(V). Their impacts were evaluated by systematically varying the mobile phases for 

isocratic elution by a design of experiment plan (Table 2).[21] The evaluation investigated formic acid in 

the range of 0.4 – 0.9 v/v%, Reagent Alcohol in the range of 20 – 60 v/v%, and flow rate in the range of 

0.2-0.4 ml/min. The study employed a Surface Response Methodology based on Central Composite 

Design. Each factor was evaluated in three levels. There were 16 tests including 15 combinations of the 

three factors at different levels and 1 repeat at the center point (Table 2, Test 5, and 8). The sample was 

10 l of 1 M As(V) in water. Retention time, peak area, and peak height were recorded. Theoretical 

plate numbers were calculated by Eq. 1 in Experimental Section.   

 

Table 2. Impact of mobile phase and flow rate on the HPLC-ESI-MS analysis of As(V)  

Test 
Formic acid 

(v/v%) 

Flow 

(ml/min) 

Reagent 

Alcohol 

(v/v%) 

tR 

(min) 

Area 

(CPS) 
Height 

Theoretical 

Plate Number 

1 0.9 0.2 20 5.13 62528 4811 3530 

2 0.65 0.2 40 5.34 80647 5261 2749 

3 0.65 0.3 20 3.86 54151 5795 3869 

4 0.4 0.2 20 7.53 56187 3191 4165 

5 0.65 0.3 40 3.59 55650 5280 2644 

6 0.4 0.2 60 6.70 88145 3587 1687 

7 0.4 0.3 40 4.57 64686 4823 2627 

8 0.65 0.3 40 3.57 73953 7063 2632 

9 0.9 0.4 20 2.53 46404 7052 3353 

10 0.4 0.4 20 3.75 37320 4120 3875 

11 0.65 0.3 60 3.52 102164 8264 1837 

12 0.9 0.3 40 3.12 75378 8141 2596 

13 0.4 0.4 60 3.31 69381 5654 1644 

14 0.9 0.4 60 2.31 103958 12467 1730 

15 0.65 0.4 40 2.67 61360 7513 2422 

16 0.9 0.2 60 4.59 143326 9554 2122 
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The effects of the three factors were evaluated with F-tests, and fitting to polynomial models that included 

terms for interactions and quadratic effects.[21] Retention times were in the range of 2.31 – 7.53 min. 

According to the F-test, all three factors significantly influenced retention time. The impacts were in the 

order of Flow > formic acid >> interaction between formic acid and flow ≈ Reagent Alcohol 

(Supplementary Material, Table 1). It was found formic acid was 11 times more efficient than Reagent 

Alcohol to elute As(V) in the experiment. Based on the peak area, variating elution conditions caused 

ESI-MS sensitivity to change by 3.84-fold (Supplementary Material, Table 2).  Parameter estimates in 

modeling showed that Reagent Alcohol and formic acid increased the sensitivity. Their interaction was 

also significant. The impact from Reagent Alcohol was about 4.7-fold of that from formic acid. Signal 

enhancement by formic acid depends on alcohol concentration. In 60% alcohol, increasing formic acid 

from 0.4 – 0.9% caused peak area to increase by 64% (Test 6 vs 16, Table 2). It has been observed that 

carboxylic acids can form esters with arsenate at ESI interface. The detection limit of As(V) was reduced 

from 0.95 M to 0.035 M by forming a monoester with iminodiacetic acid.[22] Formic acid may form 

ester(s) with As(V) under acidic condition. It would be worthwhile to study if the esterification plays a 

role in the signal enhancement or can generate easier-to-detect anions in ESI. In terms of theoretical plate 

number, chromatography efficiency was reduced at higher concentrations of Reagent Alcohol or formic 

acid (Supplementary Material, Table 3). Apparently, Reagent Alcohol increased the peak width, while 

formic acid reduced the retention time. Flow rate changed both peak width and retention time. Overall, 

increasing flow rate caused little reduction in theoretical plate number.  

 

3.3. As(III) oxidation and sample preparation  

Since As(III) was difficult to analyze with HPLC-ESI-MS, converting As(III) to As(V) became the 

prioritized option. Many oxidants had been used to oxidize As(III) for water treatment. Examples of these 

oxidants are chlorine, oxygen, monochloramine, sodium hypochlorite, potassium permanganate.[23, 24] 

However, they are not suitable for As(III) oxidation in lab analysis. An ideal oxidant should be stable, 

efficient, and compatible with the HPLC-ESI-MS method. Hence, several stable peroxide or peracid 

oxidants were investigated. They included 3-chloroperbenzoic acid (mCPBA), hydrogen peroxide urea, 

sodium perborate, sodium percarbonate, and sodium persulfate. Although potassium permanganate is 

stable and efficient, it was not included in the evaluation due to the concern of forming refractory oxide 

byproducts.  

The oxidants were compared both in water and in 5 mM oxalic acid because we  had planned to use 

oxalic acid to solubilize ion oxides in samples.[25] The concentrations of oxidants were 0.2 – 1 mM and 

As(III) concentrations were 0.2 - 20 M. The efficiency was compared by the oxidation yield in 1 hour. 

With 1 mM hydrogen peroxide urea, the yields were always < 3%. In water, oxidation yields with sodium 

percarbonate, sodium perborate, and sodium persulfate were between 77 – 92%, but in 5 mM oxalic acid 

their yields were reduced to 2- 7%. Of those tested, mCPBA was the most efficient oxidant. With 0.2 mM 

mCPBA in water, 0.2 to 20 M As(III) was completely oxidized in < 1 h at ambient temperature. At 40 

⁰C, the oxidation was complete in < 30 min. In 5 mM oxalic acid solution, only mCPBA oxidized As(III) 

completely. We also noted that in 5 mM oxalic acid, the oxidation gave 3-chlorobenzoic acid as the sole 

byproduct. This occurrence simplified the need for separation. Afterwards, the elution plan focused on 

separating As(V) from oxalic acid, mCPBA, and 3-chlorobenzoic acid.  

The finalized condition for As(III) oxidation was with 1 mM mCPBA in 5 mM oxalic acid at 40 ⁰C for 30 

min. The solubility of mCPBA is around 1.1 g/L (6.4 mM) in water. The oxidation was carried out by 

adding mCPBA stock solution (100 mM in MeCN) to the sample.  
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The amount of inorganic arsenic (iAs) after mCPBA oxidation is the sum of As(III) and As(V). The 

concentration of As(III) is therefore calculated by the equation below.  

[𝐴𝑠(𝐼𝐼𝐼)] = [𝑖𝐴𝑠] − [𝐴𝑠(𝑉)]   Eq. 2 

 

3.4. Finalized method and characterization 

In the finalized method, As(V) was eluted from Newcrom B by a 2-D gradient with 3.5-5 v/v% of 10% 

HCOOH and 35-50 v/v% of Reagent Alcohol. The flow rate was 0.35 ml/min (Table 3). As(V) was 

detected with SIR at m/z = 141. UV at 232 nm and TIC scan of m/z = 100 – 200 were used to monitor 

other chemicals in the elution. With this method, the As(V) was eluted at 4.2 min and the rest of the 

chemicals were eluted between 8.9 – 14.5 min (Figure 2). These chemicals include oxalic acid (m/z = 89, 

negative mode), and 3-chlorobenzoic acid (m/z = 155, negative mode) (Supplementary Material, Figure 

1).  

Table 3. Elution plan for As(V) from Newcrom B (3.2 x 100 mm, 3 m) 

Time 

(min) 

Flow 

(ml/min) 

10 v/v% HCOOH 

(%) 

Reagent Alcohol 

(%) 

Water 

(%) 

0 0.35 3.5 35 61.5 

5 0.35 3.5 35 61.5 

6 0.35 5 40 55 

9 0.35 5 40 55 

10 0.35 3.5 35 61.5 

16 0.35 3.5 35 61.5 

 

 

Figure 2. Chromatograms of a sample prepared by As(III) (1 M) oxidation with 1 mM mCPBA in 5 

mM oxalic acid. The sample was eluted from Newcrom B (3.2 x 100 mm, 3 ) with the plan in Table 3.  
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3.4.1 Method characterization 

The linearity, LOD, and LOQ were evaluated by the calibration curves for As(III) and As(V) with seven 

data points from 0.05 – 1.0 M. The regression results (Table 4) showed that the peak areas were closely 

correlated to concentration over the concentration ranges (r2 > 0.99). The slopes showed that the EIS-MS 

signals were greatly enhanced comparing to the method with ammonium carbonate gradient elution. For 

As(V), the increase was 15.7-fold. For As(III), the increase was 139-fold.[15] In the current method, the 

slope of the standard curve for As(III) was 98.1% of that for As(V), suggesting a complete recovery 

through mCPBA oxidation. With 10 l injection volume, the LOD and LOQ for As(V) were 0.0263 M 

(1.97 ppb) and 0.0876 M (6.57 ppb), respectively. The precision for As(III) was slightly lower as 

indicated in r2. The LOD and LOQ for As(III) were 0.0398 M (2.99 ppb) and 0.133 M (9.98 ppb), 

respectively.  

 

Table 4. Method characterization for As(V) and As(III) analysis with HPLC-ESI-MS.   

Arsenic 

Regression Equation 

y, peak area (CPS), x arsenic 

concentration (M) 

r2 
Range 

(M) 

LOD 

(M) 

LOQ 

(M) 

As(III) y = 118103x-278 0.9991 0.05-1.0 0.0398 0.133 

As(V) y = 120378x - 462 0.9996 0.05-1.0 0.0263 0.0876 

 

The precision profile of As(V) showed that the RSD (n = 3) was dependent on the concentration. In the 

range of [As(V)] = 0.1 – 1 M, the RSD was in the range of 0.39 – 3.87%. In lower range of [As(V)] = 

0.01 – 0.07 M, the RSD was in a higher range of 0.47 – 7.79%.   

The accuracy of the method was evaluated by measuring the speciation of mixtures of As(V) and As(III) 

in 5 mM oxalic acid. In these samples, the concentration of added As(V) was fixed at 0.2 M, while the 

concentration of added As(III) ranged from 0 – 0.6 M. The measured concentrations (As(V)est and iAsest) 

were compared to the expected values. The results showed that the recoveries of As(V) were in the range 

of 107 – 114%, while the recoveries for total iAs were in the range of 98 – 102%. (Table 5). These results 

indicated a good degree of accuracy for As(V) at low concentration. The accuracy was improved as the 

concentration increased. Overall, these results showed that the method was suitable for speciation analysis 

of iAs.   

 

Table 5. Accuracy (% recovery) of the HPLC-ESI-MS method for iAs speciation 

Sample  [As(V)] 

(M) 

[As(III)] 

(M) 

[iAs] 

(M) 

[As (V)]est 

(M) 

[iAs]est 

(M) 

Recovery of 

As(V) 

(%) 

Recovery of 

iAs 

(%) 

1 0.2 0 0.2 0.224 0.195 112 98 

2 0.2 0.1 0.3 0.214 0.302 107 101 

3 0.2 0.2 0.4 0.226 0.410 113 102 

4 0.2 0.3 0.5 0.219 0.497 109 99 

5 0.2 0.4 0.6 0.228 0.603 114 100 

6 0.2 0.5 0.7 0.216 0.703 108 100 

7 0.2 0.6 0.8 0.223 0.795 111 99 
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3.4.2 Sample stability and impact of air exposure on iAs in iron-rich groundwater  

Sample stability has been a critical issue in iAs speciation in complex matrices. In Shepley’s Hill Landfill 

Site, 0.02-81.5 mg/L of Fe and 0.01-7.56 mg/L Mn were found in the anoxic groundwater.[19] Short 

exposure to air during sampling had caused ferric oxide precipitation. It was expected that the reactions of 

Fe(II), As(III), and Mn(II) could be highly complicated and unpredictable.[26] The iron would not only 

catalyze As(III) oxidation but also cause iAs co-precipitation with ferric oxide. [27-30] Typically, sample 

preservation involved acid modification to slow down the oxidation and adding EDTA to prevent arsenic 

from co-precipitation with ferric oxide.[31]  

The stability of iAs speciation was first evaluated in 5 mM oxalic acid as it was used to release iAs by 

dissolving ferric oxide. [25] Three samples made with different ratios of As(III) and As(V) in clear 

borosilicate glass vials were allowed to stand at ambient temperature (23-25 ⁰C) for 15 days. Samples 

were taken over the time from the stocks and measured for speciation. The recoveries of As(V) (0.2 – 0.8 

M) were from 92 – 106% with mean value of 97.8 ± 5.1% (n = 18), and the recoveries for total As (1 

M) were 88 – 106% with mean value of 99.6 ± 5.2% (n = 18) (Supplementary Material, Table 4). 

Neither time nor speciation had significant impact on the recoveries, indicating the speciation was stable 

in 5 mM oxalic acid.  

The matrix of the simulated groundwater was based on the chemical composition of the groundwater in 

Shepley’s Hill Landfill Site, Fort Devens, CT, USA.[19] The simulated groundwater had 612 M of 

Fe(II) and 83 M of Mn(II). The anions included carbonate (2130 M), chloride (1390 M), sulfate (256 

M), phosphate (100 M), and silicate (400 M) (Table 1).  

Samples were prepared by adding 100 nmol of As(V) and/or As(III) to the synthetic groundwater to give 

20 ml of 5 M solutions of each species. After 20 min of air exposure, the vials were close capped and 

allowed to stand for 16 h at ambient temperature (21-25 ⁰C). For speciation determination, the solid and 

liquid were separated by centrifuge. Arsenic samples of for solid phase were prepared by dissolving ferric 

oxide in 2 ml of 50 mM oxalic acid. The arsenic solutions were diluted with 5 mM oxalic acid and 

centrifuged to remove calcium oxalate. Speciation was analyzed for the iAs in the solution and the iron 

oxide precipitate (Table 6).   

The result showed that all As(V) was removed by the newly formed iron oxide from liquid phase (Test 1, 

Table 6). Most of the As(III) (>95%) was removed from liquid phase as co-precipitate. In the solid phase 

the ratio of As(V) vs As(III) was about 2:1 (Test 2, Table 6). The result suggested that although As(III) 

could be directly removed by iron oxide, most As(III) was actually oxidized to As(V) and then 

precipitated. [27] When As(V) and As(III) co-exist in groundwater, sample change was consistent with 

the two observations (Test 3, Table 6). The recoveries of total arsenic were 99.5 – 117%, indicating no 

arsenic loss to calcium oxalate solid.  

Table 6. Arsenic speciation in solid and liquid phases of groundwater samples after 16 h 

Test Matrix 
As Input (nmol) As in liquid, 16 h (nmol) As in solid, 16 h (nmol) Recovery 

(%) As(V) As(III) As(V) As(III) iAs As(V) As(III) iAs 

1 Groundwater 100 0 0 0 0 108.2 4.0 112.2 112 

2 Groundwater 0 100 0 4.4 4.4 66.4 32.4 98.8 103.2 

3 Groundwater 100 100 0 6.0 6.0 179.2 48.8 228 117 

4 
5 mM oxalic 

acid 
100 100 102.4 96.6 199 n/a n/a n/a 99.5 
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4. Conclusion 

This study demonstrated that As(V) can be separated from other anions on Newcrom B with a two 

dimensional elution strategy. The retention of As(V) was more sensitive to formic acid gradient, while the 

retention of organic anions could be fine-tuned by the organic solvent gradient. By replacing (NH4)2CO3 

with formic acid in mobile phase, this elution also enhanced ESI-MS detection of As(V) by 15.7-fold.[15] 

Interfacing the HPLC separation with a QDa detector, the LOD for As(V) reached 1.99 ppb when 

injection volume was 10 l.  

Direct determination of As(III) was difficult because it was not retained on the HPLC columns and the 

detection had low sensitivity. The problems have been solved by converting As(III) to As(V) with 

mCPBA oxidation. The conversion was complete and robust. The oxidant and its byproduct were 

separated from As(V) on Newcrom B. With this strategy, the sensitivity for As(III) was enhanced by 139-

fold and the LOD reached 2.99 ppb.  

The method had LOQ for As(III) and As(V) were 9.98 and 6.57 ppb, respectively. It can be a stand-alone 

method to monitor arsenic in groundwater and arsenic removal by community water system.  

Air exposure caused several changes in arsenic speciation and solubility in iron rich groundwater 

samples, including As(III) oxidation, As(III) and As(V) precipitation with iron oxide. Oxalic acid was 

suitable to prepare As samples from the liquid and solid for speciation analysis.  
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