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The impurities of iron and manganese in the SNO water are spectroscopically studied to understand their possible absorption between the wavelengths of 300 and 450 nm. The 2+ and 3+ oxidation states of iron are stable over broad regions of potentials and pH. Ferric ion can be reduced by hydrogen, while ferrous ions is slowly oxidized by air. The Fe2+ and Mn2+ ions show no absorption in the range of 300 to 450 nm. Thus the investigation concentrates on the absorption of ferric ions at different wavelengths.  

The hydrolysis of ferric ions in aqueous solutions is a complicated time-dependent system. It can be defined as hydrolysis-polymerization-precipitation. A simple mechanism describes the process into several steps: (a) primary hydrolysis giving rise to low-molecular-weight complexes (mono- and dimer), i.e., Fe(OH)2+, Fe(OH)2+, Fe2(OH)24+; (b) formation and aging of polynuclear polymers, i.e., Fen(OH)m(H2O)x(3n-m)+ or FenOm(OH)x(3n-2m-x)+; (c) precipitation of ferric oxides and hydroxides, i.e., Fe(OH)3, FeOOH, and Fe2O3. The whole process from hydrolysis to precipitation can take several years.

At pH < 7, the dominant species of ferric solution are Fe(OH)2+, Fe(OH)2+, Fe2(OH)24+, Fe(OH)3, FeO(OH) and FeCl2+. Their equilibrium constants and molar absorptivities have been determined by several authors and are reported in Table 1. 

In this study, UV/visible spectra of ferric ions in 0.2% NaCl solution (7.5 ( 10-5, 5 ( 10-5, 2.5 ( 10-5, and 1 ( 10-5 M) were measured in the region of 260 to 450 nm, respectively. The measured pH values in these solutions were in the range of 5.5 to 6.5. The measured values are shown in Table 2. It should be noted that the absorbance at each measured wavelength obeys Beer’s Law (Figure 1). A plot of mean molar absorptivity versus wavelength is also shown in Figure 2.

Table 1. Literature values of molar absorptivities and equilibrium constants of ferric species at various wavelengths

	
	( (M-1.cm-1)
	K

	( (nm)
	290
	300
	310
	320
	330
	340
	350
	360
	370
	380
	

	Fe3+
	315
	180
	90
	30
	0
	0
	0
	0
	0
	0
	

	Fe(OH)2+
	2005
	2030
	1850
	1535
	1175
	835
	560
	335
	210
	120
	2.7 (10-3

	Fe(OH)2+
	1720
	1745
	1585
	1253
	853
	760
	615
	535
	480
	455
	1.3 (10-8

	Fe(OH)3
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	< 10-12

	Fe2(OH)24+
	2930
	2053
	2200
	3760
	5053
	5095
	4106
	2080
	1335
	1065
	6 (10-4

	FeCl2+
	
	
	
	
	1420*
	
	
	
	
	
	5.2


*(max

Table 2. Mean molar absorptivities for ferric ions in 0.2% NaCl solution

	
	( (M-1.cm-1)

	( (nm)
	260
	270
	280
	290
	300
	310
	330
	350
	360
	380
	400
	450

	( (M-1.cm-1)
	2629
	2606
	2590
	2551
	2451
	2320
	2053
	1759
	1559
	1159
	820
	390
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Since the Fe(OH)3 and FeO(OH) are solids, it is assumed that under equilibrium, they will have gradually descended to the bottom of container and will not contribute to the absorption caused by the solution. The ferric species in the aqueous solution are then dominated by the following reactions, the strengths of which vary with pH:  

Fe3+ + H2O ( Fe(OH)2+ + H+

(1)

Fe3+ + 2H2O ( Fe(OH)2+ + 2H+

(2)

2Fe3+ + 2H2O ( Fe2(OH)24+ + 2H+
(3)

Fe3+ + Cl- ( Fe(Cl)2+


(4)

Without considering individual species, but using mean molar absorptivity from Table 2, the absorbance (A) and transmittance (T) at each wavelength for 4 ppb ferric ions (7.1 ( 10-8 M) were calculated with 1-cm pathlength or at 8 m from the center of AV, along with the attenuation length (L) at T=1/e. The results are shown in Table 3. The value of 4 ppb is the quoted concentration of iron in the D2O-NaCl solution in the AV, which is determined by ICP-MS that measures total iron, not different chemical forms of iron.

Table 3. The calculated absorbance (A) and transmittance (T) at each wavelength for 4 ppb 

ferric ions at different distances from the center of AV

	
	 1-cm Cell
	8 m 
	Distance to 1/e 

	nm
	A
	A
	T (%)
	L (m)

	450
	2.79E-05
	0.022
	95
	156

	400
	5.86E-05
	0.047
	90
	74

	380
	8.28E-05
	0.066
	86
	52

	360
	1.11E-04
	0.089
	81
	39

	350
	1.26E-04
	0.101
	79
	35

	330
	1.47E-04
	0.117
	76
	30

	310
	1.66E-04
	0.133
	74
	26

	300
	1.75E-04
	0.140
	72
	25

	290
	1.82E-04
	0.146
	71
	24

	280
	1.85E-04
	0.148
	71
	23

	270
	1.86E-04
	0.149
	71
	23

	260
	1.88E-04
	0.150
	71
	23


Note that after the addition of salt, the iron concentration in the SNO water was increased from few tenths of ppb to 4 ppb. This study shows that chloride ligand does not have a strong complexation effect with ferric ions and in the aqueous solution, the dominant species are ferric hydrolysis products, which can absorb the light from 450 to 260 nm, while ferrous and manganese ions show no indication of attenuation over the same region. 

The calculated data presented in Table 3 are on the basis of 7.1 ( 10-8 M of ferric ions showing that 10% to 28% of the light in the wavelength range of 400 to 300 nm produced at the center of AV do not reach the PMT’s. However, the iron that exists in the SNO water can be a mixture of many different chemical forms, such as ferrous ions that have no absorption in the UV/visible region, or ferric and ferrous colloids that are not big enough to scatter the photons. It’s also conceivable that the ferric ions in the SNO water might be complexed with some unknown ligands that are present in the water holding the ferric ions in the aqueous phase, but not having any absorption in the optical region of interest. These possibilities indicate that the calculations from this study can only represent an upper limit on the possible absorption of light by iron in the SNO water. 

It should be known that although the effect of iron impurities on the optical clarity of the D2O-NaCl solution has been shown in this work, we couldn’t distinguish how large the effect is without having actual samples taken from the AV for the spectroscopic analysis. We also cannot rule out other deleterious effects, besides iron chemical impurities, on optical clarity, such as coatings, chemical or biological, on the surface of the AV, or the degradation of the PMT’s glass.

Figure 1. Beer’s law for ferric ions in 0.2% NaCl at different wavelengths. Different makers represent different wavelengths in Table 2 and some selected fittings are shown.





Figure 2. Mean molar absorptivity of ferric ions in 0.2% NaCl as a function of wavelength.
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