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Efficiency assessment and optimization of the sulfite/UV
process for reductive dehalogenation#
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Abstract: The sulfite/UV process is an promising alternative to remediation of a wide variety of
recalcitrant contaminants such as halogenated organic compounds by producing powerfully reducing
species, hydrated electron (eaq¯). This study was intended to assess the efficiency of the process and to
optimize the system. Selecting monochloroacetic acid (MCAA) as the simple model compound, energy
efficiency of the reductive dehalogenation by the process was assessed based on the degradation
kinetics of MCAA. The energy efficiency was analyzed by taking into account both of the electric
energy input and chemicals consumption. The energy efficiency generally increased with increasing
UV dose while showing a parabolic profile with respect to S(IV) dosage. Thus, the process could be
optimized by controlling UV dose and S(IV) dosage in tandem, and several optimization approaches
were also proposed and discussed. The process still shows effects in reducing MCAA in the realistic
surface water, and the efficiency EE/O for reductive dehalogenation was estimated to be about18.6
kWh m-3 order-1 by the sulfite/UV process, suggesting that the process was efficient and promising in
destroying many recalcitrant contaminants.
Key words: Environmental Engineering; hydrated electron; sulfite/UV process; dehalogenation;
kinetics; efficiency

0 Introduction
Hydrated electron (eaq¯) (E0(aq/eaq-) of -2.9 V vs. NHE)[1-3], which is one of the most
powerful reducing species currently known, has been considered as the promising agent to treat
many toxic and recalcitrant contaminants, such as halogenated organic compounds (HOCs)[4-8].
Based on the high reactivity of eaq¯, several processes including electron beam irradiation,
vacuum-UV, photocatalysis, KI/UV, and sulfite/UV process have been proposed to destroy HOCs,
e.g., trichloronitromethane, polychlorinated biphenyls, perfluorochemicals[6, 9-15].
The newly developed sulfite/UV process could achieve efficient complete dehalogenation of
haloacetic acids[7, 8], vinyl chloride[16], trichloroethylene[17], and perfluorochemicals[18] under
ambient conditions. The process has several advantages over other eaq¯-based processes in terms
of high quantum yield of eaq¯, without requirement of expensive catalysts or noble metals, much
less influence of oxygen on the reduction efficiency, safe operation and easy management[7-9, 14, 19,
20]
, indicating its potential application in the practical engineering of water treatment.
The reduction efficiency of the sulfite/UV process depends on the production efficiency of
eaq¯ in the system and competing scavenging of eaq¯ by the co-existing electron scavengers, e.g.,
H+, nitrate, and organics[8]. The models based on steady-state assumption have been constructed to
quantify the availability of eaq¯ and to model the degradation kinetics of some HOCs in the system,
and the models even worked well in the realistic surface water[8].
Efficiency in terms of energy consumption is an important figure of merit to evaluate new
techniques like the sulfite/UV process[13, 21]. The methodology has been used to assess and
compare the efficiency of various oxidation processes[22, 23], e.g., O3, H2O2/O3, and H2O2/UV.
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Efficiency assessment is also very important to optimize the processes by, for example, varying
chemical dosage[22, 23], employing suitable UV source[24], and modifying the reactor
configuration[22]. While chemical consumption is not always considered[21], it usually contributes
significantly to the total energy consumption in photochemical processes (e.g., H2O2/UV)[22, 23].
Thus, the efficiency assessment can help to further optimize the process by regulating the UV dose
and chemical dosage[23]. To date, efficiency optimization for the eaq¯-based homogeneous
processes has not been reported yet.
Therefore, this study was designed to optimize the sulfite/UV process of based an reduction
efficiency assessment. Monochloroacetic acid (MCAA) was selected as a the probe for eaq¯ to
quantify the reductive dehalogenation efficiency as reported previously[7, 8]. Efficiency assessment
was carried out by considering both the energy input and chemicals consumption, and
optimization approaches were thus proposed for the sulfite/UV process.

1 Materials and methods
1.1 Materials
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All chemicals and solvents were bought from the commercial source. Sodium
monochloroacetate (98%), sodium sulfite (anhydrous, ACS reagent, ≥ 98.0%), potassium
hydroxide (sigmaultra, ≥ 85%), boric acid (ACS reagent, ≥ 99.5%), sodium tetraborate
decahydrate (ACS reagent, ≥ 99.5%), sodium phosphate dibasic (ACS reagent, ≥ 99.0%), sodium
phosphate monobasic monohydrate (ACS reagent, 98.0~102.0%), potassium iodide (ACS reagent,
≥ 99.0%), and potassium iodate (ACS reagent, 99.5%) were purchased from Sigma-Aldrich.
Hydrogen peroxide (H2O2, 35% v/v, stab.) was bought from Alfa Aesar. Other chemicals of at
least analytical grade were supplied by Sinopharm Chemical Reagent Co., Ltd. Gas, including
nitrogen (N2) (N2O, Praxair) was of high purity (≥ 99.99%).
All solutions were prepared using Milli-Q water (18.2 MΩ•cm) produced by the Millipore-Q
system (Millipore). Stock Na2SO3 solution was prepared freshly everyday with deaerated (N2)
Milli-Q water.

1.2 Experimental Procedure
1.2.1
75

The photoreactor had a volume (V) of 800 mL and was equipped with a low-pressure
mercury UV lamp (10 W, GPH212T5L, Heraeus Noblelight). The constant photon flow (I0, 253.7
nm) in the reactor was about 2.98 μEinstein s-1 determined by the KI/KIO3 method[7, 25, 26]. More
details about the photoreactor were reported previously[7, 8].
1.2.2
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Photoreactor

The irradiation methodology

The photoreactor was thermostated at 25 ± 0.5 °C. The solutions were buffered using 10 mM
borate (pH 8.0-11.0) or 10 mM phosphate (pH 7-8), and the realistic surface water was not
adjusted for pH. The solutions were purged with pure N2 at 1.5 L min-1 for 20 min to reach a
oxygen free condition. Prior to each UV irradiation experiment, the UV lamp was ignited for at
least 15 min. Realistic water was collected from a surface river. The samples were filtered using
0.45 μm cellulose membrane filter and were stored in dark and at 4 °C before use.
All experiments were repeated at least twice, and average values (± SD) are reported.
1.2.3

Analytical methods
Solution pH was determined with a pH meter (PB-10, Satorious). MCAA was quantified by
-2-

中国科技论文在线

http://www.paper.edu.cn

ion chromatography (Dionex ICS-3000), as described in detail previously[7, 8].

2 Results and discussion
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2.1 Degradation kinetics of MCAA
The sulfite/UV process produces eaq¯ at a quantum yield of about 0.116 at 254 nm
irradiation[7]. Subsequently, the generated eaq¯ participates in the dechlorination of MCAA at a
second-order rate constant of about 1.0 × 109 M-1 s-1 with a stoichiometric release of chloride, and
the mechanisms have been established and reported in detail previously[7, 8]. The dechlorination
kinetics of MCAA depends on the availability of eaq¯, which is controlled by the production
efficiency via photoionization of sulfite and the scavenging by electron capturers, e.g., H+, HSO3¯,
NO3¯ and organic matter. Especially, pH not only to regulate the S(IV) species distribution to
affect the production of eaq¯ but also mediates the interconversion between eaq¯ and H•, thus
resulting the complex dechlorination kinetics of MCAA by eaq¯ [7]. Fig.1 shows the degradation
kinetics of MCAA at pH 7.2 and 10.0, respectively. At pH 10.0 more than 99% of S(IV) is present
in the form of SO32¯ favoring the production of eaq¯, and almost all of the competing reactions for
eaq¯ should be minimized[7, 8]. Agreeing with the previous study, the degradation kinetics of
MCAA at pH 10.0 obey pseudo-zero-order kinetics with a rate constant of about 3.09 μM min-1.
When at pH 7.2, about half of S(IV) is present in the form of SO32¯, indicating the eaq¯ production
reduced by half. Furthermore, competing reactions involving H+ and HSO3¯, significantly
influence the availability of eaq¯ by MCAA. As shown in Fig.1, the degradation kinetics of MCAA
well agree with the pseudo-first-order kinetics, with the rate constant of about 0.0288 min-1 and
half-life time of about 24.1 min, respectively.
Based on the steady-state assumption, the eaq¯-induced dechlorination kinetics of MCAA has
developed, as shown in Eq. 1 [8].
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ln(
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where V (L) is the solution volume, I0 (Einstein s-1) is the photon flux, t (s) is time elapsed, a (cm-1)
is solution absorbance, ε (M-1 cm-1) is the molar absorption coefficient of SO32-, k (M-1 s-1) is the
second-order rate constant of MCAA with eaq¯, C (M) is the concentration of SO32-, Φ (mol
Einstein-1) is the effective quantum yield of eaq¯ photolysis of sulfite, and ∑ki[S]i (s-1) is the
background scavenging factor of eaq¯, i.e., the sum of the products of the scavenger concentrations
and the corresponding second-order rate constants with eaq¯). At 253.7 nm and 298.15 K, ε =
18.14 M-1 cm-1 and Φ = 0.116 mol Einstein-1 [7].
The developed model predicts well the degradation of MCAA in the sulfite/UV process at
pH 7.2 and 10.0, as shown in Fig.1, and thus the model is used thereafter to assess the efficiency
of the process discussed in the following sections.
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[MCAA]0 = 50 μM, [S(IV)]0 = 1.0 mM, 25 °C, I0 = 3.73 × 10-6 Einstein s-1 L-1
Fig.1 Degradation kinetics of MCAA in the Sulfite/UV process at various pHs. The dash line indicates first-order
kinetic fit, and the dot line zero-order kinetic fit. The solid lines represent model prediction.

2.2 Energy efficiency assessment
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To evaluate the efficiency of the process, the electric energy consumption (EE) was further
examined with MCAA used as a simple model compound. Taking into account the electric energy
consumption by UV lamps and the chemical consumption (Na2SO3), total energy consumption[21]
could be calculated. Considering the complex kinetics of MCAA dechlorination, this study only
deals with the case of the first-order degradation kinetics by investigating electric energy per order
(EE/O), because the kinetics are independent of the initial concentration of MCAA. The EE
includes the electricity consumption of the UV lamps expressed on the basis of electric energy
input into the lamps (EE/OUV in kWh L-1 order -1) and Na2SO3 consumption (EE/OS(IV) in kWh L-1
order-1), as shown in Eqs. 2-4. Herein, EE/O (kWh L-1 order-1) is the energy (kWh) required to
dehalogenate the HOCs by one order of magnitude (i.e. 90% dehalogenation). It is best used in
situations where the HOCs level is low (i.e. cases where pseudo-first-order dehalogenation
kinetics apply)[21]. Lower EE corresponds to higher efficiency. It should be noted that other cost
factors (e.g., operating, maintenance, and capital) are not taken into account. From the perspective
of energy consumption, the goal is to assess and optimize the sulfite/UV process by adjusting the
UV dose and chemical dosage together.

EE / OUV =

P×t
C
3.6 × 10 × V × lg( i )
Cf

EE / OS ( IV ) =

[ S ( IV )] × Ms ×η
C
1000 × lg( i )
Cf

EE / OTotal = EE / OUV + EE / OS ( IV )
145

150

(2)

6

(3)

(4)

Here P (W) is the electric power input to the system, [S(IV)] (M) is the Na2SO3 dosage, t (s) is the
time elapsed, η (kWh kg-1) is the average energy requirement factor[22-24] for Na2SO3 (6.38 kWh
kg-1, roughly estimated using a price of US$0.635 kg-1 and an electricity cost of US$0.0996
kWh-1) [27, 28], and Ms (126.0 g mol-1) is the molar mass of Na2SO3, respectively.
The reductive dehalogenation efficiency was assessed with MCAA used as a simple model
compound. From the perspective of energy consumption, the goal is to optimize the sulfite/UV
process by adjusting the UV dose and chemical dosage together. Considering the complex kinetics
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of MCAA dechlorination, the efficiency is illustrated simply by employing EE/OTotal for
pseudo-first-order dechlorination kinetics.
EE/OTotal is appropriate to evaluate the efficiency when MCAA dechlorination obeys
pseudo-first-order kinetics. In this case, EE/OTotal is independent of the initial concentration of
HOCs[8, 21]. According to the first-order kinetics, log(Ci/Cf) is proportional to t, so EE/OUV is
usually a constant with a given chemical dosage[21-24, 29, 30], whereas EE/OS(IV) decreases as
dechlorination proceeds. Arising from the competitive reactions, the dechlorination kinetics are
partially governed by pH, so the case at pH 7.0 was selected as an example to briefly illustrate
EE/OTotal of the process.
Fig.2 shows the dependence of EE/O on UV dose and S(IV) dosage. Both electric energy of
UV lamps and chemical consumption contribute significantly to EE/OTotal, as observed in the
H2O2/UV process[22-24]. The increased S(IV) dosage increases the chemical consumption,
meanwhile, more UV energy will also be utilized by S(IV) to produce eaq¯. Thus, an optimum
S(IV) dosage exists and the process can be optimized by adjusting the UV dose and S(IV) dosage.
Increasing UV dose clearly reduces EE/OTotal, attributed to the decreasing contribution of EE/OS(IV)
as dechlorination proceeds. S(IV) also has two opposite effects on EE/OTotal just as with EE/MTotal,
again yielding an inverted parabolic profile.

pH 7.0, 25 °C, and oxygen-free
Fig.2. EE/OTotal for MCAA dechlorination as a function of UV dose and S(IV) dosage in the sulfite/UV process

2.3 Optimization of the process
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In order to optimize the sulfite/UV process, further analysis on the relationship between UV
dose and chemicals dosage is conducted as shown in Fig.3.
Fig.3 shows that the EE decreases gradually with increasing the UV dose decreases, while
shows an inverted parabolic profile with respect to S(IV) dosage. For example, the lowest EE/O of
6.3 kWh m-3 order-1 could be obtained with S(IV) dosage at 1.0 mM (UV dose of 3.73 Einstein
m-3), respectively. Hence, for the given UV dose depending on the actual parameters applied under
certain conditions, optimum dosage of chemicals can be optimized, and vice versa. For instance,
1.0 mM S(IV) achieves the most efficient dechlorination with EE/OTotal of 6.3 kWh m-3 order -1
(EE/OUV of 5.1 kWh m-3 order-1 and EE/OS(IV) of 1.2 kWh m-3 order -1) at a UV dose of 3.73
Einstein m-3 (Fig.3). [S(IV)]opt increases with UV dose, e.g., [S(IV)]opt of 0.3 mM, 0.7 mM, and
1.0 mM corresponding to UV doses of 0.37 Einstein m-3, 1.86 Einstein m-3, and 3.73 Einstein m-3,
respectively. Generally, in a practical engineering UV irradiation apparatus and related
-5-
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infrastructure are usually fixed according to the designed hydraulic retention time or irradiation
time, which corresponds to UV dose, and thus UV dose only varies within a very narrow range.
Hence, the chemicals dosage can be adjusted to achieve the highest efficiency or the lowest
EE/OTotal, and the optimum chemicals dosage [S(IV)]opt for EE/OTotal can be thus calculated using
the model developed above mentioned according to the actual UV dose and the removal ratio of
MCAA.
It should be stressed that result in Fig. 2 and Fig.3 is subject to several inherent assumptions,
such as UV lamp efficiency, photoreactor configuration, and clean system. Nevertheless, it still
paints an informative picture about the general trends to be expected with varying UV dose and
chemical dosage. When MCAA dechlorination obeys the mixed zero- and first-order kinetics[8],
the energy consumption is case-specific and varies with the initial MCAA concentration, the
extent of dechlorination, pH, etc., and EE/O would be applied[22].
Despite the decline in EE/OTotal with the extent of dechlorination, the energy consumption for
90% MCAA dechlorination may be a more useful parameter to compare with other processes[22].It
is case-specific and varies with the initial MCAA concentration, the extent of dechlorination, pH,
etc. For instance, Fig. 4 indicates that 1.1 mM S(IV) achieves the highest efficiency at ~5.9 kWh
m-3 (UV dose of 5.43 Einstein m-3) for 90% MCAA dechlorination at pH 7.0, but only requires
~2.0 kWh m-3 with 1.0 mM S(IV) at pH 8.0.

pH 7.0, 25 °C, and oxygen-free
Fig.3 EE/OTotal for MCAA dechlorination as a function of S(IV) dosage at a UV dose of 3.73 Einstein m-3

Fig.4 Dependence of EE/OTotal on S(IV) concentration and the corresponding UV dose for 90% MCAA
dechlorination. Conditions: 25 °C, pH 7.0, and oxygen-free
-6-
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2.4 Efficiency in realistic water
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Further study was carried out to investigate the actual energy efficiency of the sulfite/UV
process in dechlorination of MCAA from realistic water, as shown in Fig.5.
Fig.5 shows that the process still degrades MCAA rapidly in the realistic surface water, and
about 83% of MCAA is removed within 60 min. Fig.6 indicates that when in the surface water,
increasing UV dose leads to higher efficiency due to the rapid decay of nitrate, and EE/O was
estimated to be about 18.6 kWh m-3 order-1 within 60 min. Fig. 6 also demonstrates that the
process could be optimized by adjusting UV dose and chemical dosage.
It is noted that the results in this study are all subject to UV lamp efficiency (about 14%
estimated) and photoreactor configurations[8]. Further efficiency assessment of the sulfite/UV
process for reduction of contaminants in a pilot study is undergoing.

220
[MCAA]0 = 50 μM, [S(IV)]0 = 2.0 mM, 25 °C, pH 7.8, and oxygen-free
Fig.5 Degradation of MCAA in surface water by the sulfite/UV process

225

[MCAA]0 = 50 μM, [S(IV)]0 = 2.0 mM, 25 °C, pH 7.8, and oxygen-free
Fig.6 Energy efficiency for MCAA degradation in surface water by the sulfite/UV process. Energy efficiency in is
based on the model prediction for MCAA dechlorination kinetics in surface water, and the gray area indicates high
EE/O (> 50 kWh m-3 order-1).

3 Conclusion
230

In this paper the following points could be concluded:
(1) Based on the dehalogenation kinetics of MCAA, the energy efficiency of the process was
-7-

中国科技论文在线

235

http://www.paper.edu.cn

analyzed by taking into account both of the electric energy input and chemicals consumption.
(2) The energy efficiency depends on energy input and chemicals consumption. It generally
increased with increasing UV dose while showing a parabolic profile with respect to S(IV) dosage.
(3) The process could be optimized by controlling UV dose and S(IV) dosage in tandem.
(4) The process shows efficiency EE/O of about 18.6 kWh m-3 order -1 in removing MCAA in
the realistic surface water.
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亚硫酸盐/紫外体系脱卤效能及工艺优
化
滕龙1，谢碧煌1，李旭春1,2
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（1. 南京大学环境学院，南京 210023；
2. 浙江工商大学环境科学与工程学院,杭州 310018）
摘要：亚硫酸盐/紫外体系能够产生高活性的还原物种水合电子（eaq¯）用于处理许多高稳定
污染物，这是一种非常有前景的污染物处理技术。本研究主要通过分析该体系的效率并优化
工艺。以一氯乙酸（MCAA）为模型化合物，在其还原脱卤动力学的基础上，同时考虑能量
输入与药剂消耗考虑，分析了该工艺的能效。该体系处理污染物的能效随着紫外剂量的增加
而增加，而与药剂投量呈抛物线关系，因此可以通过同时调整紫外计量与药剂投量而实现工
艺优化。该工艺在处理实际水体时也具有较高的效率，能效约为 18.6 kWh m-3 order -1，表明
该工艺能够用于实际水体中污染物的处理并且具有较好的应用前景。
关键词：环境工程；水合电子；亚硫酸盐/紫外工艺；脱卤；动力学；效能
中图分类号：X592

-9-

