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Abstract The gamma degradation of toxic non-oxidizing
biocide dodecyl dimethyl benzyl ammonium chloride
(DDBAC) was investigated. The degradation of DDBAC
achieved 70-100% depending on the initial concentration
and the absorbed dose, but only 10-33% dissolved organic
carbon was removed. The presence of NO;~, HCO;™,
2-propanol and fert-butanol inhibited the degradation of
DDBAC. The DDBAC degradation rate constant ratios of
‘OH, ‘H and e,q was calculated as 7.4:1.4:1. The acute
toxicity of 10 mg L™' DDBAC was removed by 60% at
absorbed doses of 0.5-3.0 kGy. The results showed that
gamma irradiation was effective to remove DDBAC and its
toxicity.
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Introduction

As an advanced membrane technology, reverse osmosis
(RO) is now widely used in water desalination, potable water
production and tertiary treatment of wastewater. With the
recovery ratios ranging from 35 to 85%, a large volume of
brines are generated during RO processes [1]. The concen-
trate always contains high concentration of salts, organic
pollutants and other chemical agents used to prevent mem-
brane fouling, such as antiscalants and antibiofouling agents,
which can cause negative environmental impacts from
uncontrolled brine discharges [2]. Especial attention should
be paid to the additive chemical agents during the RO pro-
cesses. For example, the non-oxidizing biocides (i.e.,
Dodecyl dimethyl benzyl ammonium chloride, DDBAC) are
effective for biofouling control without deteriorating RO
membranes [3]. However, such chemicals are always non-
biodegradable and toxic to organisms and humans [4, 5].
Effective removal of such chemicals from the RO brine are
necessary before the discharge.

Advanced oxidation processes (AOPs) are effective to
reduce the organic concentration in RO brines and break-
down toxic and refractory pollutants, such as pharmaceu-
ticals and pesticides, which improves the biodegradability
of RO brines simultaneously [1, 6]. The commonly used
AOPs include ozonation, fenton process and photooxida-
tion [6, 7]. However, these technologies are not so effective
for certain pollutants, and with disadvantages of high
energy and chemical consumption. Furthermore, the
chemicals added in AOPs may cause new problems during
the following wastewater treatment. The irradiation by
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Co source and electron beam accelerator has been rec-
ognized as a promising way to destroy the refractory pol-
lutants. On one hand, gamma rays impose direct action to
pollutants [8]. On the other hand, gamma irradiation can
generate reactive species (e.g., hydroxyl radicals, hydrated
electron and hydrogen atoms) through ionizing water
molecules to degrade the organic pollutants [9]. Previous
studies have shown that gamma irradiation can degrade
many refractory pollutants effectively, such as pharma-
ceutical and personal care products, phenolic and
chlorophenols and herbicides [10-12]. However, there is
little knowledge on the radiolytic degradation of refractory
substances in the RO brines.

In this study, the degradation of a non-oxidizing biocide
DDBAC in aqueous solutions was investigated with
gamma irradiation using a ®°Co source. The effects of
initial DDBAC concentration, pH value, irradiation dose,
and some additives on the degradation of DDBAC were
systematically studied. The degradation kinetics were cal-
culated and compared for different conditions. Finally, the
changes of acute toxicity of DDBAC solution during
gamma irradiation process were determined using a photo-
bacterium bioassay method.

Experimental
Chemicals
Chemicals and materials

DDBAC (purity >99%) was bought from J&K Scientific,
Ltd. (Beijing, China), and the structure was shown in
Fig. 1. All other chemicals were of analytical grade.
Sodium dihydrogen phosphate dihydrate (NaH,PO,),
sodium carbonate anhydrous (NaHCO3) and phosphoric
acid (H;PO,4) were bought from Peking Reagent (Beijing,
China). Disodium hydrogen phosphate dodecahydrate
(Na,HPO,) and sodium nitrate (NaNO3) were bought from
Xilong Scientific (Shantou, China). Tert-butanol and
2-propanol were bought from Tianjin Guangfu Fine
Chemical Research Institute (Tianjin, China). All the
solutions were prepared by ultrapure water (resistiv-
ity >18 MQ cm) using a Mili-Q device (Integral 5, Mili-
pore, U.S.).

~Cnths
Cl
H,C CH,
Fig. 1 The chemical structure of DDBAC (Molecular

weight = 339.99)
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Experimental process

A %Co source at the Institute of Nuclear and New Energy
Technology (INET), Tsinghua University, Beijing China
was applied to perform the gamma irradiation experiments
at 25 °C. The samples of 25 mL were preserved in 25 mL
colorimetric quartz tubes and placed at the marginal
channel of the cobalt source. The irradiation dose rate was
0.5 Gy s~ ' measured using “Standard method for using the
ferrous sulfate (Fricke) dosimeter to measure absorbed
dose in water (GB/T 139-2008)” with uncertainty of below
5%. The cumulated energy absorbed in the sample was
proportional to the exposure time. Based on preliminary
experiments, seven absorbed doses including 0, 0.2, 0.5,
1.0, 1.5, 2.5 and 3.0 kGy were tested. All the samples were
prepared at least in duplicate.

The DDBAC solutions were prepared by dissolving
certain amounts of DDBAC in 10 mmoL phosphate buffer
(Na,HPO4 and NaH,PO,) for pH 7 solutions. The buffer
was used to keep the pH value steady during the degra-
dation experiments. Four sets of experiments were carried
out as follows.

1. To test the effects of initial DDBAC concentrations,
three concentrations of DDBAC solutions including
10, 50 and 100 mg L' were prepared, which were all
below the critical micelle concentration of DDBAC
(ca. 340 mg L™"). The initial pH values were all 7.0.

2. To test the effects of initial pH values, three solutions
of 50 mg L™' DDBAC were prepared with pH values
of 3,7 and 11, respectively. The solutions of pH 3 were
adjusted using H;PO, and NaH,POj;. The solutions of
pH 11 were adjusted using NaOH and Na,HPOs.

3. To test the effects of inorganic salts, 0.01 mol L~!
NaNO;3; or 0.01 mol L! NaHCO; was added to the
solution of 50 mg L™' DDBAC.

4. To test the effects of organic matters, 0.01 mol Lt
2-propanol or 0.01 mol L™ zert-butanol was added to
the solution of 50 mg L™' DDBAC.

After irradiation, the concentrations of DDBAC, dis-
solved organic carbon (DOC) and pH values in the solu-
tions were determined.

Analytical methods

All water samples were first filtered by 0.45 pm filters
before analysis. DDBAC concentration was measured by a
high performance liquid chromatography (HPLC, LC-20
AT, Shimadzu) at 254 nm with an ODS-C8 column
(250 x 4.6 mm, 5 pum particle size, JK Chemical Co.,
China). Two mobile phases were used, (A) acetonitrile and
(B) 10 mmol L™" phosphate solution with 0.1% formic
acid. The volume ratio of mobile phase A to B was 55:45,
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and the flow rate was 0.8 mL min~'. The column tem-
perature was 40 °C. The injection volume of each sample
was 20 pL and the detection limit was 1.0 mg L™". The
concentration of DOC in each sample was measured by a
total organic carbon analyzer (TOC-VCPH, Shimadzu,
Japan). The pH values of solutions before and after irra-
diation were measured using a pH meter (PHS-3G, Leici
Corp., China).

A photo-bacterium bioassay method was used to deter-
mine the acute biotoxicity of the DDBAC solutions. The
light emission of the bioluminescent bacteria (Photobac-
terium phosphoreum) will decrease when expose to toxic
matters [13]. Bioluminescence after a 15-min exposure to
different solutions were determined. The bioluminescence
inhibition ratio was calculated as L/L,, where L, was the
bioluminescence of bacterial suspension, and L was the
bioluminescence of bacterial suspension exposed to
DDBAC solution.

Data analysis

The relative concentration was calculated as C/C,, where
Cy (mg L~ 1) was the initial concentration of DDBAC, and
C (mg L") was the concentration of DDBAC in the irra-
diated solution. The relative DOC concentration was cal-
culated as DOC/DOC,, where DOCj (mg L") was the
initial DOC concentration of the DDBAC solution, and
DOC (mg L_l) was the DOC concentration in the irradi-
ated solution.

The radiation chemical yield (G-value) is defined as the
number of species formed or decomposed in solution when
one Joule energy is absorbed [14]. G-value (umol J 1y was
calculated as G = (Co—C)/D x 10°, where Co (mol L™}
and C (mol L™") were the DDBAC concentrations at the
initial moment and at an absorbed dose of D (Gy),
respectively.

Results and discussion
Effect of initial concentration on DDBAC radiolysis

The effect of initial concentration on the radioactive degra-
dation of DDBAC was shown in Fig. 2. DDBAC at a lower
initial concentration was more easily degraded at a given
absorbed dose. For DDBAC solution of 10 mg L™', the
concentration of DDBAC was reduced to lower than the
detected limit at an absorbed dose of 0.2 kGy, which showed
that gamma irradiation can degrade DDBAC efficiently. The
removal ratios of DDBAC at an absorbed dose of 0.5 kGy
were 73 and 46% for the initial concentrations of 50 and
100 mg L, respectively. The data (—In (C/Cy)) was lin-
early correlated with the absorbed dose (inset of Fig. 2),
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Fig. 2 Radiolysis of DDBAC as a function of initial concentration

indicating that the degradation kinetics of DDBAC fitted
well with the pseudo first-order reaction kinetics. The
apparent reaction rate constants (k) and the correlation
coefficients (R?) under different conditions were calculated
(Table 1). The k values were 3.03 and 1.36 kGy ™' for the
initial DDBAC concentrations of 50 and 100 mg L™,
respectively, which decreased significantly with the increase
of initial DDBAC concentration. These results were con-
sistent with previous reports using other pollutants
[8, 14, 15]. It is possible that the reactive species were gen-
erated at a constant rate due to the water radiolysis, which
became limited with the increase of the initial DDBAC
concentration and led to the decrease of removal ratio.

The mineralization of DDBAC during the radiolysis
process was measured using the variation of DOC (Fig. 3).
The DOC values gradually decreased with the increasing
absorbed dose. The DOC reduction ratios ranged from 10
to 33% for 10100 mg L™' DDBAC solutions, which were
much smaller than the removal ratios of DDBAC. The
results indicated that DDBAC was more easily degraded to
intermediates than total mineralization under the experi-
mental conditions. However, DDBAC can be further
mineralized when increasing the absorbed dose. For 50 mg
L~! DDBAC solution, the DOC reduction ratio reached
80% at an absorbed dose of 10 kGy, and the ratio kept
increased to 88% as the absorbed dose increased to
30 kGy. But the energy cost will increase by a large margin
simultaneously. Similar to the results in Fig. 2, the DOC
had a more significant reduction for the lower initial con-
centration of DDBAC.

Effect of initial pH value on DDBAC radiolysis
The effect of initial pH values on DDBAC radiolysis was

investigated (Fig. 4). The three curves of DDBAC were
basically coincident. The kinetics constants (k) were 3.13,

@ Springer
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Table 1 The apparent pseudo 1 " . 1 > T la
first-order rate constants (k) and Co (mgL™) Initial pH Additives k (kGy ) R Gixgy (umol J77)
Gixgy values of DDBAC 50 7 No 3034+ 004 0988  0.14 £ 0.007
radiolysis under different
condifions 100 7 No 1.36 £ 0.03 0969  0.24 £ 0.005

50 3 No 313 £ 005 0987  0.14 £ 0.006

50 11 No 281 £0.02 0995 0.14 £ 0.007

50 7 0.01 mol L™' NO;~ 1.45 £ 0.01 0.958  0.12 £ 0.002

50 7 0.01 mol L™" HCO;~ 269 £ 002 0997 0.14 £ 0.006

50 7 0.01 mol L~" 2-propanol 0.31 £ 0.01 0.991 0.04 £ 0.005

50 7 0.01 mol L™! rers-butanol ~ 0.75 £ 0.02 0987  0.07 + 0.003

G 1kgy G-value at an absorbed dose of 1.0 kGy
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Fig. 3 Variation of DOC as a function of initial concentration

3.03 and 2.81 kGy7l for initial pH values of 3, 7, and 11,
respectively. Only a slightly lower k value was observed
under the alkaline condition. The irradiation chemical yield
G-values at an absorbed dose of 1kGy were all
0.14 pmol J ~! for the three pH conditions (Table 1). These
data all showed that the initial pH values (3—11) of the
solution had little effect on the degradation of DDBAC.
The pH values kept steady during irradiation. These results

were different from the previous reports, where lower
efficacy of irradiation was observed under alkaline condi-
tions (pH <11) due to the transformation of hydroxyl
radicals into the less reactive -O™ [11, 14, 16]. It is possible
that DDBAC is easily degraded by various active groups,
including hydroxyl radicals, hydrated electrons, hydrogen
atoms and -O~. The demineralization of DDBAC were
quite limited with DOC reduction of 10-20% at an
absorbed dose of 2.5 kGy (Fig. 4b). The DOC reduction
under the acid condition was slightly lower than those
under neutral and alkaline conditions.

Effect of NO3;~ and HCO;~ on DDBAC radiolysis

Inorganic anions (i.e., NO3~, HCO3 ™) are always found in
water and can be concentrated during the RO process. The
concentrations of such anions achieve several to several
dozens of mmol L™! in the RO concentration [17]. The
effects of 0.01 mol L™ NO;™ and 0.01 mol L™' HCO;~
on the radiolysis of DDBAC were investigated in this study
(Fig. 5). The curves of the control group and the group
with 0.01 mol L™! HCO;™ were almost coincident, while
the degradation of DDBAC was much slower in the pres-
ence of 0.01 mol L™' NO;™. The apparent kinetics con-
stants (k) were 3.03, 2.69 and 1.45 kGy_1 for the control

Fig. 4 Radiolysis of DDBAC 1.0
(a) and DOC variation (b) as a
function of initial pH value
0.8
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Fig. 5 Effect of NO3~ and HCO;™ on the radiolysis of DDBAC

group and the groups with addition of 0.01 mol L™' NO;~
and 0.01 mol L™" HCO;™, respectively (Table 1). Clearly
slower k value was found in the group with 0.01 mol L™"
NO;™. However, the G values in the three groups were
similar, ranging 0.12-0.14 pmol J~'. The slower reaction
rates were attributed to the scavenging effect of NO;~ and
HCO;™ for reactive species, such as -OH, e,q and -H [8].
For NO3 ™, it can scavenge -OH and e,4, and the equations
and constants were shown in Egs. (1-3) [18, 19]. Com-
pared to NO5;~, HCO3™ can only scavenge -OH (Eq. (4)),
and its reaction kinetic constant was much slower than that
in NO3; ™~ [8]. Therefore, DDBAC was degraded at a slower
rate in the presence of NO;~ than that with HCO;™.

NO; +2¢” +H,0 — NO; +20H" (1)
NO; +-OH — -NO, + OH™ k= 1.1 x 10" M~ 's™!

(2)
€ T NO; — NO3™ k=9.7 x 10° M~ 's™" (3)
HCO; +-OH — -CO; + H,0 k =8.5 x 10° M 's™"

(4)

Effectt of 2-propanol and fert-butanol on DDBAC
radiolysis

The effects of organic matters on the radiolysis of DDBAC
were investigated (Fig. 6). The degradation of DDBAC
was clearly slower in the presence of fert-butanol and
2-propanol. At an absorbed dose of 1.0 kGy, more than
96% of DDBAC was degraded in the control group, while
the removal ratios were only 50 and 29% in the presence of
tert-butanol and 2-propanol, respectively. The apparent
kinetics constants (k) were 3.03, 0.75 and 0.31 1<Gy71 for
the control group and groups with addition of 0.01 mol L™
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Fig. 6 Effect of fert-butanol and 2-propanol on the radiolysis of
DDBAC

tert-butanol and 2-propanol, respectively (Table 1). The
G value at 1.0 kGy also decreased from 0.14 pmol J~' in
the control group to 0.04-0.07 pmol J~' with the addition
of tert-butanol and 2-propanol. The obvious decrease of
DDBAC degradation kinetics and G values should be
attributed to the loss of reactive species, which is consistent
with the previous reports [8]. Both 2-propanol and fert-
butanol efficiently scavenged -OH, and higher rate constant
was found between 2-propanol and -OH. Additionally,
2-propanol scavenged -H. Therefore, the degradation of
DDBAC was slower with 2-propanol than that with tert-
butanol. The degradation of DDBAC was attributed to the
reaction with -OH, ‘H and e,q. Based on the three rate
constants (k), DDBAC degradation rate constant ratios of
-OH, ‘H and e,q can be calculated as follows.

kon : kg : kg;q = (k - krert-butanol) :

(kfert—butanol - k2—propan01) : k2—pr0panol
= (3.03—0.75) : (0.75 — 0.31) : 0.31
=74:14:1

Based on the results, the reaction with -OH radical
played the most important role in the degradation of
DDBAUC, followed by -H and e,q in sequence.

Biotoxicity changes during radiolysis of DDBAC

As a non-oxidizing biocide, DDBAC is quite toxic to
organisms and humans. The acute toxicity changes during
radiolysis of 10 mg L™ DDBAC were investigated using
bioluminescence inhibition test (Fig. 7). At an absorbed
dose of 0.2 kGy, the concentration of DDBAC was reduced
to lower than the detected limit, and the bioluminescence
inhibition ratio decreased from 97.5 to 67.5%. The

@ Springer
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Fig. 7 Bioluminescence inhibition ratio variation of 10 mg L'
DDBAC as a function of the absorbed dose

bioluminescence inhibition ratio kept decreasing to 40.4%
at 0.5 kGy, and then kept steady with the further increase
of absorbed dose. Considering only 33% of DOC was
removed at an absorbed dose of 3.0 kGy, the degradation
intermediates still kept around 40% of the initial toxicity of
DDBAC.

Conclusions

The degradation of a non-oxidizing biocide DDBAC was
investigated using gamma irradiation. The DDBAC was
removed by 70-100% depending on the initial concentra-
tion and the absorbed dose, but the DOC removal ratios
only ranged 10-33%. The degradation kinetics of DDBAC
fitted well with the pseudo first-order reaction Kkinetics.
With the increase of initial DDBAC concentration, the rate
constants decreased, but the G value increased. With the
pH values of the solution increased from 3 to 11, the rate
constants had only a slight decrease, and the G values kept
steady. With the addition of 0.01 mol L™' NO;~ and
HCO;5™, the rate constants decreased, but the G values kept
steady. With the addition of 2-propanol and fert-butanol,
both rate constants and G values had a sharp decrease. The
acute toxicity of 10 mg L™' DDBAC can be removed by
60% at absorbed doses of 0.5-3.0 kGy. The results showed
that gamma irradiation was quite effective to oxide
DDBAC and its toxicity, and the degradation intermediates
should be further investigated in the following study.
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