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a b s t r a c t

Experiments were performed to investigate the mechanism of a biological anaerobic filter-biological 
aerobic filter (AF-BAF) process coupled with internal electrolysis for the treatment of dye simulated 
wastewater containing reactive brilliant red X-3B dye. A kinetic model of the anaerobic reactor was 
set up to provide the dependence of the COD removal rate on organic substrates (first-order) and the 
decolourization rate on dye concentration (first-order). Moreover, the results of gas chromatography/
mass spectrum (GC-MS) and UV-visible spectrophotometer (UV-Vis) analyses demonstrated that 
azo chromophore side groups were destroyed and the degradation of benzene and naphthalene ring 
intermediates was intensified in the anaerobic stage by the coupled bio-electrochemical AF-BAF pro-
cess. Additionally, the remaining benzene ring derivatives were further degraded by the subsequent 
aerobic stage.

Keywords:  Coupling system of electrochemistry and biochemistry; Kinetic model; Reactive brilliant 
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1. Introduction

Dyeing Wastewater (DW) is one form of refractory 
industrial wastewater because it involves the consumption 
of a huge amount of water, has a complex composition, is 
of high chromaticity, contains many refractory substances 
contained, and is of low biodegradability, among other 
characteristics [1]. At present, physicochemical and bio-
logical processes [2] have been explored for the treatment 
of actual DW. However, compared with the physical and 
chemical methods, the biological method is more com-
monly used because of it high economic efficiency. The 
biological method utilized for the actual DW is mainly the 
anaerobic–aerobic combination process; however, this pro-
cess has some shortcomings [3], such as the instability of the 
removal of aniline compounds, and poor load resistance.

Iron-carbon inner electrolysis is the treatment of waste-
water with based on the principle of electrochemical cor-

rosion of metals. Iron and carbon particles can form the 
primary batteries, that provide the strong reducing ability 
of [H] and iron ions and the strong oxidizing ability of [OH] 
free radicals for decomposing organic compounds in waste-
water to realize open loops and broken chains of macromol-
ecules thereby allowing biodegradability of wastewater to 
be strengthened to facilitate the subsequent biochemical 
reaction. Therefore, in recent years much attention has been 
focused on the internal electrolysis coupled anaerobic treat-
ment for DW [4].Compared with the conventional biochem-
ical treatment, the coupled process can remove pollutants 
at a low organic concentration for a short time and reduce 
microbial dependence on symbiotic metabolism. The main 
advantage of the coupled system is that it produces less 
aromatic amine intermediates. In the previous research, the 
micro-electrolysis coupling process has provided satisfac-
tory results; however, the existing research has not anal-
ysed the degradation process of organic compounds in the 
coupled system and has not revealed the mechanism of the 
coupled system.
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In this experiment, reactive brilliant red X-3B simulated 
DW was taken as the research object to study the wastewa-
ter treatment performance of the AF-BAF combined process 
with built-in internal electrolytic packings. Through labo-
ratory simulation, the following were deeply investigated: 
the degradation of the pollutants caused by the coupling 
reactor in the anaerobic segment, the kinetics of the organic 
substrates and dye degradation, and the kinetic parameters 
in the anaerobic coupled reactor. The process of dye deg-
radation and the mechanism of the coupled system were 
also explored. The results have important significance for 
understanding the characteristics of dye degradation via 
the internal electrolysis coupled biological process, and pro-
vide a theoretical and design basis for practical application.

2. Experiments

2.1. Experimental water

The molecular structure of reactive brilliant red X-3B is 
shown in Fig. 1. In this test, the reactive brilliant red X-3B azo 
dye wastewater was taken as the research object because it 
is a widely used azo dye. This test dyestuff with the purity 
is 99% was taken from Shanghai Jia Ying Chemical Co., Ltd. 
The stimulated wastewater samples used in this experi-
ment were prepared artificially, with C6H12O6, NH4Cl and 
KH2PO4 added in proportion (concentration ratio of C:N:P 

= 200:5:1) as the carbon, nitrogen and phosphorus source 
of the influent, respectively. NaHCO3 and H2SO4 were cho-
sen as the acidity regulator to adjust the influent pH value. 
Moreover, 0.3 ml of nutrient solution was added to each 
litre of stimulated wastewater influent [5].

2.2 Apparatus and experimental procedures

In this experiment, the internal electrolysis packing was 
positioned in the anaerobic and aerobic reactor. Simulated 
DW was treated by an electrochemical coupled AF-BAF 
two-stage biological filter system. The new type of iron 
carbon composite filler used in the test is a technical prod-
uct developed by our research group [Application Num-
ber:200910198816.9]. These fillers are composed of a certain 
mass ratio of iron powder and activated carbon powder, as 
along with a small amount of binder and catalyst.

The experimental apparatus used is illustrated in Fig. 
2. The water was driven by a peristaltic pump control 
velocity into the lower end of the anaerobic reactor. Next, 
the height difference was produced between the anaero-
bic reactor and the aerobic reactor. As a result, the efflu-
ent from the anaerobic reactor entered the aerobic reactor 
under the influence of gravity. The anaerobic reactor and 
the aerobic reactor, with the effective volumes of 2.4 L and 
1.2 L, respectively, were both made of Plexiglas [7]. The 
external diameter of the anaerobic reaction column is 108 
mm, the wall thickness is 4 mm, and the height is 1600 mm; 
the external diameter of the aerobic reaction column is 80 
mm, the wall thickness is 4 mm, and the height is 1000 mm. 
The anaerobic reactor from the bottom up per 200 mm is 
provided with a water outlet, the setup has a total of 7 out-
lets, with the highest water outlet being for the anaerobic 
effluent. The aerobic reactor from the bottom up per 200 
mm is provided with a water outlet; set up has a total of 6 
outlets, with the final effluent location of coupled system at 
the top of the water outlet.

2.3. Analysis methods

The COD was measured by using the potassium 
dichromate method [8]. The ORP was evaluated by using Fig. 1. The chemical structure of reactive brilliant red X-3B.

Fig. 2. Flow chart of the test system.
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Ray E - 201 - C portable redox potentiometer from Shang-
hai Precision and Scientific Instrument Corporation. The 
dye concentration and removal rate were quantitatively 
determined by UV-Vis[9];the changes of the degradation 
process and structural component were qualitatively mea-
sured based on UV-Vis and Second derivative spectrome-
try[10].

For the GC-MS analysis, samples for the NIST data-
base were used. The equipment used for the analysis was a 
Thermo Focus DSQ GC-MS from the US. The samples were 
first filtered using a centrifugal, and then extracted using 
a rotary evaporator and a freeze dryer. The third step was 
the derivatization reaction in the condition of an 85°C oven 
for 30 min with the addition of 0.1 ml ethyl acetate, 0.1 ml 
anhydrous and 0.1 ml BSTFA silicon alkylation reagents. 
1 μL of each pretreated samples was analysed using the 
GC-MS system. High purity He gas was used as the carrier 
gas with a flow rate of 1 ml/min, and splitless sampling 
was used. The temperature for gasification compartment 
was maintained at 250°C.

2.4. Experimental result

The optimum technology parameters were: HRT = 7 h, 
initial pH value = 6, DO = 4 mg·L–1; a strong ability to resist 
the influence of dye concentration fluctuation was observed 
in the anaerobic stage of the coupled system. Moreover, the 
results showed that the concentration of sulphate also affected 
the removal of organic compounds in the anaerobic stage. As 
the concentration of sodium sulphate increased, the removal 
rate of COD in the anaerobic stage was first increased and 
subsequently decreased at last. When sodium sulphate was 
not added, the removal rate of COD was 62.4% in the anaer-
obic stage; the concentration of sodium sulphate in the influ-
ent increased to 400 mg/L, and the optimal value of COD 
removal in the anaerobic stage was 93.6%.When the concen-
tration of sodium sulphate was more than 400 mg/L, as the 
amount of sodium sulphate increased, the removal rate of 
the anaerobic stage decreased, and then gradually stabilized. 
Therefore, the organic substrate degradation of the anaerobic 
reactor should be considered to occur in two stages.

Under the optimum working conditions, a comparative 
experiment was conducted on the identical two-stage pro-
cess using ceramsite as its packing material in the coupled 
system. During the study, dye removal showed that deco-
lourization mainly occurs in the AF stage. Moreover, micro-
bial decolourization of azo dyes has been widely reported 
in an anaerobic environment [11].

3. Results and discussion

3.1. Study of the organic degradation kinetics model of the  
internal electrolytic coupled system

3.1.1. Establishment of the model

Before the matrix degradation kinetics model [12] was 
deduced, the following assumption were made:

1. The whole system is in steady state.
2. The organic compounds in the influent are dis-

solved, the influent does not contain insoluble 

substances, and the influent does not contain 
microorganisms.

3. According to the homogeneous reactor, the material 
in the bioreactor is mixed well.

4. The effects of reactive dyes and other substances on 
the removal of organics and the growth of cells is 
negligible, and the effect of the internal electrolysis 
reaction on the removal of organics and the growth 
of cells is also negligible. The electrochemical reac-
tion is internalized in biochemical reactions, and is 
considered as a stage of the biochemical treatment 
strengthening effect.

The model derivation process is shown in Fig. 3:
Using the anaerobic reactor as research object of the sys-

tem, the formula of the organic materials is given by:

Q S Q S
dS
dt

V
dX
dt

Ve e
r

0 0 = + +  (1)

In the formula Q0—Influent flow, L/d; Sr—The concen-
tration of organic substrates in the reactor, mg/L; S0— The 
concentration of organics in the influent, mg/L; X—Micro-
organism concentration in the reactor, mg/L; Qe— Effluent 
flow, L/d; V—Effective volume of the anaerobic reactor, L; 
Se— The concentration of organics in the effluent, mg/L; 
dS
dt

r —The rate of organic substrates changes in the reactor, 

mg/(L·d); 
dX
dt

— The rate of sludge changes in the reactor, 

mg/(L·d).
From the above model assumptions, we can see that, 

when the system is stable, the rate of sludge concentration 
in the reactor does not change and then can be ignored, i.e., 

dX
dt

= 0 , and the system does not discharge sludge, i.e., Q0 

= Qe.
Thus, the removal rate of organic substrates of the 

whole anaerobic system is given by:

dS
dt

Q S S
V

r e=
−0 0( )  (2)

Defining t
V
Q

=
0

 where t is system hydraulic retention 

time (HRT), we obtain:

dS
dt

S S
t

r e=
−0  (3)

Fig. 3. The anaerobic reactor material balance chart.
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It can be seen that, in the non-sludge system, the removal 
rate of organic substrates is related to the concentration of 
organic substrates in and out of the water and HRT.

The definition of μ is the removal rate of organic sub-
strates, that is, the amount of microbial removal of organic 
substrates in the system during unit time:

µ = × =
−
⋅

1 0

X
dS
dt

S S
X t

r e  (4)

In this experiment, the study focus on the degradation 
process of DW with low organic concentration. There-
fore, Eckenfelder model is preferred as the degradation 
model [13]. The experimental influent conditions meet the 
substrate concentration conditions of the model that the 
influent BOD5 was less than 300 mg/L. In this state, the 
degradation rate of organic substrates and the residual 
substrate concentration are presented as a first-order reac-
tion. As a result:

µ = K Se2  (5)

K2  is the deceleration growth constant.
Substituting Eq. (5) into the formula Eq. (4) yields:

K S
X

dS
dt

S S
X te

r e
2

01
⋅ = ⋅ =

−
⋅

 (6)

In this experiment, S0 is a fixed value in the influent, 
and X is also a constant. By changing the residence time, 
the concentration Se of the effluent organics under unvary-
ing conditions was determined. In other words, Se is taken 
as the abscissa and μ is taken as the ordinate to obtain the 
kinetic equations and parameters.

3.1.2 Obtaining the parameters of the kinetic model

1. The concentration of influent COD is 300±20 mg/L, 
and the dye concentration is 100 mg/L. When sodium sul-
phate was not added, the degradation of organic in the 
anaerobic reactor was determined as presented in Table 1:

From Table 1, the kinetic equations can be obtained 
according to the different HRT and the corresponding con-
centration of organics in the water.

Using graphical method, the fitting equation is 
obtained:y x= −0 0027 0 04. . , R2 = 0.998.According to Eq. 
(6), we can see that the slope of the regression curve can be 
determined as the corresponding K2, that is, the hydraulic 

model parameters of the anaerobic reactor (K2 = 0.0027). 
In conclusion, the kinetic equation of this period is: μ = 
0.0027Se – 0.04.

2. In the case that the concentration of influent COD 
is 200±20 mg/L, the dye concentration is 40 mg/L, and 
sodium sulphate was added at the concentration of 400 
mg/L, the degradation of organic in the anaerobic reactor 
was determined as presented in Table 2:

From Table 2, the kinetic equations can be obtained 
according to the different HRT and the corresponding con-
centration of organics in the water. 

Using graphical method, the fitting equation is obtained:
y x= −0 0069 0 031. . , R2 = 0.995, K2 = 0.0069. In conclusion, 
the kinetic equation of this period is: μ = 0.0069Se + 0.031.

The linear equation and correlation coefficient are 
obtained by regression line in Fig. 4 and Fig. 5: 

Table 2
Organic degradation in the anaerobic reactor

Items HRT 
(h)

X 
(g/L)

S0 

(mg/L)
Se 
(mg/L)

S0 – Se 
(mg/L)

μ (1/d)

1 3 5 200 34 166 0.266
2 4 5 190 25 165 0.198
3 5 5 200 20 180 0.173
4 6 5 200 17 183 0.145

Table 1
Organic degradation in the anaerobic reactor

Items HRT 
(h)

X 
(g/L)

S0 

(mg/L)
Se 

(mg/L)
S0 – Se 

(mg/L)
μ (1/d)

1 3 5 300 120 180 0.288
2 4 5 280 99 181 0.217
3 5 5 287 86 201 0.193
4 6 5 300 80 220 0.176
5 7 5 300 76 224 0.154

Fig. 4. Fitted line graph.

Fig. 5. Fitted line graph.
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1) Without adding sulphate:

 S
S

X te =
−

+ ⋅
+0 14 8

1 0 0027
14 8

.
.

.  (7)

2) Without adding sulphate:

 S
S

e =
−

+
+0 4 49

1 0 069
4 49

.
.

.  (8)

3.1.3 Validation of kinetic equations

To verify the accuracy of the kinetic model, the experi-
mental values and the theoretical values calculated by the 
kinetic model are listed separately. The theoretical values 
are calculated using Eqs. (7) and (8).

1. The concentration of influent COD was 300±20 
mg/L, the dye concentration is 100 mg/L, without 
adding sodium sulphate (state 1):

2. The concentration of influent COD was 200±20 
mg/L, the dye concentration is 40 mg/L, and 
sodium sulphate was added at the concentration of 
400 mg/L (state 2):

Comparing Table 3 and Table 4, under the condition 
of state 1, the relative error range between the theoretical 
values and the experimental values is 2.2%~9.7%,and the 
maximum absolute error is no more than 8 mg/L; under the 
condition of state 2, the maximum absolute error between 
the theoretical values and the experimental values is no 
more than 6 mg/L, and the relative error value is larger 
than that of state 1, with the relative error range of 3%~25% 
because of the small in state 2. In summary, the kinetic equa-
tion of the coupled anaerobic reactor derived in this paper 
can be used for accurate prediction of the experimental 
results, and the feasibility of the selected model is proved. 
This study has practical value to estimate the organic sub-

strates of the experimental device within the engineering 
permissible error range.

3.2. Kinetics analysis of reactive brilliant red X-3B anaerobic 
degradation 

Dye degradation mainly occurs in the anaerobic stage; 
thus, so based on the removal rules of anaerobic degrada-
tion of azo dyes, decolourizaion kinetics of X-3B dyes was 
investigated in the coupled system anaerobic stage.

In this experiment, the degradation of dye was investi-
gated under the conditions of different dye concentrations 
of 40 mg/L, 60 mg/L and 80 mg/L while the concentration 
of influent COD was stable at 200 mg/L and the sodium 
sulphate concentration was at 400 mg/L. The reactive bril-
liant red-3B degradation process of the anaerobic biological 
filter in the coupled bio-electrochemical AF-BAF system fol-
lows the first-order kinetic model, which can be expressed 
as follows:

ln lnC C kti = −0  (9)

In the formula, k is the reaction rate constant; t is the 
reaction time; Ci is the substrate concentration (mg/L). The 
fitting figures obtained using the experimental data are 
shown below.

The fitting results of the first-order kinetic model are 
shown in Fig. 6 and Table 5, the correlation coefficients of 
the first-order kinetic are all above 0.97 for each of the three 
dye concentrations.

According to the first-order kinetic equation that the 
lower the C0 is, the greater the value of k will be , i.e., the 
higher the removal rate of dye. The value of k is directly 
related to the reactor behaviours and reflects the activity of 
biomembrane in AF.

From Table 5 we can see that k of the first-order kinetic 
reaction rate constant did not show a significant decrease 

Table 4
The experimental values and the theoretical values of the model in the running process of the system

HRT (h) Influent (mg/L) The experimental values of the 
effluent (mg/L)

The theoretical values of the 
effluent (mg/L)

Absolute error 
(mg/L)

Relative 
error (%)

4 180 29 23 6 20
5 182 24 18 6 25
6 186 20 15 5 25

Table 3
The experimental values and the theoretical values of the model in the running process of the system

HRT (h) Influent (mg/L) The experimental values of 
effluent (mg/L)

The theoretical values of 
effluent (mg/L)

Absolute error  
(mg/L)

Relative 
error (%)

3 289 120 117 3 2.5
4 300 95 103 8 8.4
5 302 92 90 2 2.2
6 290 80 78 2 2.2
7 320 85 77 8 9.7
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with increase of dye concentration. When the dye concen-
tration is 60 mg/L, the rate constant of the first-order kinetic 
equation is greater than 40 mg/L. This observation shows 
that dye degradation in the anaerobic stage is not affected 
by the initial dye concentration and that the anaerobic reac-
tor has superior resistance to impact load i.e., biofilm has 
stronger adsorption capacity of dyes. When the dye con-
centration continues to rise to 80 mg/L, the rate constants of 
the first-order kinetic equation decrease; this phenomenon 
may be the result of microorganisms being slightly inhib-
ited under the dye concentration.

3.3. Study of the degradation process of the dye via the coupled 
bio-electrochemical AF-BAF system

3.3.1. UV-Vis analysis

To investigate the degradation process and structural 
components of the simulated wastewater with reactive bril-
liant red-X-3B in the coupled bio-electrochemical AF-BAF 
system, UV-Vis analysis of the anaerobic and aerobic effluent 
was conducted. The changes of the material structure in the 
anaerobic stage were the emphasis of the analysis, because 
of the decolourization mainly occurs in the anaerobic phase. 
The changes of the overall dye degradation process were 
observed in the UV- Vis spectra, as shown in Fig. 7.

Fig. 7 shows that inflow reactive brilliant red-3B have 5 
absorption peaks at the wavelength of 236, 285, 330, 512, 539 

nm. Moreover, there is a maximum absorption peak in the 
visible region of 512 nm and 539 nm. Based on the molecu-
lar structure of X-3B, the absorption peak of the conjugate 
system formed by azo bonds is analysed; the inflow in the 
ultraviolet region has three absorption peaks at 236 nm, 
330 nm and 285 nm, which have been identified as benzene 
ring, naphthalene ring and three triazine, respectively.

Fig. 7 also reflects dye degradation of effluent at dif-
ferent locations of the reactor. In the visible spectral region 
(>400 nm), the peak intensity decreases gradually with the 
increase of reactor height (the residence time is prolonged) 
and the characteristic absorption peak almost disappeared 
at the height of 120 cm from the bottom of reactor;, the dis-
appearance of the characteristic absorption peak is caused 
by the breaking of the conjugated chromophore of azo dou-
ble bond. In addition, Fig. 6 shows that the dye degradation 
dynamics of the reactor are significant at the beginning of 
the process. Subsequently, the removal kinetics of the dye 
decreases over time. Thus, the first-order kinetic model of 
the dye degradation process was verified.

The change of dye degradation in the ultraviolet 
region(>400 nm) was observed, as shown in Fig. 8.

Fig. 8 shows that the three characteristic absorption 
peaks of the benzene ring, naphthalene and triazine are all 
located in the ultraviolet region. The figure shows that the 
benzene ring, naphthalene ring and three triazine groups 
were destroyed and that ring-opening occurred. The absor-
bance in the wavelength range of 200~250 nm was greatly 
increased. According to the law of conservation of mass, 
some small molecule compounds have been produced that 
only absorb in the ultraviolet region [14]. At the heights in 
the range of 40–60 cm from the bottom of the anaerobic reac-
tor, the absorbance in the wavelength range of 200~300 nm 
increases as the height of the reactor increases. It is assumed 
that the dye is degraded into benzene and the structure of 
the benzene ring may be formed when the naphthalene ring 
structure is destroyed. Therefore, the structure of the ben-
zene ring begins to accumulate gradually.

When the reactor height is greater than 80 cm, the absor-
bance of effluent is obviously lower than that of the pre-
vious stage in the wavelength range of 200~300 nm. This 

Fig. 6. ln C–t diagram of reactive brilliant red X-3B at different 
initial dye concentrations.

Fig. 7. UV-Vis spectrum of the effluent at different locations of 
the anaerobic reactor.

Table 5
The anaerobic degradation kinetic parameters of reactive 
brilliant red X-3B at different initial dyes concentrations

Dye  
concentration 
(mg/L)

Kinetic equation Correlation 
coefficients 
R2

Dye 
degradation 
rate constant k

40 ln C = –0.68t + 3.55 0.977 0.68
60 ln C = –0.72t + 3.93 0.987 0.72
80 ln C = –0.67t + 4.14 0.975 0.67
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phenomenon can be explained as follows: the coupled 
anaerobic reactor rapidly degrades X-3B azo dyes, and the 
upper layer of anaerobic reactor continuously degrades 
the intermediate products of a relatively small molecular 
weight; mineralization may even be possible in the wave-
length range of 200–300 nm.

The use of derivative spectra have some advantages: 
eliminating background interference, enhancing fine struc-
tures of spectra and identifying complex spectra. There-
fore, the second-derivative spectra of anaerobic and aerobic 
effluent are shown in Figs. 9a and 9b, to distinguish the 
overlapped peaks or the absorption peaks concealed by the 
rapid change of absorbance.

The two second derivative spectra of the anaerobic 
effluent show that weak absorptions remain at the wave-
lengths of 202 nm, 210 nm, 230 nm, 255 nm and 290 nm in 
the ultraviolet region. As shown in Fig. 9a, absorption peaks 
exist at both 202 nm and 255 nm; these peaks correspond to 
the absorption band [9] of the benzene ring structure. The 
peak intensity is obvious at 202 nm; according to the nature 
of influent, and the characteristics of anaerobic, unsatu-
rated compounds, such as acetic acid and propionic acid, 
are deduced (their absorption bands are approximately 200 
nm). The absorption band with a certain intensity indicates 
that the absorption band may have a fine structure of the 
benzene ring or naphthalene ring in the range wavelength 
of 255~300 nm. Azo conjugated structures obtained by the 
reductive degradation produce aromatic amines, such as 
aniline compounds. Their two characteristic absorption 
peaks of aromatic amines are located at approximately 230 
nm and 280 nm, indicating that the increase in dye con-
centration can inhibit the activity of microorganisms. It is 
caused by the intermediate products of dye degradation, 
such as aromatic amines, which can be toxic to microor-
ganisms, and intermediate products usually produce more 
toxicity than the dye itself. A slight inhibitory effect of the 
microorganisms of the system is found under this dye con-
centration. The two second-derivative spectra of the aerobic 
effluent are shown in Fig. 9b. There is no absorption peak 
at the wavelengths greater than 240 nm. This observation 
indicated that the structure of the benzene ring and naph-

thalene ring have significantly changed after processing at 
this stage in the anaerobic effluent, and that the absorption 
peak of aniline has disappeared. The peak positions of the 
two second-derivative spectra are mainly located at wave-
lengths less than 200~210 nm, and the peak intensity is very 
large; the wastewater is found to mainly contains unsatu-
rated bond compounds (such as alcohols, ethers and esters, 
acids and other small molecules) according to the nature of 
water.

As a result of the above analysis, we have a definite 
understanding based on the material structure that the 
process of the coupled system for degradation of reac-
tive brilliant red-3B dye molecules. The anaerobic stage 
destroys azo chromophores, which obviously leads to the 
decolourization from the initial reaction. The naphthalene 
ring structure, the three triazine structure and the benzene 
ring structure were somehow destroyed, as indicated by the 
spectra in the ultraviolet region, and the coupled system 
had more power to degrade the naphthalene ring structure. 
Naphthalene rings may be degraded into small molecules 
that contain substituted benzene rings, and the azo con-
jugated structures can be reduced and cleaved to produce 
aromatic amines, such as aniline. When the wavelength is 
200~250 nm, the absorbance appears to be first increased 
and then decreased, that is, the process of reactive brilliant 
red-3B degradation produces the benzene derivatives or 
intermediate products of small molecules containing unsat-
urated bonds. At the beginning of the reaction, the benzene 
derivatives or small molecules gradually accumulate first 
in the lower part of the reactor, and then the middle and 
upper layers start to degrade. It is demonstrated that the 
internal electrolysis packing can play a coupling role in AF 
and strengthen the degradation ability of the intermediates 
of the benzene ring and naphthalene ring in the anaerobic 

Fig. 8. UV-Vis spectrum of the effluent at different locations of 
the anaerobic reactor.

Fig. 9. two second-derivative spectra of the effluent at each 
stage:(a) anaerobic effluent;(b)aerobic effluent.
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stage. The remaining benzene ring derivatives were further 
degraded by the subsequent aerobic stage. Finally, the sys-
tem effluent is mainly small molecules containing unsatu-
rated bonds.

3.3.2. GC-MS analysis

To infer the degradation process according to the degra-
dation products obtained from the reactive brilliant red-3B 
via the coupled system, while ensuring the biodegradabil-
ity and toxicity of products at the same time, the end prod-
ucts in the effluent of each stage are tested, the products 
obtained are shown in Tables 6 and 7.

The Table 6 shows that, after the anaerobic process, reactive 
brilliant red-3B mainly produces acids and alcohols, including 
glycerol, ethylene glycol, glycolic acid, and lactic acid. There is 
a low concentration of intermediate products having the ben-
zene ring structure, such as benzene acetic acid and cumene, 
and no intermediary products containing naphthalene ring 
structure are detected in the anaerobic effluent. All the above 
information suggests that the structure of naphthalene rings 
may have been degraded into benzene rings in the reaction. In 
addition, aniline was not detected in the UV-Vis analysis. The 
results indicate that the coupling removal of reactive brilliant 
red-3B is very thorough in the anaerobic stage and can real-
ize partial degradation of naphthalene and aromatic amines. 

After the effluent of the anaerobic stage passed through the 
aerobic stage, the benzene ring material was further degraded 
and removed. Finally the effluent was found to only contain 
lactic acid, glycolic acid, propylene glycol and 6-hydroxyhexic 
acid, as shown in Table 7.

Table 6
Products of the anaerobic effluent

Peak R.T. 
(min)

Products Chemical structural 
formula

1 4.54 Ethylene glycol

2 4.78 Glycolic acid

3. 5.12 Lactic acid

4 6.31 Propylene glycol

5 7.03 6-hydroxyhexic acid

6 6.48 Benzene acetic acid

7 7.22 cumene

Table 7
Products of the aerobic effluent

Peak R.T 
(min)

Products Chemical structural 
formula

1 4.54 Ethylene glycol

2 5.12 Lactic acid

3 6.31 Propylene glycol

4 7.03 6-hydroxyhexic acid

Fig. 10. GC-MS of the anaerobic effluent

Fig. 11. GC-MS of the aerobic effluent.
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3.3.3. Reactive brilliant red -3B degradation process

According to the above analysis and results of GC-MS 
and UV-Vis, the degradation process of reactive brilliant 
red-3B in the coupled system was deduced to be as follows. 
First, azo dyes under anaerobic conditions with zero-va-
lent iron as an electron donor release electrons that attack 
− = −N N  key, resulting in its fracture and form amino 
hydroxy aniline and naphthalene compounds. Second, 
these two intermediate products can be further degraded 
to phenylacetic acid, glycolic acid, glycol and all forms of 
alcohols, acids and other organic substances in the internal 
electrolysis coupled anaerobic effluent. Some aniline are 
converted to phenol under specific anaerobic conditions, 
and the benzene ring of phenol is interrupted and con-
verted to simple organic compounds, such as 6-hydroxy 
caproic acid. Under aerobic conditions, benzene com-
pounds of the anaerobic stage are further degraded to small 
molecules with unsaturated bonds. In addition, the ORP 
was maintained at approximately –220 mV in the anaerobic 
reactor, and gas generation was observed on the surface of 
anaerobic pool. It was speculated that some organic com-
pounds had been transformed into CH4 or fully mineralized 
to CO2 and H2O in this environment. Moreover, the influent 
organic components are single and more glycerin ingredi-

ents can be found in the anaerobic and aerobic effluents; 
thus, microorganisms may be reduced by using other triose 
produced by hexose as hydrogen receptors in the anaerobic 
reaction process [15].

In summary, the degradation process of reactive bril-
liant red-3B in the coupled system is shown in Fig. 12.

4. Conclusions

A novel coupled system is established by iron-carbon 
inner electrolysis combined with AF-BAF for the treatment 
of dyeing wastewater. The experimental results show that 
the degradation rate of organic substrates and the residual 
substrate concentration follow a first-order reaction based 
on the Eckenfelder model, which is used as the organic 
degradation kinetic model. Moreover, the reactive brilliant 
red-3B degradation process of the anaerobic stage was found 
to follow the first-order kinetic model in the coupled system. 

According to the results of UV-Vis and GC-MS, the 
internal electrolysis packing can destroys the azo chromo-
phore. After being treated by the coupled system, most of 
the intermediate products are reduced and the products in 
the final effluent are mainly composed of small molecules 
containing unsaturated bonds.
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