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ABSTRACT

The biological treatment of gallic acid processing wastewater (GAPW) was carried out with
laboratory-scale 30-L expanded granular sludge bed (EGSB) and 60-L bio-contact oxidation
(BCO) reactors. The temperatures of the EGSB and bio-contact oxidation reactors were
maintained under mesophilic conditions of 35 and 32˚C, respectively. The effluent chemical
oxygen demand (COD), total nitrogen, total phosphorus, gallic acid levels, and pH values
of both the EGSB and bio-contact oxidation reactors, and redox potential of the EGSB were
monitored. When the influent COD concentration was 3,000 mg L−1 and the organic loading
rate (OLR) was 17.5 kg COD (m3 d)−1, the removal efficiency of COD by the EGSB and bio-
contact oxidation reactors was 87.021%. The removal efficiencies of nitrogen, phosphorus,
and gallic acid were 70.822, 58.116, and 63.407%, respectively. The redox potential in the
EGSB varied between −320 and −350 mV. The effluent pH increased either in the EGSB or
the bio-contact oxidation reactor. Both reactors were resistant to shock loading. The results
of our study provided a theoretical basis for the biological treatment of GAPW.
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1. Introduction

The treatment of wastewater remains a challenge
for the gallic acid-producing industry (Fig. 1). Because
many high-quality products are prepared from alkali
processes, manufacturers have generally chosen alkali
processes and Chinese nutgall as a raw material for
the production of gallic acid [1]. For a well-controlled
production, approximately 6.5 m3 of wastewater is
generated for each ton of refined gallic acid. However,
chemical oxygen demand (COD) tests have found up

to 60,000 mg L−1 total pollutants in the resultant
wastewater, including 17,000 mg L−1 gallic acid and
other complex components. In China, research and
development toward efficient and practical technolo-
gies for treating the wastewaters produced from gallic
acid production is of significant importance.

As environmental regulations have become
increasingly stringent, the gallic acid processing indus-
try is facing a severe test. Previous studies have
focused on the removal of gallic acid from wastewater
[3,4] but the removal of only gallic acid is not suffi-
cient due to the complicated compositions in the
wastewater. Studies on the removal of biological*Corresponding author.
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nutrients have been limited. Our laboratory [5] has
focused on the extraction of gallic acid from wastewa-
ter the gallic acid concentration left in the raffinate
was less than 800 mg L−1 after extraction. As gallic
acid was separated, the COD concentration reduced
by more than 50%, and the biodegradability signifi-
cantly increased. In the ideal case, the cleavage of a
tannic acid molecule generates ten molecules of gallic
acid and one molecule of glucose [6]. After extraction,
most of the COD left in wastewater is glucose.
Glucose is a good carbon source for the growth and
metabolism of microorganisms [7,8]. Because the ratio
of C: N: P in the wastewater is 188: 3: 1, that is, close
to optimal conditions for anaerobic fermentation [9],
the wastewater could be used for biological processes.
The NaCl concentration in the wastewater is approxi-
mately 100 g L−1, a level which would decrease the
processing capacity for sludge if fed directly into reac-
tors [10]. In the production of gallic acid, a large

amount of steam condensate and cooling circulating
water are discharged. The wastewater would need to
be diluted before undergoing biological treatment.

An expanded granular sludge bed (EGSB) and a
bio-contact oxidation process for the anaerobic and
aerobic treatment of gallic acid processing wastewater
(GAPW) were employed in this study. The EGSB can
run at high COD concentrations and high organic
loading rates (OLRs) [11]. Additionally, the EGSB can
resist shock loading [12], has less sludge formation
[13], and a high toxicity tolerance [14]. EGSBs have
been used in the treatment of a variety of organic
wastewaters with high COD concentrations and other
complex components [15,16]. Bio-contact oxidation
maintains high hydraulic load rates, retains high bio-
mass concentrations, resists high shock loads [17,18],
promotes microorganism growth, and generates less
sludge [19].

This study investigated the removal efficiency of
the combined EGSB and bio-contact oxidation reactor
of COD contaminants at various OLRs, total nitrogen
(TN), total phosphorus (TP), and gallic acid. Addition-
ally, redox potential changes in the EGSB and the pH
values of the two reactors were recorded.

2. Experimental setup

2.1. Reagents and analysis

All reagents used were of A.R. grade. GAPW was
taken from Beiya Biotechnology Company in Huaihua,
Hunan province, China.

Fig. 2. Schematic diagram of experimental setup (EGSB: expanded granular sludge bed; BCO: bio-contact oxidation).

Fig. 1. Molecular structure of gallic acid [2].
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The COD levels, TN and TP contents, gallic acid
concentration, pH, redox potential, and concentrations
of inorganic elements in the wastewater were ana-
lyzed. The COD was determined by rapid digestion
and spectrophotometry [20]. The TN content was
assayed with a UV spectrophotometer (UV-1801, Ruili
Corp) [21]. TP was analyzed by a molybdate spectro-
photometric method [22]. Gallic acid levels were deter-
mined by high-performance liquid chromatography
(HPLC; Agilent 1100 series, Agilent Technologies). pH
values were measured by a pH meter using a com-
bined electrode (pH-3C, INESA Corporation). Redox
potential was measured by an acid meter with a
combined redox potential electrode (320-S, Mettler
Toledo). The inorganic elements were assayed using
Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES; PS-6, Baird Corp).

2.2. The nature of wastewater

The pH value of the wastewater was 0.6–1.5, the
COD concentration was approximately 30,000 mg L−1,
the TN concentration was approximately 500 mg L−1, the
TP concentration was approximately 160 mg L−1, and
the gallic acid concentration was approximately
800 mg L−1. The other levels are listed in Table 1.

The result of the ICP-AES showed that there were
a number of different elements in the wastewater at
high enough concentrations for the growth of microor-
ganism. No additional nutrients were required
because the raw material, Chinese gallnut, provided
natural substances so that the wastewater contained a
comprehensive set of nutrients.

2.3. Characterization of the reactors and schematic diagram

A laboratory-scale EGSB reactor (30 L volume) was
constructed from fiber reinforced plastics. A bio-con-
tact oxidation reactor (60 L volume) was constructed
from polyvinyl chloride. The EGSB reactor had a

diameter of 150 mm, with an effective height of
1,700 mm. The bio-contact oxidation reactor was
1,200 mm long, 500 mm wide, and 500 mm in height.
The material of the filler was polyolefin.

The anaerobic granular sludge was taken from an
industrial-scale EGSB reactor in a paper mill wastewa-
ter treatment facility. The aerobic sludge was acquired
from an urban sewage treatment plant. The tempera-
tures of the EGSB and the bio-contact oxidation reac-
tor were maintained under mesophilic conditions, at
35 and 32˚C, respectively, with automatic temperature
control devices.

The reactors were operated under continuous flow
(Fig. 2). The influent into the EGSB reactor was
diluted wastewater, and the influent of the bio-contact
oxidation reactor was the effluent of the EGSB. The
rise velocity of the EGSB was maintained at 3 m h−1

by adjusting the reflux ratio. The dissolved oxygen
concentration of the bio-contact oxidation reactor was
adjusted to 2–4 mg L−1, and the sludge retention times
of the two reactors were set at 10 d.

2.4. Operational conditions

The EGSB and bio-contact oxidation reactors were
operated for 44 d. The wastewater was pre-treated by
an extraction step. The influent pH was first adjusted
to 6.0–8.0 with NaOH solution. The wastewater was
diluted by 9–15 folds before pumping into the reactor.

The influent COD levels and OLRs were controlled
as follows. Different COD concentration was used for
different dilution times. The initial influent COD con-
centration was diluted to 2,000 mg L−1 from 0 to 19 d
and increased to 2,500 mg L−1 until 25 d into the oper-
ation of the reactor. The influent COD concentration
was 3,000 mg L−1 from 26 to 44 d. The initial OLR was
kept at 3 kg COD (m3 d)−1 and increased by 3 kg
COD (m3 d)−1 every 5 d of operation until 12 kg COD
(m3 d)−1. Then, the combined processes were run at
an OLR of 17.5 and 22.5 kg COD (m3 d)−1, respec-
tively, for 3 d. From 27 to 44 d, the OLR was kept at
17.5 kg COD (m3 d)−1. The shock loading time was set
from 23 to 26 d when the influent COD concentration
was 3,000 mg L−1 and the OLR was 22.5 kg COD
(m3 d)−1 (Fig. 3).

The designed influent COD concentration was
calculated by following equation:

g ¼ C0

D
ðmg L�1Þ; (1)

where C0 is the COD concentration of the original
wastewater, 30,000 mg L−1; and D is the dilution factor.

Table 1
Elements and concentrations in raffinate

Element
Concentration
(mg L−1) Element

Concentration
(mg L−1)

Fe 48.1 Cr 0.9
Ba 0.03 Na 40,171
Zn 20.5 Si 56.1
B 1.2 Ca 224.5
K 1,685.4 Mn 1.5
Mg 59.7 Al 5.5
S 53.1 Mo 1.2
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The OLR was calculated by following equation:

OLR ¼ C

VT
� 1; 000ðkg COD ðm3 dÞ�1Þ; (2)

where C is the influent COD concentration, mg L−1; V
is the effective volume of the reactor, L; and T is the
hydraulic retention time, d.

The removal efficiency of COD, TN, TP, gallic acid
was calculated by following equation:

g ¼ C0 � C1

C0
� 100ð%Þ; (3)

where C0 is the influent concentration, mg L−1; and C1

is the effluent concentration, mg L−1.

3. Results and discussion

3.1. Actual influent and effluent COD concentration and
influent OLR

From 0 to 2 d, due to the combined effect of the
adsorption of the sludge and the degradation of
microorganisms, the effluent COD was low. When the
reactors were run under shock loading conditions
from 23 to 26 d, the highest processing loading rate of
the EGSB was 21.254 kg COD (m3 d)−1, while the efflu-
ent COD was 1,179.027 mg L−1, which exceeded the
limits of the influent of the bio-contact oxidation reac-
tor as the average processing loading rate of bio-con-
tact oxidation was lower than 1 kg COD (m3 d)−1. The
shock loading was stopped at 27 d, and the effluent
COD of the EGSB immediately dropped to 998.767 mg
L−1, which indicated the strong resistance to shock

loading of the EGSB. The highest degradation loading
rate of the subsequent bio-contact oxidation reactor
was 1.910 kg COD (m3 d)−1 at 26 d when the final
effluent COD reached a maximum 876 mg L−1. When
the shock loading ceased, the effluent COD of the bio-
contact oxidation did not decrease below 500 mg L−1

until 33 d, which indicated a weak resistance capacity
of the bio-contact oxidation reactor to shock loading.
The change in the degradation capacity of the two
reactors after shock loading was minor (see Figs. 4
and 5).

Fig. 3. Designed influent COD concentrations and OLRs.
Fig. 4. Actual influent and effluent COD concentrations of
expanded granular sludge bed and bio-contact oxidation
reactors (EGSB: expanded granular sludge bed; BCO:
bio-contact oxidation).

Fig. 5. Changes in the processing loading rate in expanded
granular sludge bed and bio-contact oxidation reactors
(EGSB: expanded granular sludge bed; BCO: bio-contact
oxidation).
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In the EGSB, from 30 to 44 d, when the influent
OLR was 17.5 kg COD (m3 d)−1, the average effluent
COD was 719.311 mg L−1 and the OLR was 13.625 kg
COD (m3 d)−1. During the same period, in the bio-con-
tact oxidation reactor, the average effluent COD was
442.222 mg L−1 and the OLR was 0.753 kg COD
(m3 d)−1. The total removal efficiency was 87.021%.

3.2. Removal of TN

From 1 to 6 d, the effluent TN gradually increased,
and the OLR was lower than 17.5 kg COD (m3 d)−1.
The total effluent TN was below 16 mg L−1. The efflu-
ent TN increased as the OLR increased, which indi-
cated that the nitrogen removal capability of the two
reactors was limited. When the reactors were run con-
tinuously at an influent OLR of 17.5 kg COD (m3 d)−1

from 30 to 44 d, the effluent TN of the EGSB was
27.369 mg L−1, the bio-contact oxidation was
13.066 mg L−1, and the total removal efficiency was
70.822% (see Fig. 6).

3.3. Removal of TP

As was observed in the removal of nitrogen, the
removal of phosphorus by the combined reactors was
also limited. The total removal efficiency was 58.116%
from 30 to 44 d. The effluent TP gradually increased
before shock loading. After shock loading, the effluent
TP was maintained at approximately 6.132 mg L−1,
which demonstrated a poor phosphorus removal
capacity by the combined process. A prolonged SRT

was not conducive for the removal of TP because the
biological removal of phosphorus was dependent on
the sludge discharge. Therefore, the removal of
phosphorus by a chemical process would need to be
combined with EGSB and bio-contact oxidation to
meet emission standards (see Fig. 7).

3.4. Removal of gallic acid

From 0 to 6 d, due to the adsorption of sludge, the
total effluent gallic acid was lower than 24.361 mg L−1,
the removal rate fluctuated with changes in the influ-
ent, and more than 69% of the gallic acid was
removed. The removal efficiency varied between 30
and 40% and did not significantly change after 15 d.
When the OLR was 17.5 kg COD (m3 d)−1 from 30 to
44 d, the total gallic acid removal efficiency was
63.408% (see Fig. 8).

3.5. Changes of redox potential in EGSB

The redox potential of the EGSB fluctuated
between −320 and −350 mV. A downward trend was
observed, which indicated that the microenvironment
in the EGSB was stable and suitable for the metabo-
lism of methanogenic bacteria [23] (see Fig. 9).

3.6. pH values of influent, EGSB effluent and bio-contact
oxidation effluent

The operating pH range of the activated sludge
system was 6–9. The anaerobic effluent pH was

Fig. 6. Influent and effluent TN of expanded granular
sludge bed and bio-contact oxidation reactors (EGSB:
expanded granular sludge bed; BCO: bio-contact
oxidation).

Fig. 7. Influent and effluent TP of expanded granular
sludge bed and bio-contact oxidation reactors (EGSB:
expanded granular sludge bed; BCO: bio-contact
oxidation).
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7.23–8.13, and the aerobic effluent pH was 7.78–8.83.
Both were within the operating pH range. The anaero-
bic sludge granules appeared intact, and the removal
rates of COD contaminants, nitrogen, phosphorus, and
gallic acid were stable. This indicated that the EGSB
reactor could stably run within this pH range. Simi-
larly, the formed biofilm did not slough off, and the
nutrient removal rate of the bio-contact oxidation
reactor was also stable. This also indicated that the
bio-contact oxidation reactor could run properly (see
Fig. 10).

Because the majority of organic matter in the
wastewater was glucose and gallic acid, the change of
pH value was due to the degradation of gallic acid or
the metabolites of glucose and gallic acid.

The effluent pH of the EGSB was higher than that
of the influent. In an anaerobic biochemical reaction,
acid-forming bacteria degrade glucose and gallic acid,
generating lactic acid and CO2, respectively. Methano-
genic bacteria could also degrade glucose, gallic acid,
and lactic acid and generate methane and CO2. The
presence of lactic acid and CO2 resulted in a
decreased pH, while the reduction of gallic acid
increased the pH. The pH of the EGSB was higher
than that of the influent, which indicated the produc-
tion rate of lactic acid was lower than the degradation
rate of gallic acid. This indirectly demonstrated that
the activity of the acid-forming bacteria was weaker
than that of the methanogenic bacteria.

Additionally, the pH value of the bio-contact oxi-
dation reactor effluent was higher than that of the
influent due to the degradation of gallic acid and the
blow off of CO2. When the influent OLR was less than
17.5 kg COD (m3 d)−1, the effluent pH was maintained
above 8. The effluent pH was below 8 when the influ-
ent OLR was 22.5 kg COD (m3 d)−1. By measuring the
effluent pH, we were able to rapidly determine the
levels of the influent OLR relative to the specified
OLR.

4. Conclusions

This paper demonstrated the performance of a lab-
oratory-scale combined process of an EGSB reactor

Fig. 8. Influent and effluent gallic acid of expanded
granular sludge bed and bio-contact oxidation reactors
(EGSB: expanded granular sludge bed; BCO: bio-contact
oxidation).

Fig. 9. Changes in redox potential of expanded granular
sludge bed reactor.

Fig. 10. pH value of influent, expanded granular sludge
bed, and bio-contact oxidation reactors (EGSB: expanded
granular sludge bed; BCO: bio-contact oxidation).
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and a bio-contact oxidation reactor in treating GAPW,
which currently has no defined procedure. An average
COD removal efficiency of 87.021% was achieved
when the influent COD concentration was 3,000 mg
L−1 at an OLR of 17.5 kg COD (m3 d)−1. The removal
efficiencies of nitrogen, phosphorus, and gallic acid
were 70.822, 58.116 and 63.407%, respectively. The
redox potential in the EGSB varied between −320 and
−350 mV. The effluent pH was increased either in the
EGSB or in the bio-contact oxidation reactor during
treatment. To meet emission standards, the effluent
will require additional treatments. These results
indicated that the combined process of the EGSB and
bio-contact oxidation reactors were suitable for the
treatment of GAPW.
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