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ab s t r ac t
Diethylene glycol (DEG) was found to contaminate wastewater from the stationery industry. The 
wastewater, after chemical precipitation, still had high DEG and Chemical oxygen demand (COD) 
resulting in undischarge according to the standard wastewater policy. Bioremediation and phytore-
mediation were chosen to solve this problem. Comparison of bioremediation and phytoremediation 
revealed that adding nutrient rich microorganisms removed more DEG, but less COD than using 
plants grown under hydroponic conditions. However, the bioremediation system had lower potential 
than plant + soil conditions. The application of a plant-soil system as a constructed wetland was able 
to remove all DEG (1,500 mg/L) in the wastewater within 8 d. The potential of a constructed wetland 
system can be enhanced by the addition of microorganisms and nutrients, reducing the time of reme-
diation from 8 to 5 d. In addition, COD reduction to 110 mg/L was reduced from 14 to 11 d, which 
was lower than the acceptable level (COD ≤ 120 mg/L). However, the use of microorganisms alone 
cannot reduce COD in contaminated wastewater to the acceptable level. Using constructed wetland 
with the addition of microorganisms and nutrients is an effective way to remediate DEG and COD 
from stationery industry wastewater.
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1. Introduction

Diethylene glycol (DEG) is an organic solvent used in the 
stationery, textile and ink industries, including oil and gas 
production [1]. Moreover, DEG is used as a coolant and as a 
building block in organic synthesis [2]. DEG is used in many 
industries and is associated with contamination in the sur-
rounding environment where large amounts of wastewater 

are discharged. The toxicity of DEG is relatively low, lethal 
dose response is in the range of 0.014–0.170 mg DEG/kg body 
weight for humans, and the toxic effect is similar to the toxic-
ity from alcohol. DEG is the cause of metabolic acidosis and 
renal failure [3]. Additionally, DEG contamination in aquatic 
environments deteriorates water quality because it causes 
high levels of COD.

Conventional wastewater treatment methods, physical 
and chemical precipitation, are ineffective in reducing of 
DEG to an acceptable level. Further treatments are necessary 
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to handle highly soluble properties of DEG. Both the Fenton 
system [4,5] and nano-filtration [6] have been applied to treat 
DEG and although these methods are effective, a high oper-
ation cost is required. An alternative and promising opera-
tion is the biological remediation approach. This approach 
is usually applied in the final wastewater treatment step due 
to a capacity to remove low concentrations of contaminants. 
Moreover, the biological method is environmentally friendly 
and easy to operate [7].

The biological remediation approach exploits living 
organism’s activities to remove contaminants from contam-
inated environments. The biological remediation approach 
comprises two main systems: the microbial remediation sys-
tem called “bioremediation”, and the plant remediation sys-
tem called “phytoremediation”. Phytoremediation is a green 
technology based on using plants to clean up polluted sites. 
This technology is applicable to remove a broad range of con-
taminants, consisting of explosives, metals, radionuclides, 
organic compounds, and surfactants [8]. The burhead plant 
(Echinodorus cordifolius L. Griseb), an aquatic plant, has been 
reported to have potential for DEG removal [9]. However, 
phytoremediation technology has some limitations, includ-
ing rate of DEG removal, as well as being climate dependent, 
and requiring a remediation site for planting.

Bioremediation has received increasing attention as an 
economical, eco-friendly, and effective biological approach 
in cleaning up polluted environments [10]. There are two 
common approaches for in situ bioremediation, bioaugmen-
tation and biostimulation. Bioaugmentation is the addition 
of pre-grown microorganisms to degrade contaminated com-
pounds [11], while biostimulation is the addition of nutri-
ents and other supplementary components to induce native 
microbial growth, which affects degradation rate [10]. The 
use of microorganisms in a remediation system is believed to 
have a higher rate of removal and be easier to manage when 
applied to treat wastewater in the reactor scale or industrial 
sector.

Mechanisms of glycol degradation by plant and microor-
ganisms, including effective species, are well studied [9,12–14]. 
However, a comparison of remediation potential of bio- and 
phytoremediation of industrial effluent is not known. This 
study firstly, investigated the effects of three bioremediation 
techniques (bioaugmentation, biostimulation, and combined 
bioaugmentation-biostimulation) on DEG remediation in 
stationery industry wastewater. Secondly, it compared of the 
efficiency of DEG removal in microbe systems, plants under 
hydroponic systems, and plant-soil systems.

2. Materials and methods

2.1 Microbial inoculum

A microbial consortium capable of degrading DEG was 
isolated from the soil in a wetland system with a history of 
DEG contamination by the enrichment technique. Five grams 
of soil was inoculated into 100 mL of modified medium-C 
yeast base containing 1.5 g/L DEG in a 250 mL Erlenmeyer 
flask. The medium consisted of 4.5 g/L Na2SO4, 1.0 g/L 
NH4Cl, 1.0 g/L yeast extract, 0.5 g/L KH2PO4, 0.3 g/L sodium 
citrate. 2H2O, 0.06 g/L CaCl2.6H2O, 0.06 g/L MgSO4.7H2O, 
0.016 g/L FeSO4.7H2O, 0.2 g/L ascorbic acid, and 0.2 g/L 

sodium thioglycolate, pH adjusted to pH 7 then autoclaved 
at 121°C for 15 min. The DEG solution in water was added 
to the medium at the final concentration of 1.5 g/L before the 
medium was sterilized. The microbial culture was incubated 
at 30°C and shaken at 150 rpm for 5 d. The subculture was 
conducted by transferring 10 mL of the enriched culture to 
90 mL of fresh medium (medium-C yeast base with 1.5 g/L 
DEG), incubated again at 30°C and shaken at 150 rpm for 5 d. 
Anaerobic enrichment was carried out following the aerobic 
subculture method but a 100 mL glass bottle with a rubber 
stopper was used instead of a 250 mL Erlenmeyer flask, and 
shaking was not required. Three subcultures were conducted 
to obtain a soil-free enrichment. This enriched-mixed culture 
was used as seed inoculum in the DEG remediation study.

2.2. DEG contaminated wastewater

DEG contaminated wastewater was obtained from 
the effluent of a stationery industry site at Samut Prakan, 
Thailand. The wastewater had been pre-treated by coagula-
tion, but it was still high in COD content and approximately 
1,500 mg/L DEG remained in the solution.

2.3. Bioremediation system

Wastewater treatment by microorganisms was divided 
into 4 treatments: wastewater alone (control), wastewater + 
microorganisms (bioaugmentation), wastewater + nutrients 
(biostimulation), and wastewater + nutrients + microorgan-
isms (combined bioaugmentation-biostimulation), with 
three replicates for each treatment. The nutrients used in the 
treatments were half-strength modified yeast base medium-C, 
consisting of 2.25 g/L Na2SO4, 0.5 g/L NH4Cl, 0.5 g/L yeast 
extract, 0.25 g/L KH2PO4, 0.15 g/L Na3C6H5O7.2H2O, 0.03 g/L 
CaCl2.6H2O, 0.03 g/L MgSO4.7H2O, 0.008 g/L FeSO4.7H2O, 
0.1 g/L ascorbic acid, and 0.1 g/L sodium thioglycolate. The 
study was performed in two scale sizes: a shake flask and 
a continuously stirred tank reactor (CSTR). The shake flask 
contained 90 mL of the DEG contaminated wastewater and 
10 mL of inoculation (approximately 4.1 × 106 cells/mL) in a 
250 mL Erlenmeyer flask, incubated at 30°C and shaken at 
150 rpm. The CSTR reactor contained 1,800 mL of DEG con-
taminated wastewater, 200 mL of inoculation (approximately 
4.1 × 106 cells/mL) in a 2,200 mL working volume CSTR reactor, 
and was incubated at room temperature (30°C ± 5°C) under a 
rotation speed of 150 rpm. A sample was taken every day and 
measured for remaining COD and DEG in the solution. The 
system pH was adjusted to pH 7 before the experiment.

2.4. Phytoremediation system

Burhead plant (Echinodorus cordifolius L. Griseb) was 
grown in a greenhouse at the Remediation Laboratory 
of King Mongkut’s University of Technology Thonburi 
(KMUTT), Bangkhuntien Campus. Plants at the same growth 
stage (8 leaves, 500 g of fresh weight) were selected and cul-
tured in glass cylinders (30 × 50 cm) containing Hoagland’s 
solution for a week prior to the start of the experiments.

The experimental design was random with three 
 treatments to study the efficiency of plants in the treatment 
system: wastewater (control), wastewater + burhead plants, 
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and wastewater + burhead plants + soil (500 g). All treatments 
were carried out in triplicate in separate glass cylinders 
under a static system, in which the 2,000 mL of DEG contami-
nated wastewater was not refreshed during the experimental 
period, but water was added to maintain a constant volume 
despite evaporation. The experiment was conducted at an 
average temperature of 32°C ± 5°C, with 60% ± 8% relative 
humidity and 12-h light/dark cycles.

2.5. Constructed wetland system

A constructed-wetland was used to represent the plant-
soil system. The system was performed in two plastic square 
pots (96 × 62 × 29 cm) with a 0.8 cm high rock, 20 kg of clay soil, 
16 burhead plants, and 120 L of DEG-contaminated wastewa-
ter for each pot. The wastewater was circulated between the 
two tanks at a flow rate of 150 mL/min. The wastewater treat-
ment by plant-microbe system was set into two treatments 
with two controls: wastewater alone (control), wetland + tap 
water (control), wetland + wastewater, and wetland + waste-
water + combined bioaugmentation-biostimulation. The 
experiment was performed for 14 d.

2.6. Wastewater analysis 

The concentration of DEG in the solution was measured 
using gas chromatography with a flame ionization detector 
(GC-FID). The solutions were filtered through a 0.45 µm cel-
lulose acetate filter before analysis. A CP-Volamine capillary 
column with 30 m × 0.32 µm diameter was used to analyze 
the sample. The injection temperature was 250°C, the oven 
temperature was 200°C, and the detector temperature was 
280°C. Helium was used as the carrier gas at a flow rate of 
1.8 mL/min. For analysis, the external standard technique was 
used. DEG (GC grade, Sigma-Aldrich) concentrations in the 
standard solutions for the calibration curve were 0, 100, 500, 
1,000, 1,500, 2,000, 2,500, and 3,000 mg/L. A percentage of DEG 
removal efficiency was calculated as: DEG removal efficiency 
(%) = (Ci–Cf)/Ci × 100, where Ci is the initial DEG concentration 
(mg/L) and Cf is the final DEG concentration (mg/L).

The chemical oxygen demand (COD) and pH of the solu-
tion was also measured during the time of study. The COD 
was analyzed in accordance with method 508C of standard 
methods [15].

2.7. Statistical analysis

Data was analyzed by Minitab program Version 16.0. The 
significance of treatments was set at a P-value of less than or 
equal to 0.05.

3. Results and discussion

3.1. Soil microorganisms

Soil from the wetland system of DEG contaminated 
wastewater is a good source of effective microorganisms 
for DEG remediation. The target microorganisms from soil 
were cultivated using a medium containing DEG to select 
microorganisms with high potential for DEG degradation. 
The remaining DEG concentrations during the cultivation 

process are shown in Fig. 1. The culture under aerobic and 
anaerobic conditions showed that the cultivated microorgan-
isms from both conditions were able to remove DEG from 
the wastewater. However, during microbial subculture it was 
observed that microbes growing in aerobic cultivation had a 
faster potential for DEG removal than the microbes growing 
in anaerobic cultivation (Fig. 1).

Ethylene glycol has been reported to biodegrade in aer-
obic and anaerobic conditions. The result of this study was 
similar to the study of Huang et al. which showed that the 
aerobic biodegradation of glycol was much higher than in 
the anaerobic process [16,17]. The main group of microor-
ganisms in soil and roots associated with rhizosphere micro-
organisms of burhead plants grown in DEG-contaminated 
wastewater has been reported to be acid-producing bacteria 
and sulfate-reducing bacteria [9,18]. These microorganisms 
were able to degrade organic compounds which resulted in 
organic acids as products of degradation. However, other 
microorganisms have also been reported to possess DEG 
degradation potential, such as Pseudomonas aeruginosa, 
Flavobacterium sp., and Pelobacter venetianus sp. nov.

Cycle 1 of the subculture took a shorter time for DEG 
removal than the other cycles. The longer DEG removal time 
in cycle 2 and 3 compared to cycle 1 of the subculture process 
suggested that this might occur from the adsorption of soil 
particles to the DEG. Soil particles and soil organic material 
can adsorb many compounds depending on the properties 
of the compound and soil components [19]. However, after 
cycle 1, the cultures were soil-free and the potential of DEG 
removal occurred from only the microorganisms.

3.2. Potential of microorganisms in DEG removal 

3.2.1. Flask scale study

The mixed microorganisms from aerobic isolation were 
selected to study the potential of DEG removal from sta-
tionery wastewater. Bioaugmentation, biostimulation, and 
combined biostimulation-bioaugmentation showed differ-
ent DEG removal potentials from stationery wastewater. 
The combined bioaugmentation and biostimulation had the 
highest removal efficiency and took the shortest time for 
DEG removal (Fig. 2(a)). Also, the biostimulation technique 
showed higher removal potential than bioaugmentation. 
Within 7 d of the experiment, bioaugmentation removed 64% 
DEG in wastewater, the biostimulation removed 98% DEG, 
and the bioaugmentation combined with biostimulation 
enhanced DEG removal potential to 100%.

3.2.2. CSTR reactor study

The potential of microorganisms in DEG removal 
were studied in CSTR reactors with a working volume of 
2,000 mL for possible application in factories. The scaling 
up of the study showed the same trend as the flask scale 
study (Figs. 2(c) and (d)). The combination of bioaugmenta-
tion and biostimulation increased the rate of DEG removal. 
The  combined  bioaugmentation-biostimulation removed 
100% DEG, while the biostimulation removed 95% DEG 
and the bioaugmentation removed 40% DEG within 10 d of 
experiment.
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Fig. 1. DEG concentrations in the solution during cultivation of microorganisms under aerobic (left) and anaerobic (right) conditions.



P. Teamkao et al. / Desalination and Water Treatment 60 (2017) 144–121118

The bioremediation potential could be heightened 
by increasing microbial activity. The microbial activity 
is enhanced by adjusting the appropiate conditions for 
microbial growth such as moisture, pH, oxygen, and 
nutrients. The nutrients that are usually added to elevate the 
potential of remediation are carbon, nitrogen, phosphorus, 
ready metabolite compounds, and some trace elements 
[20–22]. The yeast extract, which contains metal ions and 
required macronutrients, is an excellent nitrogen source for 
bacterial growth. The addition of nutrients, or biostimulation, 
has been the most practiced bioremediation strategy and is 
also well-documented [23]. Biostimulation enhanced activity 
of indigenous microorganisms in the wastewater, whereas 
bioaugmentation added effective microorganisms to the 
remediation system. The potential of added microorganims 
depends on environmental conditions. The remediation may 
not be successful due to the lack of appropriate nutrients 
for the microbe as in enriched media, and/or competition of 
native microorganisms and inoculum.

Bioaugmentation had a lower potential than biostimula-
tion, which may be from eventual cell death after inoculation 
by limiting nutrients [24]. Although the wastewater has a full 
carbon source from DEG, the essential nutrients such as nitro-
gen are limited. The reduction of DEG by microorganisms in 
CSTR reactors was lower than in shake flasks (Fig. 2). The 
culture potential usually drops when scaling up from shake 
flasks to fermenters [25]. This may have occurred from the 
different supplies and limitations of oxygen. Furthermore, 

temperatures between the two studies were different. The 
removal of DEG by microorganisms under the screening 
process was higher than under flask scale and CSTR reactor 
experiments (Figs. 1 and 2). This might be due to the effect 
of nutrients. The flask scale and CSTR reactor experiments 
used only half-strength medium, while the screening process 
experiments used full-strength medium.

Although, microorganisms had a potential for DEG 
removal, the use of microorganisms or enhancing microbial 
activity could not reduce the COD of the wastewater, and also 
the addition of nutrients and microorganisms into the waste-
water increased the COD of the solution (Figs. 2(b) and (d)). 
After 15 d of the experiment, the COD remained at 710.62 ± 
55.61 mg/L under bioaugmentation combined with biostim-
ulation in the flask scale study. The use of microorganisms 
in remediation is a method that can reduce DEG from 
wastewater, and an awareness of using microorganisms is 
increasing COD concentrations in wastewater.

3.3. Comparison of bioremediation and phytoremediation 

Burhead plant has been studied for its potential in DEG 
remediation. The potential of the plant under hydroponic 
conditions compared to microorganisms is shown in Table 1. 
The plants in hydroponic solution and microorganisms 
 (bioaugmentation) were not successful in DEG  remediation. 
The use of microorganisms and added nutrients  (combined 
bioaugmentation-biostimulation) had a greater DEG removal 

Fig. 2. Remaining DEG ((a) and (c)) and COD ((b) and (d)) concentrations in the solution under small scale remediation ((a) and (b)) 
and in the CSTR reactor ((c) and (d)) under various conditions.
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potential than using plants under hydroponic solution. 
However, plants grown in the soil system gave the best 
removal potential for both DEG and COD (Table 1). Not only 
did the soil support plant growth but it also enhanced DEG 
adsorption. The native microorganisms in soil also aid DEG 
removal. Phytoremediation in hydroponic conditions had 
microbial association, nevertheless the plant played a major 
role in remediation [26]. The best bioremediation method 
(combined bioaugmentation-biostimulation) still had a 
lower potential than the plant-soil system (Table 1). Soil has 
a variety of microbial communities that are enhanced in the 
bioremediation process [27], suggesting that soil adsorption 
and native soil microorganisms enhanced DEG and COD 
removal.

3.4. Application of plant-microbe system for DEG removal

This study showed that phytoremediation of stationery 
wastewater with plants in a soil system had the highest 
removal efficiency (Table 1). Using the plant and soil system 
for DEG remediation as a constructed wetland system with 
the flow of wastewater (Fig. 3) was suitable to remove DEG 
and COD from wastewater. The wetland system took 8 d to 
remove DEG from wastewater (Fig. 4). During 2 weeks of the 
experiment, the COD of wastewater remained at 250 ± 17 mg/L. 
However, the use of bioaugmentation-biostimulation com-
bined with wetland system showed the DEG and COD 
removal was reduced to 5 and 11 d, respectively (Fig. 4). 
Plant and microorganisms were able to enhance each oth-
er’s growth, which made this system successful in statio-
nery wastewater remediation. The wetland system had a 
higher rate of removal than the use of microorganisms alone 
(Fig. 2) because the wetland system had soil, the rhizosphere 
and root-associated microorganisms. Soil can adsorb many 
compounds and supply nutrients to the plant and microor-
ganisms. In addition, microorganisms associated with plant 
roots, rhizosphere and soil microorganisms also enhanced 
the remediation.

The combination of microorganisms and plants enhanced 
the remediation potential of organic compounds [28] and also 
the number of microorganisms [18]. Plants and their associ-
ated microorganisms interacted with each other. Plants sup-
plied the microorganisms with a special carbon source that 
stimulates the microorganisms in order to degrade organic 

contaminants. Microorganisms can support their host plant 
to become tolerant to stress from contaminants, and improve 
plant growth and development in return. A better under-
standing of plant-microorganisms partnerships could be 
exploited to enhance the remediation of contaminants [29]. 
The combined use of plants and effective microorganisms 
for the remediation of DEG-contaminated wastewater was 
more effective than the use of microorganisms and the use 
of plants alone.

Another benefit of wetland systems is the reduction of 
wastewater pH. Most organisms grow well in neutral pH, 
except for some species that can grow in extreme condi-
tions. The pH of stationery wastewater was pH 12, which 
is extremely basic and is not appropriate for burhead plant 
and soil microorganisms to grow. The recommended pH for 
burhead plant is between pH 6.2–7.1 and it can grow under 

Table 1
Treatment of DEG and COD from stationery industry wastewater under various conditions for 10 d

Parameter DEG (mg/L) COD (mg/L)
Initial Final Initial Final

Wastewater (Control) 1,587.77 ± 2.53AB 978.28 ± 7.50C 2,453.09 ± 42.61b 1,675.57 ± 272.76c

Wasterwater + microorganisms (Bioaugmentation) 1,547.74 ± 31.69AB 925.98 ± 90.35C 2,525.41 ± 93.76b 1,591.19 ± 61.37c

Wasterwater + nutrients (Biostimulation) 1,630.28 ± 20.77A 76.86 ± 11.98E 3,104.03 ± 59.66a 614.77 ± 51.14d

Wasterwater + nutrients + microorganisms  
(Bioaugmentation + Biostimulation)

1,523.99 ± 14.09B 0E 3,061.84 ± 68.19a 687.10 ± 51.14d

Wasterwater + Plant 1,586.66 ± 23.09AB 185.22 ± 0.02D 2,424.68 ± 48.36b 512.48 ± 20.88d

Wasterwater + Plant + soil 1,611.00 ± 25.35AB 0E 2,340.56 ± 50.12b 127.07 ± 16.12e

The data is presented as the means ± SD of three individual experiments. Values in the same column with the same letter are not significantly 
different (α = 0.05).

Fig. 3. Constructed wetland model (a) and the flow of wastewater 
in the system (b).
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pH 5.0–7.5. However, the application of wetland systems for 
wastewater treatment changed the pH from base to neutral 
(Fig. 5) because burhead plant released phosphate ions in the 
system (data not shown). The use of the plant and microor-
ganisms in the remediation system of this wastewater was 
a suitable method because the wastewater did not require 
to pH adjusting before treatment, which reduced the cost of 
operations.

4. Conclusions

Rhizosphere microorganisms and soil microorganisms 
enhanced DEG contaminated wastewater from stationery 
industries. It was also found that aerobic microorganisms had 
a higher potential than that of anaerobic microorganisms. The 
addition of microorganisms (bioaugmentation), nutrients 
(biostimulation), and microorganisms + nutrients (combined 
bioaugmentation-biostimulation), decreased DEG in the 
wastewater. Among the use of microorganisms in the remedi-
ation system, the combined bioaugmentation-biostimulation 
was the best method. However, the addition of either 
microorganisms or nutrients into the wastewater increased 
the initial COD of the wastewater and the microorgan-
isms were not able to decrease it to an acceptable level 
during the time of the remediation study. Burhead plant 
alone had lower DEG removal potential than the combined 
bioaugmentation-biostimulation, but the use of plant-soil 
systems had higher potential than that of the microbial reme-
diation system. The application of the plant-soil system as 
a constructed wetland with a flow of wastewater enhanced 
remediation potential. Also, the combined wetland with bio-
augmentation and biostimulation enhanced the potential of 
the system, and all DEG was removed within 5 d and COD 
was lower than the acceptable level within 11 d. Using the 
wetland system was easier in management because the pH 
of wastewater did not require adjusting before treatment as 
burhead plant adjusted the system pH to neutral by releasing 
phosphate ions in the system. However, the combined use 
of constructed wetland system and bioremediation method 
(combined bioaugmentation-biostimulation) had higher 
remediation efficiency than the use of wetland alone. This 
knowledge can be applied to treat DEG contaminated waste-
water and the remediation system potential can be enhanced 
by the addition of nutrients and effective microorganisms.
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