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Abstract

The feasibility of biodegradability improvementinduced from the structural conversion of refractory pollutants by hydrothermal reaction was
investigated. Monochloroacetic acid (MCAA) was selected as a preliminary material represented for linear hydrocarbon structured refractory
pollutants. Under the tested conditions, MCAA was partially destructed and then converted to biodegradable reaction products by hydrolysis,
dehydration and thermal decomposition. The identified products were glycolic acid, citric acid and formic acid. Total organic carbon (TOC)
reduction during the structural conversion did not exceed 24%, except the results at the reaction conditionS ah8507 MPa. However,

Produced biodegradable organic acids were reduced by thermal decomposition with increasing reaction temperature and time. At the reaction
temperature of 250 and 30G, biodegradability (BOD/COR) was reached at 0.51 in 6.9 min and 0.52 in 7.4 min despite the presence of
dissociated chlorine ions. The detachment of recalcitrant chlorine ion from MCAA and the production of biodegradable organic acids by
hydrothermal reaction were directly related to the biodegradability improvement of reaction products.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tially required to attain structural conversion of refractory
pollutants enough to improve their biodegradability.

The awareness of refractory pollutants regarding their  Monochloroacetic acid (MCAA) is detected at widespread
treatment and biodegradability improvement has been in- area in our environment from synthetic and natural sources
creased. Conventional biological treatment methods such[2-5]. Because of its low acute toxicity, high solubility in
as activated sludge process are retarded by stable chemicalater and low volatility, MCAA could give toxic effect to
structures, high-molecular-weight structures and attachedplant, algae and animd6,7] and resist to biodegradation
recalcitrant radicals. Structural conversion from refractory [8]. For these reasons, MCAA was selected as a prelimi-
pollutants to easily degradable substances is inevitably re-nary material represented for linear hydrocarbon structured
quired to improve biodegradability of refractory pollutants. refractory pollutants having recalcitrant radicals.

It could not be easily achieved by advanced treatment meth- Hydrothermal reaction has been attracting many re-
ods as well as conventional biological treatment methods. searchers, because of the fascinating characteristics of
However, biodegradation of refractory pollutants has been water as reaction medium at elevated temperatures and
continuously researched, because it is the basic and ultimatepressureg9]. Under sub- and supercritical water condi-
fate in aquatic and terrestrial ecosystefi$. Therefore, tions (Ic = 374°C, Pc = 22.1MPa), various reactions
the introduction of a new pretreatment method is essen-such as oxidation, hydrolysis, dehydration, reduction and

thermal decomposition can be produced energeti¢a0y.

- This technology is used for degradation of refractory pol-
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ery, reactions must be conducted under sub-critical water sists of a stirrer, a pressure gauge, a reactor and a molten
conditions to prevent complete decomposition of desired salt bath containing mixture of potassium nitrate and sodium
products[16,17] However, hydrothermal reaction has not nitrate[19]. Two batch reactors were used during the exper-
been applied as a method for partial destruction of refrac- imental periods. One batch reactor (reactor 1) made up of
tory pollutants enough to improve their biodegradability, hastelloy C22 (Ni, Cr, Mo alloy) has a total inner volume
except our previous results related to biodegradability im- of 65.9 cn?. The other reactor (reactor 2) made by stain-
provement and structural conversion of polyvinyl alcohol less steel (sus 316) has a effective inner volume of 59 cm
[18]. The maximum operational conditions of both reactors are
In this research, the structural conversion of refractory 450°C and 45 MPa. Reactor 1 takes 7.5 min to reach heat-up
pollutants under sub-critical water conditions is focused. at 350°C. In case of reactor 2, the required time is 1.5 min
Under the conditions, hydrolysis, thermal decomposition at the same temperature. The heat-up time is depending on
and catalytic effect of water could derive the fracture of the desired reaction temperatufé3]. Reactor 2 was only
attached recalcitrant radicals, stable chemical structuresused to investigate reaction rates within 7.4 min, for its fast
and high-molecular-weight structures of refractory pollu- heat-up time.
tants within short reaction time. This process may allow
biodegradability improvement of refractory pollutants. 2.3. Experimental methodologies
Thus, the objective of this research is to investigate the fea-
sibility of biodegradability improvement induced from the Prior to experiments, MCAA was adjusted to the con-
structural conversion of MCAA by hydrothermal reaction. centration of 4.23 mM using distilled water. In order to test
Besides, the application of hydrothermal reaction as a newthe feasibility of short time treatment of high concentration
pretreatment method for refractory pollutants is also studied. refractory pollutants by hydrothermal reaction, higher con-
centration range than that of real wastewater stream was
selected. Experiments were conducted at various tempera-

2. Materials and methods tures (250, 300 and 35C) and specific pressures (4, 9 and
17 MPa). The reaction times were set as showmahle 1
2.1. Reagent They were defined as the elapsed time from the heat-up time

to reach 90% of each reaction temperat{ir@]. Saturated
MCAA and other organic acids (glycolic, citric and formic  vapor pressures at the specific temperature were selected for
acid) were obtained from Tokyo Chemical Industry Co. liquid phase reaction. The desired pressure was obtained by
(Tokyo, Japan). All reagents were guaranteed grade. Gly-adjusting the initial sample volume using the data on steam
colic, citric and formic acid were used as standard materials table. During the experiments, reaction pressures were ver-
for qualitative and quantitative analysis of reaction products ified from the pressure gauge of a batch reactor apparatus.

obtained from MCAA. In each experiment, sample was placed into a reactor. The
reactor was sealed, and then the air inside was purged using
2.2. Batch reactor apparatus pure nitrogen gas. The reactor was put into the preheated

molten salt bath during the desired reaction time. Then the
Experiments were carried out using a batch reactor appa-reactor was immediately quenched in water bath, effectively
ratus (TSC-006, Taiatsu Glass Corporation). It mainly con- ceasing any occurring reactions.

Table 1

Change of water quality indexes under sub-critical water conditions

Specification Reaction time (min) TOC (mgh) DOC (mgl?) CODc (mgl™1) BOD (mg 1) pH (-)

MCAA - 1020 1020 2600 0 23

250°C, 4 MPa 6.9 1010 1010 2600 1330 15
16.9 1010 1000 2600 1330 15
26.9 1000 990 2500 1300 15
56.9 990 990 2500 1300 15

300°C, 9MPa 7.4 1010 1010 2400 1250 1.7
17.4 1000 1000 2100 1340 1.6
27.4 980 970 2000 910 1.6
57.4 780 770 1800 620 1.6

350°C, 17 MPa 7.4 660 640 1900 330 1.7
17.4 390 380 1500 270 1.6
27.4 330 330 1100 250 1.6

57.4 220 210 600 160 1.7
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2.4. Analytical methods composition than that of lower temperature conditions. The
initial BOD value of MCAA was lower than detection limits
For the evaluation of products and reaction mechanism, in the laboratory experiments. Although slow biodegrada-
MCAA and reaction products were analyzed using an tion of MCAA was possible, this result was corresponding
organic acid analyzer (LC-10A, Shimadzu Corporation) to the results of Ellis et a[8] including the long induction
with two ion-exclusion columns (Shim-park SCR-102H, time and half-life time of MCAA in the field and laboratory
Shimadzu Corporation) connected in series and an electro-study. At the reaction temperature of 280, the BOD value
conductivity detector (CDD-6A, Shimadzu Corporation). of 1330 mgt?! was attained within 6.9 min then not varied
The chlorine ions of reaction products were determined much. However, BOD decreased with increasing reaction
using an ion chromatography analyzer (DX-120, DIONEX temperature and time after the reaction time of 17.4 min at
Corporation). It consists of an analytical column (lonpac 300°C. During experiments, pH slightly decreased from the
AS14 P/N 46124, DIONEX Corporation), a guard column initial value of 2.3 then did not change much under all the re-
(lonpac AS14 P/N 46134, DIONEX Corporation) and a action conditions. Besides, attached chlorine ion of MCAA
conductivity detector (DS4, DIONEX Corporation) sup- was separated within 7.4 min under all the tested conditions.
ported by self-regenerating suppressor (ASAR P/N 53946, Thus, the results of pH and ion chromatography imply that
DIONEX Corporation). In order to evaluate the change of the production of hydrochloric acid originated form sepa-
water quality indexes, following items were analyzed before rated chlorine ions by hydrolysis reaction under sub-critical
and after reactions. Total organic carbon (TOC) and dis- water conditions.
solved organic carbon (DOC) were measured with a TOC
analyzer (TOC-5000A, Shimadzu Corporation). Chemical 3.2. Products evaluation
oxygen demand (COf) was analyzed with a COD ana-
lyzer consisting of a COD reactor (P/N 45600-00, HACH Fig. 1 shows the effect of reaction time on the change
Corporation) and a spectrophotometer (DR/3000, HACH of composition of products at each reaction tempera-
Corporation). Biological oxygen demand (BOD) was done ture. These data are average values of three times exper-
with a BOD tester (BOD Tester 200F, Taitec Corporation). iments. Deviation of data is from 0.6 to 3.5% of each
In the beginning of BOD analysis, all samples were ad- average value. After hydrothermal reaction, MCAA was
justed to the pH value of 7. pH was measured by pH meter not detected under all the reaction conditions. In the total
(F-23, HORIBA). Before analysis of organic acid, ion chro- carbon contents, 93% of glycolic acid and 6% of un-
matography and DOC, all samples were filtered to separateknown materials were detected in 6.9 min at the reaction
solid parts using micro-syringes and filters with pore size conditions of 250C and 4 MPa, respectively. When the
of 0.45um. reaction time increased, the amount of products was not
changed much. Under saturated vapor pressure, water has
a maximum ion product at around 230 [10]. Therefore,

3. Results and discussion MCAA was converted to glycolic acid by hydrolysis re-
action derived from high ion product under the reaction

3.1. Change of water quality indexes under sub-critical conditions of 250C and 4 MPa. And mineralization did not

water conditions exceed 3%. The reason was that further decomposition of

glycolic acid did not occur at the reaction conditions. Under

Table 1shows the change of water quality indexes before the reaction conditions of 30@ and 9 MPa, the tendency of
and after reaction under sub-critical water conditions. Under production of glycolic acid within 7.4 min was not different
these experimental conditions, water has unique characterfrom the reaction occurred at 235G and 4 MPa. However,
istics comparing to water under normal conditions as shown citric acid was produced in the reaction time of 17.4 min.
by Savagd9] and Shaw et al[10]. Thus, hydrothermal re-  Besides, complete structural conversion from MCAA to
action is mainly affected by various characteristics of wa- organic acids was attained at the reaction time of 17.4 min.
ter at the specific temperatures and pressures. Water qualityrhe reduction of total carbon contents increased from 1%
indexes of MCAA represent the state of MCAA in ambi- in 7.4min to 24% in 57.4min at the reaction temperature
ent water before hydrothermal reaction. In that case, waterof 300°C. Moreover, 78% of carbon contents were reduced
quality indexes of MCAA not changed. In order to check within 57.4 min at the reaction temperature of 380 It im-
reproducibility of data, every experiments were conducted plies that reaction products were decomposed by thermal de-
at three times under same reaction conditions. Then averageomposition with increasing reaction temperature and time.
values were achieved and used. Deviation of water quality Thus, formic acid was produced from the decomposition
indexes was less than 3% of each average value. In the reof citric acid and glycolic acid in 27.4 min at the reaction
sults of TOC and DOC, the difference between total and temperature of 300C. Because of much reduction of total
soluble contents was not much under all the reaction condi- carbon contents by thermal decomposition, the amounts
tions. At the reaction temperature of 38D, the reduction of  of identified products at the reaction conditions of 360
TOC, DOC and COIg, was more increased by thermal de- and 17 MPa were lower than that of lower temperature



136

I MCAA |

K. Kim et al./Journal of Hazardous Materials B108 (2004) 133-139

Glycolic acid [____| Citric acid

Formic acid Unknown materials

100

a) Conditions : 250°C, 4MPa

7 2
= wn
T T

Total carbon contents (%)
b
T

Raw
material

6.9 min 16.9 min 26.9 min 56.9 min

b) Conditions : 300°C, 9MPa

100

~
wm

N
wn

Total carbon contents (%)
wm
<>

Raw
material

—
=4
=]

7.4 min 17.4 min 27.4 min 57.4 min

¢) Conditions : 350°C, 17MPa

N
wn
T

[
wn
T

Total carbon contents (%)
g
T

Raw
material

Fig. 1. Effect of reaction time on the change of composition of products
at each reaction temperature (conditions: (a) 2504 MPa; (b) 300C,

7.4 min 17.4 min 27.4 min 57.4 min

9MPa; (c) 350C, 17 MPa).

conditions. From the results oFig. 1, glycolic acid
was the main identified product under all the reaction

conditions.

3.3. Reaction pathway of MCAA under sub-critical water

conditions

The reaction pathway of MCAA under sub-critical wa-
ter conditions is represented Fig. 2 MCAA was con-

Table 2
Reaction rate constants at each reaction temperature and activation energy
for the reduction of MCAA

Temperature°C) 250 300 350
Reaction rate constank,(x10-3s1) 6.4 8.3 10.7
Activation energy Ea, kJmol 1) 13.9
Frequency factor4, s 1) 0.16
Correlation coefficientR2) 0.99

verted to glycolic acid by hydrolysis reaction in the begin-
ning of hydrothermal reaction. Besides, hydrochloric acid
was produced from separated chlorine ions at the same
time. Reaction pathway from MCAA to glycolic acid was
not varied under all the tested conditions. After the struc-
tural conversion, citric acid was produced from the dehy-
dration reaction of glycolic acid under the reaction temper-
atures higher than 30@. Formic acid was yielded from
the thermal decomposition of glycolic acid and citric acid.
Then, glycolic acid and formic acid were reduced and min-
eralized by thermal decomposition depending on reaction
conditions.

From the results of reaction pathway, the structural con-
version from MCAA to glycolic acid was the most impor-
tant step on the viewpoint of the pretreatment of refractory
pollutants by hydrothermal reaction. The reason was that
the disappearance of attached recalcitrant chlorine ion of
MCAA was attained from the process. Therefore, obtained
activation energy and reaction rate constants at each reac-
tion temperature for the reaction of MCAA reduction are
summarized infable 2

3.4. Relationship between BOD improvement and the
yield of glycolic acid

Glycolic acid was the main identified product under all the
reaction conditions, as shown Byg. 1 Thus, the relation-
ship between the production of glycolic acid and the change
of BOD of reaction products is discussed hétig.. 3shows
the effect of yield of glycolic acid on the BOD improvement
of reaction products. At the reaction temperature of 250
the yield of glycolic acid was reached around 3000 iig |
and attained BOD values were higher than 1300MgThe
ultimate BOD value of reaction products was 1340 mig|
at the reaction temperature of 300. In that case, the yield
of glycolic acid was reached at 2790 mg! The vyield of
glycolic acid gradually decreased with increasing reaction
temperature, because of the thermal decomposition of reac-
tion products as discussed 8ection 3.2 There is a linear
relationship between the yield of glycolic acid and BOD
of reaction products. It means that the BOD improvement
of reaction products is proportional to the increasing of
the yield of glycolic acid under all the reaction condi-
tions. Additionally, the results ofigs. 1 and 3mply that
most of reaction products are degradable substances by
microorganism.
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Fig. 2. Reaction pathway of MCAA under sub-critical water conditions.

3.5. Biodegradability improvement depending on
reaction conditions

was continuously improved and then reached at 0.64 within
17.4min. It can be explained by the fact that the complete
structural conversion from MCAA to organic acids as shown
Both the ratio of BOD/TOC and BOD/CQfp represent by Fig. 1 After the reaction time, biodegradability was grad-
the biodegradable portion of all organic carbon contents in ually reduced until 0.34 at the reaction time of 57.4 min.
a substance. Thus, the ratios are commonly used to evaluatélthough biodegradability gradually increased with increas-
biodegradability of substancgh8]. In this research, the ra-  ing reaction time, attained biodegradability was lower than
tio of BOD/COD¢; was selected as the index of biodegrad- 0.3 under the reaction conditions of 38D and 17 MPa.
ability. Fig. 4 represents the effect of reaction time on the The reason was that much reduction of biodegradable reac-
biodegradability improvement of reaction products at each tion products by thermal decomposition as represented by
reaction temperature. During the transition state, the tem-Figs. 1 and 3
perature of reactant in a reactor was reached at 90% of each Generally, some substances having the ratio of BOD/
reaction temperature. The initial biodegradability of MCAA CODc; higher than 0.4, are usually considered as thoroughly

was extremely low enough to reach zero. Under the reactionbiodegradable materig]20]. Thus attained biodegradability

conditions of 250C and 4 MPa, biodegradability suddenly
jumped to 0.51 within 6.9 min then was not much varied
until the reaction time of 56.9 min. At the reaction condi-
tions of 300°C and 9 MPa, the initial trend of biodegrad-
ability improvement of reaction products was nearly same
until the reaction time of 7.4 min. However, biodegradability
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Fig. 3. Relationship between the yield of glycolic acid and the BOD
improvement of reaction products.

at the reaction temperature of 250 and the results within
27.4min at the reaction temperature of 3@were suitable
values for conventional biological treatment methods. Com-
paring to the results dfig. 1, the biodegradability improve-
ment of reaction products was closely related to the amount
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Fig. 4. Effect of reaction time on the biodegradability improvement of
reaction products at each reaction temperature.
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Fig. 5. Relationship between TOC reduction and BOD improvement of
reaction products at each reaction temperature.

and the composition of each product at the same reaction
conditions. Besides, chlorine ions were presence in the re-
action products because of the dissociation of converted hy-
drochloric acid from MCAA as discussed in Section 3.1.
From the results of ion chromatography, the concentration
of chlorine ions was 1500mgl~1. The presence of chlo-
rineion may retard biodegradability improvement. However,
biodegradability higher than 0.4 was successfully achieved
under tested conditions. Therefore, it was inferred that the
biodegradability improvement of reaction products was not
mortally retarded at the concentration range of chlorineions
tested in this research.

3.6. Suitable TOC reduction range based on BOD
improvement

Fig. 5 shows the relationship between TOC reduction and
BOD improvement of reaction products at each reaction
temperature. In order to know the minimum TOC reduction
range to attain the maximum BOD improvement, the BOD
improvement per unit TOC reduction of reaction products
at each reaction temperature is discussed here. Under the
reaction temperature of 250°C, BOD value was improved
until 1330mg1~1 in 6.9 min then, remained despite increas-
ing reaction time. Under all the cases, TOC reduction did
not exceed 4%. At the reaction temperature of 300°C, the
initial trend of BOD improvement per unit TOC reduction
at 7.4 and 17.4min was not much different from the results
at the reaction temperature of 250°C. After the reaction
conditions, BOD gradually decreased and TOC reduction
simultaneously increased with increasing reaction tempera-
ture and time. Thus, attained BOD values were lower than
400mgl—1 and TOC reduction was extended to 78% under
the reaction temperature of 350°C.

From the results of Figs. 1, 3 and 5, the thermal decom-
position of biodegradable reaction products such as glycolic
acid induced the reduction of BOD and TOC with increasing
reaction temperature and time. On the contrary, mineraliza-

tion increased depending on reaction temperature. More-
over, MCAA was successfully converted to biodegradable
reaction products in the beginning of hydrothermal reac-
tion. Therefore, reactions must avoid much TOC reduction
after achieving the structural conversion enough to improve
BOD. For the reason, the suitable TOC reduction range was
within 4%. The optimal BOD improvement was attained
in 6.9min at the reaction conditions of 250°C and 4 MPa.
In that case, TOC reduction was within 1%. Considering
the heat-up time of reactor 1, the required time to attain
BOD values higher than 1200 mg1~1 was within 3min after
reaching the desired conditions at the reaction temperature
of 250 and 300°C. It implies that the significant feasibility
of hydrothermal reaction in case of the application of a
continuous reactor for pretreatment of refractory pollutants.

4. Conclusions

The feasibility of biodegradability improvement induced
from the structural conversion of MCAA by hydrothermal
reaction was investigated in this research. The structural
conversion from MCAA to biodegradabl e reaction products
was successfully achieved by hydrolysis, dehydration and
thermal decomposition under tested sub-critical water con-
ditions. The identified reaction products were glycolic acid,
citric acid and formic acid. TOC reduction for the structural
conversion did not exceed 24%, except the results at the re-
action conditions of 350°C and 17 MPa. The separation of
recalcitrant chlorineion from MCAA by hydrolysis brought
the production of hydrochloric acid and biodegradable gly-
colic acid. It was the key reaction to attain biodegradable
reaction products on the viewpoint of the pretreatment
of refractory pollutants. The concentration of dissociated
chlorine ions from hydrochloric acid was 1500mg|—2. The
presence of chlorine ions in reaction products may retard
biodegradability. However, the biodegradability improve-
ment of reaction products was not fatally retarded under all
the tested sub-critical conditions. To avoid the thermal de-
composition of biodegradable reaction products, reactions
must be conducted under the minimum TOC reduction
range to attain structural conversion enough to improve
BOD. The optima biodegradability (BOD/COD¢;) was
0.51 in 6.9 min under the reaction conditions of 250°C and
4MPa. In that case, TOC reduction was within 1%. The
amount of biodegradable organic acids and the composition
of products were closely related to the biodegradability
improvement of reaction products. Besides, the applica-
tion feasibility of hydrothermal reaction was found in case
of the use of a continuous reactor for pretreatment of re-
fractory pollutants. Therefore, hydrothermal reaction could
be accepted as the most suitable alternative pretreatment
method for biodegradability improvement of refractory
pollutants like MCAA. Further, investigation is needed
to apply hydrothermal reaction in real wastewater and to
clarify reaction mechanism for other refractory pollutants.
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