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ABSTRACT: Coconut shell activated carbon (AC)-tethered
urease (from jack bean) was successfully developed to degrade
urea in a packed bed reactor. The loading capacity of urease in
AC was 78.8 mg/g. The tethered enzyme showed a maximum
activity at 70 °C and pH 7.2. For higher than 75% of the
maximum activity, the tethered urease showed a broader
temperature range of 42—80 °C compared to 45—75 °C for
the free enzyme. Similarly, the tethered urease had an
increased stability against the changes of pH. The K value
of the free urease was 0.271 mol/L and 0.345 mol/L for the

tethered one. This may be caused by the conformational changes of the enzyme. The V., values were 0.215 and 0.110 mol/min
for the tethered and free ureases, respectively, which is reflected by an increase in catalytic activity. The catalytic degradation of
urea was performed in a packed bed reactor. The remaining activity of the tethered urease was over 80% after S0 h of operation.
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B INTRODUCTION

The removal of urea from aqueous solutions is a major problem
in various industries due to increased environmental and health
concerns. The production of urea has reached about 10° tons
per year worldwide." In production, urea-containing (0.2—2%)
wastewater mainly results from the urea purification and
recovery process. In the environment, urea also comes from
other industries that utilize urea, as well as from fertilized crop-
planted soils and urine excretion by animals. Although urea has
low ecotoxicity, the long-term impact in nature may cause
eutrophication and groundwater pollution.

Urea is a polar nonionic compound, showing little affinity to
common sorbents.” It is highly soluble and stable in water. The
industrially utilized method to remove urea is based on
nonenzymatic hydrolysis, which requires high temperature and
high pressure in addition to complex technological equipments.
Other urea removal methods include catalytic and electro-
chemical decompositions, oxidation with stron§ oxidants, and
adsorption, which have high operation costs.' ™ Ureases are a
group of highly prominent enzymes, widely distributed in
nature. They can catalyze the hydrolysis of urea to carbonic acid
and ammonia. Therefore, the hydrolysis of urea catalyzed by
urease is a “green” route.

Immobilized enzymes can be easily removed from the
reaction medium and can be operated in batch or continuous
processes.” Immobilization of enzymes might avoid some
inactivation caused by aggregation, proteolysis, or interaction
with external interfaces. Meanwhile, it can improve its stability,
activity, selectivity, and reduce inhibitions.” A variety of solids
have been studied for the immobilization of enzymes. Some

-4 ACS Publications  © 2013 American Chemical Society 433

studies have concluded that organic carriers have some
disadvantages including susceptibility to microbial attack,
shrinkage of pore sizes with variations of pH, solvent
composition, and flow rate in column reactors.® Comparatively,
most inorganic carriers are inert and stable at high temper-
atures. Their surface can be easily functionalized for binding
moieties. Moreover, enzymes can be accommodated in their
pores.7 Among inorganic carriers,”'* mesoporous silicas, such
as MCM-41, SBA-15, etc., have been the focus of a number of
studies because of their large surface area, high pore volume,
and opened structure.'>'® Although they have been widely
researched to immobilize enzymea in order to facilitate catalyst
recycling, they are not applicable in a packed bed reactor.
Mesoporous silica-supported enzymes are powdery substances.
To be processed into macro-sized granules, silica powder is
normally mixed with an adhesive binder and subjected to
annealing at high temperature. However, enzymes cannot stand
a high temperature. Therefore, their catalytic performances are
limited to a slurry reactor, and catalysts must be separated after
each run.

Kibarer et al.'” studied the physical adsorption of urease in
petroleum-based activated charcoal, which has been coated with
hexamethyldisiloxane through plasma polymerization. George
et al.'® immobilized crude urease onto polyester. Moynihan et
al." reported urea hydrolysis by the immobilized urease onto
ion exchange resins in a fixed-bed reactor. Comparatively,
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coconut shell AC, a biomass based material, has high
mechanical strength, good abrasion resistance, and inherent
granular structure, making it applicable to a continuous packed
bed. In addition, the pore sizes of AC are more tunable in a
range from S to 50 nm by simply controlling the preparation
conditions. It is fairly suitable for proper immobilization of high
molecular weight enzymes and the diffusion of substrate and
product through the pore channel.?*~% In this paper, coconut
shell AC granules were controllably oxidized to generate
abundant phenolic groups on the surface, followed by
aminosilylation and glutaraldehyde linking to tether the urease.
The urease is also a kind of multimeric protein, the same as
many other enzymes. It is possible to reach some multipoint
covalent attachment using glutaraldehyde.” The immobilized
urease can be applied to remove urea in a packed bed reactor.

B EXPERIMENTAL SECTION

Materials. The jack bean urease (EC 3.5.1.5, molecular weight
about 480 kDa, 50,000—100,000 units/g) and (3-aminopropyl)-
trimethoxysilane (APTMS, 97%) were purchased from Sigma
Chemical Co. Coconut shell activated carbon granules (20—40
mesh, specific gravity 1.8) and glutaraldehyde (50% aqueous solution)
were obtained from Aladdin reagent Co. (Shanghai, China). HNO;
HCI, NaOH, NaHCO3, and Na,COj; were purchased from Sinopharm
Chemical Reagent Co. (China). Quartz granules (1—20 mesh) were
obtained from Guangzhou Chemical Reagent Co. (China).

Functionalization of Coconut Shell AC. Coconut shell AC
granules were successively subjected to oxidation, aminosilylation, and
aldehyde linking prior to urease immobilization, which is presented in
Figure 1. Coconut shell AC granules were placed into a Soxhlet

)

Raw coconut shell AC Aminosilylated AC

Controllably oxided AC

Aldehyde containing AC AC tethered enzymes

Figure 1. Process of enzyme immobilization in coconut shell AC
granules.

extractor and washed with deionized water at 100 °C for 12 h, and
then dried at 105 °C for 24 h. Five grams of AC granules were
oxidized with 50 mL of 20 wt % HNO; in a reflux device at 80 °C for 3
h. The oxidized AC granules were thoroughly washed with distilled
water and then dried at 105 °C for 24 h.

To aminosilylate the oxidized AC, 3 g of oxidized AC and 2 mL of
APTMS (97%) were stirred in 80 mL toluene under reflux for 12 h.
The solid was separated by suction filtration, and then washed
successively with dichloromethane and ethanol. The physically
adsorbed APTMS in the AC was extracted with ethanol in a Soxhlet
extractor for 24 h. The surface of the aminosilylated coconut shell AC
was further modified with aldehyde groups by reacting with
glutaraldehyde.'® Three grams of aminosilylated AC was stirred with
5 mL of 50% aqueous glutaraldehyde in S0 mL ethanol solution under
reflux for 2 h. The solid was separated by suction filtration, and then
followed by washing with deionized water and drying at 45 °C for ~10
h under vacuum condition.
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Immobilization of Urease. The urease immobilization procedure
was similar to that described in refs 24 and 25. A total of 0.2 g of
glutaraldehyde linked AC granules were suspended in S0 mL of 0.5
mg/mL urease solution in a phosphate buffer (0.1 M, pH 7.2) and
reacted in a shaking bed for 48 h at 4 °C. Finally, the AC-immobilized
enzyme was separated by centrifuge and rinsed with a phosphate buffer
(0.1 M, pH 7.2) and then with deionized water. The concentrations of
enzyme were estimated from the absorbance at 275 nm. The amount
of enzyme immobilized onto the support was calculated from the
difference between initial and residual enzyme concentrations. Enzyme
loading capacity was defined as the amount of bound urease per gram
of support.®®

Characterization. The surface oxygen-containing functional
groups on the raw and oxidized ACs were quantitatively and
qualitatively determined by Boehm titration. It depends on the
amount and strength of the alkali reacted with the oxygen-containing
groups. In the experiments, 0.2 g of the AC samples were separately
added into four 100 mL conical flasks containing 20 mL of 0.02 M
HCJ, 0.02 M NaOH, 0.02 M NaHCOs, and 0.02 M Na,CO; solutions.
The flasks were gently shaken for 48 h on a wrist shaker and then
filtered. The filtrate was titrated with 0.02 M hydrochloric acid.

The Brunauer—Emmett—Teller (BET) surface area and average
pore size of coconut shell AC-based samples were measured using
TriStar 3000 from N, adsorption—desorption and Barrett—Joyner—
Halenda (BJH) analysis. Fourier Transform infrared (FT-IR) spectra
were recorded from KBr pellets using a Bruker Tensor27
spectrometer. X-ray photoelectron spectroscopy (XPS) analyses were
conducted on an AXIS ULTRAP'™ spectrometer (Kratos) with
achromatic AIIMONO) Ka X-radiation (1486.6 eV) as the X-ray
source. The energy scale of the spectrometer was calibrated using
copper, and the Cls binding energy of the graphitic peak was fixed at
284.6 eV for calibration.

Determination of Kinetic Parameters. A total of 02g of
coconut shell AC-tethered urease was suspended in 6.0 mL of a 0.1
mol/L urea aqueous solution (0.1 M phosphate buffer, pH 6.0), and
the mixture was incubated at 55 °C for 20 min. The reaction was
terminated by adding 2 mL of a 10% trichloroacetic acid (TCA)
solution. The absorbance of the solution was measured at 420 nm by
p-dimethylaminobenzaldehyde colorimetry. The concentrations of
urea were obtained from the urea calibration curve. The enzyme
activity can be obtained from the following equation

Urease activity (U/mg) = (C, — C)V/tm

Here, V is the volume, C, is the initial concentration of urea, C is the
final concentration of urea, t is the reaction time, and m denotes the
mass of urease. For comparison, the same experimental procedures
were followed to determine the activity of the free urease.”” The
maximum reaction rate (V) and the Michaelis—Menten constant
(K,) were determined by running a series of enzyme assays at varying
substrate concentrations between 0.05 and 0.5 mol/L.

Determination of Optimum pH and Temperature. The
activity versus temperature profiles of the free and immobilized urease
were graphed on the basis of the activity values measured in a
phosphate buffer of pH 7.0 at different temperatures in the range of
30—80 °C. The activity versus pH profiles were graphed measuring the
activities at 60 °C in the pH range of 5.5—8.0. For the immobilized
enzyme, 0.2 g of coconut shell AC-tethered urease was added to 6.0
mL of a 0.1 mol/L urea aqueous solution. To test the free enzyme, 1
mL of 1 mg/mL urease was mixed with 5.0 mL of a 0.1 mol/L urea
aqueous solution. All reactions were run in a shaking bed for 20 min
and repeated three times to achieve an average value in each case.

Degradation of Urea in a Packed Bed Reactor. Degradation of
the urea aqueous solution (pH 7.2) was carried out over the
immobilized urease in a packed bed. The packed column has an inner
diameter of 1 cm and a length of 40 cm. One gram of coconut shell
AC-tethered urease and 4 g of quartz granules were mixed and placed
at the middle of the column with both ends filled with quartz granules.
The conversion rate of urea can be calculate as follows
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C,—C

Conversion rate (%) = ( X 100%)

0
Also, C, is the inlet concentration of urea, and C is the outlet
concentration of urea. The initial urea concentration was 0.1 mol/L.
For all experiments, the reaction temperature was maintained at 70 °C.
The concentrations of urea in reaction liquid were calculated as
mentioned above.

Bl RESULTS AND DISCUSSION

Functionalization of AC granules. The digital image of
the raw AC granules is shown in Figure S1 of the Supporting
Information. They have a specific surface area of 788.9 m*/g
and an average pore size of 3.39 nm. The pore distribution is
shown in Figure S2a of the Supporting Information. After
treatment by HNO;, the specific surface area of AC was
decreased to 706.8 m*/g, and the average pore size was slightly
increased to 3.41 nm. A possible explanation for this is that
partial micropores in AC collapsed in the process of oxidation.

The Boehm titration is a commonly used technique to
determine the surface oxygen-containing functional groups on
carbon samples.”®° Total concentration of carboxylic and
lactonic groups is 0.082 mmol g™* for the raw AC. However, no
phenolic group was detected by the titration. Oxidation by 20%
HNO; generated a concentration of 0.330 mmol g~ phenolic
hydroxyl groups, and the total concentration of carboxylic and
lactonic groups was increased to 0.262 mmol g~'. The effect of
different HNO; concentrations on surface chemistry was also
investigated as shown in Table 1. The results show that the

Table 1. Contents of Oxygen-Containing Functional Groups
on Raw and Oxidized ACs

fraction of
concentrations of carboxylic and henolic phenolic groups

HNO, (wt %) lactonic, (mmol/g) (}r)nmol/ g) (%)
0.082 - -
N 0.137 - -

20 0.262 0.330 55.8

40 0.625 0.402 39.1

60 1.027 0.391 27.6

total concentration of the oxygen-containing functional groups
increases with HNO; concentration, but the fraction of
phenolic hydroxyl groups has a highest value of 55.8% at a
concentration of 20% HNO,;. Excessive production of

carboxylic and lactonic groups may result in collapse of the
pore wall. Therefore, 20% HNO; is preferred to oxidize the AC.

XPS showed the main binding energy of the Cls electrons
located at 284.9 eV, as shown in Figure 2, ascribed to graphitic
carbons.*' ~** In addition, a small peak at 285.7 eV is assigned
to the aliphatic carbons (C—COH or C—CO0).*'7** In the
XPS spectra of both samples, the peak at 288.3 eV suggests the
presence of some carbonate groups.>' > In contrast to the raw
AC, the 20% HNOj-treated AC displays a more intense peak at
286.8 eV, indicating oxidation of the partial carbon atoms to
phenolic hydroxyl groups.>'~>* The area ratio of the peak at
286.8 eV to the peak at 284.9 eV was 0.176 for oxidized AC and
0.018 for raw AC as shown in Table S1 of the Supporting
Information. The fractions of phenolic hydroxyl groups in the
oxygen-containing groups were calculated based on the
deconvoluted peak areas. They were 68.2% and 33.5% for the
20% HNO; treated AC and raw AC, respectively. XPS spectra
of 5% HNOj; and 60% HNO;-treated AC are shown in Figure
S3 of the Supporting Information. They quantitatively agree
with the results observed by Boehm titration as well.

The effect of oxidation on the surface chemistry was also
demonstrated by the FT-IR spectra. The FT-IR spectra of both
raw and 20% HNO;_ treated AC are shown in Figure 3. In both
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Figure 3. FT-IR spectra of (a) raw AC and (b) 20% HNO;-oxidized
AC.

cases, the spectra exhibited three characteristic IR bands. The
band centered at 1405 cm™' is assigned to the phenolic
hydroxyl bending vibration, and the bands at 1062 and 1629
cm™ correspond to the C—O stretching vibration of alcohol or
ester and the C=O stretching vibration of carboxyl or ester,
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Figure 2. XPS spectra of (a) raw AC and (b) 20% HNO;-treated AC.
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respectively.** ">’ In the IR spectrum of the oxidized AC as
shown in Figure 3b, the relative intensity of 1405 or 1062 cm™!
was increased with respect to the band at 1629 cm™. Such an
increase further suggests that new phenolic hydroxyl groups
were generated due to HNO; oxidization. The FT-IR spectra of
the AC treated at other concentrations of HNOj; are shown in
Figure S4 of the Supporting Information. The obtained results
agree with the observations by XPS and Boehm titration.

The 20% HNOj-treated AC granules were followed by
reacting with aminosilane (APTMS) in toluene under nitrogen.
The FT-IR spectra shown in Figure 4 revealed that the
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Figure 4. FT-IR spectra of (a) 20% HNO,; oxidized AC, (b)
aminosilylated AC, (c) glutaraldehyde-linked AC, and (d) AC-tethered
urease.

aminosilane was grafted onto the oxidized AC. In contrast to
the oxidized AC (Figure 4a), APTMS-grafted AC exhibited a
weak band at 779 cm ™}, assigned to the stretching vibration of
Ar—0-8i.*® Meanwhile, it can be found that the phenolic
hydroxyl band at 1405 cm™ is significantly weakened as shown
in Figure 4b. These indicated that APTMS effectively reacted
with the phenolic hydroxyls. Furthermore, the bands at 721,
1130, and 1542 cm™' are due to the stretching vibration of
—CH,— units,”” C—NH, stretching vibration, and N—-H
bending vibration in primary amine,***" respectively. They
are ascribed to the aminopropyl group of aminosilane.
Successful grafting of APTMS was further corroborated by
N, adsorption and desorption analysis. The specific surface area
of the aminosilylated AC was apparently decreased to 538.9
from 706.8 m*/g, and the average pore size was also decreased
to 2.37 from 3.41 nm as shown in Figure S2c of the Supporting
Information.

Aminosilylated AC was subjected to glutaraldehyde coupling
prior to the enzyme immobilization reaction. The FT-IR
spectrum in Figure 4c indicates that aldehydes are bonded onto
the AC. An obvious evidence is the strong band at 1564 cm™
assigned to the C=N double bond vibration.>® Meanwhile, the
NH, bending vibration peak of primary amine at 1542 cm™
was significantly weakened,*” indicating that the glutaraldehyde
reacted with the primary amine of organosilane. The presence
of the aldehyde groups on the AC was confirmed by the band at
1730 cm™!, which is the stretching vibration of C=0 at the
other end of glutaraldehyde.* The band disappeared after
immobilization of the urease as shown in Figure 4d. Instead, the
bands ascribed to amide I and amide II of the urease were
detected between 1500—1700 cm™'.** Although it indicated
that some urease was covalently attached onto the support
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through glutaraldehyde, it cannot be ruled out that some were
immobilized via ionic exchange or hydrophobic adsorption.

Properties of Tethered Urease and Degradation of
Urea. Urease loading capacity in the AC was 78.8 mg/g. Both
the average pore size and surface area of the AC were decreased
after enzyme immobilization. The nitrogen adsorption—
desorption analysis shows that the BET surface area was
decreased to 386.6 m?/ g, and the average pore size was
narrowed down to 1.9 nm. Its pore size distribution is shown in
Figure S2d of the Supporting Information. On the other hand,
decrease in the average pore size suggests that urease was
tethered into the pores and not merely onto the external
surfaces.

Relative activities of both the tethered and free enzymes were
investigated as a function of temperature as shown in Figure S.

100
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Relative activity(%)

' i 50 60
Temperature/ °C

70 80

Figure S. Effect of temperature on the activities of (a) free urease and
(b) tethered ureases.

The optimum temperature was found to be 60 °C for free
urease and 70 °C for tethered urease. The increase in the
optimum temperature may be due to the improvement in the
enzyme rigidity upon immobilization by covalent binding.
Similar behavior has been observed in refs 26, 43, and 44. In
terms of relative activity higher than 75% of the optimum
activity, tethered urease shows a broader temperature range of
42—80 °C compared to 45—75 °C for the free enzyme. The
effect of pH on the relative activity of urease was examined in
the pH range of 5.5—8.0. As shown in Figure 6, an optimum
enzyme activity was observed at pH 6.8 for free urease and pH
7.2 for tethered urease. Similar results have been previously

100+

80+

60 -

Relative activity (%)

40

6.0 6.5 7.0 7.5 8.0
pH

5.5

Figure 6. Effect of pH on the activities of (a) free urease and (b)
tethered urease.
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reported in refs 45 and 46. The alkaline shift of maximum
activity could be due to a higher H" concentration in the
microenvironment of the support because lots of acidic groups
were generated due to HNOj; oxidation. However, the effect of
the microenvironment of the support on the optimum pH is
disputable.*” Some researchers think strong interactions
between enzyme and support will affect the intramolecular
forces responsible for maintaining the conformation of the
enzyme that would lead to a change in pH value.*® The free
enzyme had a pH range of 6.2—7.4, at which a relative activity
was higher than 80%, while it occurred in a slightly widened pH
range of 6.5—8.0 for the tethered enzyme. These results
indicated that a very intense multipoint covalent attachment
may occur in AC.*’ The formation of covalent bonds could
attribute to a more rigid structure or the stabilization of the
multimeric structure of the enzyme, which may limit the
transition of enzyme conformation with a change in pH.*

The K., values of the free and tethered ureases were 0.271
and 0.345 mol/L, respectively. The increase in K, values was
either due to the conformational changes of the enzyme,
resulting in a lower possibility to form a substrate—enzyme
complex, or to a lower accessibility of the substrate to the active
sites of the immobilized enzyme caused by the increased
diffusion limitation. Of course, the distortion generated by the
enzyme support reaction may cause this phenomenon if the
distortion is large enough.® For these reasons, the experimental
results also show that the AC-tethered urease has a lower
affinity to the reactant than the free urease. To our surprise, the
AC tethered urease had a V_, value of 0.215 mol/min
compared to 0.110 mol/min for the free urease. Many reports
on immobilized ureases indicate a substantial decrease in V,,,,,
such a different behavior might be attributed to a favorable
change in enzyme structure upon immobilization and/or
enhanced dissociation of the product/enzyme complex.®"

Degradation of the urea aqueous solution was carried out
over the AC-tethered urease in a packed bed reactor. A packed
bed reactor has many favoring features, such as more
convenience to separate the catalyst, ease of scale-up from a
single tube to a pilot plant, and continuous operation for large-
scale synthesis of chemicals under constant operating
conditions.

First, various flow rates were tested as shown in Figure 7. It
was found that urea can be completely degraded if the flow rate
in the column was lower than 1.00 mL/min. Therefore, the
flow rate was set to 1.00 mL/min (i.e., the residence time was 3

100y —=—

804

604

40|

Conversion rate (%)

204

T T T

1 2 3
Flow (mL/min)

.
]

Figure 7. Effect of flow rate of urea aqueous solution on degradation
of urea in a reactor packed with AC-tethered urease at 70 °C and pH
7.2.
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min) to study the effect of operation time on the relative
activity as shown in Figure 8. The catalytic degradation had
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Figure 8. Plot of relative activity vs time for degradation of urea in a
packed bed reactor on AC-tethered urease at 70 °C and pH 7.2.
Residence time was 3 min.

proceeded for 50 h. It can be observed that the relative activity
gradually decreased in the beginning 10 h, probably because
some immobilized urease via ionic exchange or hydrophobic
adsorption has a weak interaction with the support, and was
easily flushed away by the continuous-flow reaction liquid.
However, 10 h later, it was stabilized at 88% of the initial
activity. The average activity retained ~84% in the following 40
h. In fact, the AC-tethered urease exhibited an extremely stable
activity if one does not consider the influence from the lost of
physically adsorbed urease. One gram of the AC-tethered
urease degraded 3000 mL of 0.1 mol/L urea solution in 50 h,
namely, 1 mg of urease degraded 3.06 mmol of urea.
Comparatively, Kara et al.>* entrapped urease into chitosan—
alginate polyelectrolyte complexes (C-A PEC) and P(AAm-co-
AA)/carrageenan. A total of 0.5 g of C-A PEC-immobilized
urease disposed a total of 20 mL of 0.2 M urea in a batch
reactor after use 20 times and retained 55.0% of its original
activity. Also, the retained activity was decreased to 80.0% for
P(AAm-co-AA)/carrageenan-immobilized urease after the same
operation.*” Hidaka et al.*reported that the relative activity of
the porous glass bead-immobilized alcohol oxidase was
decreased to 57.3% after 20 h of running in a packed bed
reactor. Wang et al.>* immobilized catalase in mesoporous silica
(MS) spheres by using a layer-by-layer assembly of multilayered
composite thin shells. Catalase retained an activity of 70% after
25 successive batch reactions. Two commercial lipases
(Burkholderia cepacia and C. antarctica) were encapsulated in
silica aerogel. The reuse of these lipases allowed 11 cycles and
kept only 60% of their initial activity in biodiesel synthesis bsy
transesterification of sunflower seed oil with methyl acetate.®

B CONCLUSIONS

Coconut shell AC-tethered urease has been successfully made
by controlled oxidation to increase the content of phenolic
hydroxyl groups. FT-IR and XPS results show that aminosilane
was anchored onto the surface of AC. Both the BET surface
area and average pore size were decreased after aminosilylation
and enzyme immobilization. The tethered urease displayed an
increased stability against the changes of temperature and pH in
degradation of urea. The decrease in enzyme affinity may be
due to the fact that some active sites of the enzyme were
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covalently attached to AC, leading to partial inactivation. It also
can be found that the tethered urease displayed a very stable
catalytic activity for removal of urea in the packed bed.
Moreover, the V,_, value was enhanced after covalent
immobilization in AC, which might be due to favorable change
of the enzyme structure. This is also favorable for economical

applications in medical and analytical fields.
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