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Abstract

Glucoamylase from Aspergillus Niger was immobilized on montmorillonite clay (K-10) by two procedures, adsorption and cova-

lent binding. The immobilized enzymes were characterized using XRD, surface area measurements and 27Al MAS NMR and the

activity of the immobilized enzymes for starch hydrolysis was tested in a fixed bed reactor (FBR). XRD shows that enzyme inter-

calates into the inter-lamellar space of the clay matrix with a layer expansion up to 2.25 nm. Covalently bound glucoamylase dem-

onstrates a sharp decrease in surface area and pore volume that suggests binding of the enzyme at the pore entrance. NMR studies

reveal the involvement of octahedral and tetrahedral Al during immobilization. The performance characteristics in FBR were eval-

uated. Effectiveness factor (g) for FBR is greater than unity demonstrating that activity of enzyme is more than that of the free

enzyme. The Michaelis constant (Km) for covalently bound glucoamylase was lower than that for free enzyme, i.e., the affinity

for substrate improves upon immobilization. This shows that diffusional effects are completely eliminated in the FBR. Both immo-

bilized systems showed almost 100% initial activity after 96 h of continuous operation. Covalent binding demonstrated better oper-

ational stability.

� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Immobilized enzymes have been used in food technol-
ogy, biotechnology, medicine and also analytical chem-

istry. They provide various advantages over free

enzymes including easy separation of the reactants and

products from reaction media, easy recovery of the en-

zyme and repeated or continuous use [1]. Glucoamylase

(a-1,4-D-glucan glucohydrolase, EC 3.2.1.3) an exo en-

zyme acts on the 1,4-glucosidic linkages from the non-

reducing ends of amylose, amylopectin and glycogen
in a consecutive manner liberating D-glucose. It also

hydrolyses a-1,6- and a-1,3-glucosidic linkages but at a

much slower rate compared to its action on a-1,4-link-
ages. Glucoamylase is an industrially important enzyme

and is used for large-scale saccharification of malto-oli-
gosaccharides into glucose and various syrups required

in the food and beverages industry [2]. Studies on immo-

bilization of glucoamylase are in rapid progress and

many supports have been utilized. These include ceramic

membranes [3], polymer microspheres [4,5], magnetic

supports [6], etc. Inorganic supports for enzyme immo-

bilization are of great interest because of their durability

and high mechanical strength for usage in packed or flu-
idized bed reactors and relatively low cost. In addition,

immobilization by adsorption is economically feasible

and attractive.

In the present study, we have immobilized glucoamy-

lase on montmorillonite clay via two methods, i.e.,
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adsorption and covalent binding. Montmorillonite,

which is a 2:1 dioctahedral smectite, has been success-

fully used as a support as well as a catalyst for the past

few decades [7]. The swelling ability of these naturally

occurring phyllosilicate minerals provide unusual prop-

erties and appreciable surface area for adsorption of or-
ganic molecules [8]. A large number of modifications on

clay that provide a variety of textural and catalytic

properties are possible which include acid treatment,

cation exchange, pillaring with robust metal ions, inter-

calation of polymeric organic moieties, etc. Depending

on the type of modification, the properties of clay can

be tuned in such a way as to suit specific applications.

Here we have employed montmorillonite K-10, which
is the acid activated form. Since clays are aluminosili-

cates, they possess acidic sites that are capable of inter-

action with amino groups of enzymes leading to ionic

binding. This linkage is much stronger than mere phys-

ical binding and hence the enzyme will be retained on

the support for a larger duration. The immobilized glu-

coamylase was characterized by XRD, surface area mea-

surements and NMR spectroscopy and the activity for
starch hydrolysis was tested in a packed bed reactor.

Km and Vmax were calculated from the Hanes–Woolf

plot. The effectiveness factor g was also determined from

a study of kinetics of the reaction. Operational stability

in continuous mode was tested for 100 h.

2. Experimental

2.1. Materials used

Glucoamylase from Aspergillus Niger, Montmoril-

lonite K-10, 3-amino propyl triethoxy silane, glutaralde-

hyde and bovine serum albumin were purchased from

Sigma Aldrich Chemicals Pvt. Ltd., Bangalore. All other

chemicals were of high purity available commercially.

2.2. Immobilization of glucoamylase

In case of adsorption, montmorillonite K-10 was first

mixed with deionized water and vigorously stirred for

6 h. It was filtered, dried at 120 �C for 12 h and calcined

at 350 �C for 12 h. This calcined clay was mixed with

equal volumes of 0.1 M buffer solution and enzyme solu-
tion of required concentration and shaken for 1 h in a

thermostated water bath shaker at room temperature.

It was then centrifuged in a cooling centrifuge for 1 h.

The centrifugate was tested for presence of protein by

developing colour using Folin Phenol Ciocaltaue�s re-

agent [9] and measuring the absorbance at 640 nm in a

Shimadzu 160A UV–Vis spectrophotometer. A standard

calibration curve was plotted using bovine serum albu-
min and the amount of un-adsorbed protein was calcu-

lated. The residue was washed several times with

deionized water; each time the amount of protein in

solution was measured. The immobilized enzyme was

stored in 0.1 M buffer at 5 �C for further use. In order

to covalently bind the enzyme, calcined montmorillonite

K-10 was functionalized by mixing with a 10% (v/v)

solution of 3-amino propyl triethoxy silane in acetone
and vigorously stirred for 3 h at room temperature

[10]. It was filtered, washed several times with acetone

until the washings became colourless and later dried at

80 �C for 12 h. This silanized clay was treated with

10% aqueous solution (v/v) of glutaraldehyde and stir-

red vigorously for 3 h. It was filtered, washed free of ex-

cess glutaraldehyde and dried at 60 �C for 12 h. This

functionalized clay was used for immobilization as per
the procedure described above. The covalently bound

enzyme was stored in 0.1 M buffer at 5 �C for further

use.

2.3. Characterization

A Micromeritics model Gemini 2360 surface area

analyzer was used to measure the nitrogen adsorption
isotherms of the samples at liquid nitrogen temperature.

The specific surface area and pore volume were deter-

mined from the BET plot (p/p0 = 0.05–0.95). Prior to

the measurement, the samples were degassed at room

temperature for 12–16 h in nitrogen flow. Powder

XRD of the immobilized enzyme systems and the sup-

port were taken on a Rigaku D/Max-C system with Ni

filtered Cu Ka radiation (k = 1.5406 Å) within the 2h
range 2–15� at a scanning rate of 0.5�/min at room tem-

perature. Solid-state 27Al MAS-NMR experiments were

carried out over a Bruker DSX–300 spectrometer at a

resonance frequency of 78.19 MHz for 27Al. For all

experiments a standard 4 mm double-bearing Bruker

MAS probe was used. The sample spinning frequency

was 8 kHz with a single pulse excitation corresponding

to p/2 flip angle. The pulse length for the experiments
was 10 ls whereas the pulse delay was 2 s. The spectra

were externally referenced with respect to a dilute solu-

tion of AlCl3. XWINNMR software operating in a

UNIX environment on a silicon graphics computer

was employed to acquire and retrieve data.

2.4. Catalytic activity measurements

A silica glass tube of 1.2 cm id and 25 cm length was

used as the reactor. Provision for water circulation was

also made available. The immobilized enzyme (0.5 g)

was packed into a bed at the middle of the reactor,

which was filled with glass beads. The substrate was

fed from the top of the reactor using a Cole Palmer

74900 series syringe pump and the products were col-

lected at the bottom. The reactor was operated at a
space velocity of 3.26 h�1. After the reaction time, an

aliquot (1 mL) of the product was removed from the
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