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Abstract - Bromelain, a protease enzyme found in Ananas comosus (Pineapple), was recovered from the fruit 
juice by adsorption using recyclable functionalized Santa Barbara Acid-15 (SBA-15) synthesized from 
sugarcane leaf ash. In this work, highly ordered mesoporous silica was synthesized from sugarcane leaf ash by 
a template-assisted method. It was successfully used as an adsorbent for the recovery of bromelain from 
pineapple fruit pulp. Amine-functionalized mesoporous silica exhibited a recovery efficiency of 97.89% and a 
6.2-fold purification. It was also established that the adsorbent could be easily regenerated by adjusting the 
pH. In this study, the adsorbent was reused for three cycles without noticeable loss in recovery efficiency. 
Thus, adsroption using functionalized SBA-15 appears to be a promising alternate separation technique for 
the recovery of fruit bromelain. 
Keywords: Bromelain; Mesoporous silica; Adsorption. 

 
 
 

INTRODUCTION 
 

Bromelain is a protease enzyme, a class of 
enzymes that catalyze the hydrolysis of the peptide 
bonds of proteins, which eventually leads to the 
breakdown of the protein. Bromelain is a collective 
name for all proteases, sulfhydryl proteolytic en-
zymes belonging to the Bromeliaceae family. Fruit 
bromelain has several applications in medicine, phar-
macology, and food industries (Maurer et al., 2001).  

The enzymatic activity of bromelain greatly 
depends on its biochemical and pharmacological 
properties. Considering its end applications, brome-
lain must be highly pure. As the physical properties 
of major proteins are similar and protein concentra-
tion in the fermentation broth is low, it is very 
difficult and expensive to recover the desired enzyme 
from the broth. Thus, the recovery process of targeted 
proteins is of major interest to the biotechnological 

industries (Hale et al., 2005). 
Frequently used methods for the recovery of 

bromelain are aqueous two-phase extraction (Ferreira 
et al., 2011), salt precipitation (Hebbar et al., 2010) 
and membrane separation (Hebbar et al., 2010). 
These processes are, however, either inefficient or 
expensive. Song et al. (2011) recently reported the 
recovery of bromelain by affinity adsorption using 
reactive red 120 immobilized magnetic composite 
particles. Ion exchange chromatography was used by 
Devakate et al. (2009). Hebbar et al. (2010) studied 
the separation and purification of bromelain by 
reverse micellar extraction and ultrafiltration.  

In this work, bromelain was purified from 
pineapple fruit by adsorption using functionalized 
SBA-15 synthesised from sugarcane leaf ash, a low 
cost silica precursor. The functionalised SBA-15 
obtained from sugarcane leaf ash shows large surface 
area. The regular repeating pore structures of these 
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materials facilitate adsorption or entrapment of large 
molecules within their pores.  

Mesoporous particles tend to form stable reusable 
chromatographic columns because of their mechani-
cal and chemical stability. These columns can be 
operated under high pressure and flow rates (Park    
et al., 2009). 

In the literature, several methods for SBA-15 
synthesis have been reported using a range of silica 
precursors, including tetra-alkoxysilane, fumed silica, 
water glass and sodium silicate (Meynen et al., 2009). 
The major drawback is that these precursors are 
expensive and also toxic. Thus, an alternate silica 
source obtained from sugarcane leaf ash appears to 
be a promising option (Halina et al., 2009). 
 
 

MATERIALS AND METHODS 
 

The production of mesoporous silica involves the 
use of sugarcane leaf ash as the silica precursor. The 
sugarcane leaf ash was obtained from a nearby sugar 
industry. Polyethylene glycol-polypropylene glycol-
polyethylene glycol [Pluronic P123], a triblock co-
polymer, (PEO20PPO70PEO20) was used as a template. 
The alkoxysilanes selected for the functionalization 
process were phenyltriethoxysilane (EtO)3Si–Ph, 
(98%, Aldrich), 3-aminopropyltriethoxysilane (EtO)3Si–
PrNH2, (98%, Aldrich), mercaptotriethoxysilane, 
(EtO)3Si–PrSH, (95%, Avocado) and 4-(triethoxysilyl) 
butyronitrile (EtO)3Si–PrCN, (98%, Aldrich). These 
reagents were purchased from Aldrich and used 
without further purification. Potassium dihydrogen 
phosphate, dipotassium hydrogen phosphate, copper 
sulphate pentahydrate, casein, sodium potassium 
tartarate, trichloroacetic acid, and sodium carbonate 
were obtained from Himedia Laboratories Pvt Ltd. 
Tyrosine was purchased from Sigma-Aldrich Pvt 
Ltd. Toluene was purchased from Qualigens Fine 
Chemicals Pvt Ltd. Folin‘s Ciocalteau Reagent, 

trimethylbenzene, and hydrochloric acid were ob-
tained from Merck Chemicals Pvt Ltd. 
 
Sample Preparation 
 

Fresh pineapple fruit was taken; the stem and the 
peel portions were removed. The pulp portion was 
crushed well using a mortar and pestle and then 
centrifuged at 4 °C at a speed of 10,000 rpm for 20 
minutes to remove the debris. The supernatant 
obtained was filtered with Whatman number 01 filter 
paper and the filtrate was used for further studies. 
 
Preparation of Mesoporous Silica 
 

The X-Ray Fluorescence (XRF) analysis of ash is 
given in Table 1. 1 g of finely ground ash was fused 
with sodium hydroxide in the ratio of 1:1.2 at a tem-
perature of 450 °C for 1 hour. The fused mass was 
diluted with water in the ratio of 1:4 followed by 
sonication to completely disperse the particles. The 
solution was then filtered repeatedly until a colourless 
filtrate was obtained. This sodium silicate solution 
(water glass) is a viscous, transparent, colourless 
solution. Being an inexpensive silica source obtained 
from sugarcane leaf ash, it was used as a precursor 
for the synthesis of mesoporous SBA-15 (Zhao et al., 
1998). 

5 g P123 triblock copolymer was added to an 
acidified solution prepared by dissolving 1 g of 1N 
HCl in 43.2 g of demineralized water and stirred for 
1 h at 35 ºC until a homogeneous solution was 
obtained (Gandhi et al., 2001). Then 12 g sodium 
silicate obtained from sugar cane leaf ash was added 
and stirred at 35 ºC for 24 h. The solution was then 
transferred to a Teflon bottle and aged for 72 h at 
120 ºC to obtain SBA-15. The solid products were 
filtered and washed repeatedly with DI water, dried 
at room temperature for 24 h and then calcined for 
8h at 550 ºC in air (Meynen et al., 2009). 

 
Table 1: XRF results for elements in their oxide form in sugarcane leaf ash. 

 
Formula Concentration (Wt %) 

SiO2 80.14 
CaO 6.06 
MgO 5.02 
K2O 3.09 
SO3 2.25 
Al2O3 0.89 
Cl 0.67 
Fe2O3 0.51 
Na2O 0.28 
MnO 0.17 
TiO2 0.046 
CuO 67ppm 
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Functionalization of Mesoporous Silica 
 

Bare mesoporous SBA-15 was functionalized for 
enhancement of the properties of the siliceous 
surface. Functionalization was performed (post 
synthesis) using tri-ethoxy propyl silane compounds 
with suitable groups, these groups being tethered 
onto the inner wall surface of silica particles (Hwang 
et al., 2010). Here, toluene was used as the medium 
in which functionalization occured. 125 mL of 
anhydrous toluene along with 3.75 g SBA-15 and 
4.68 mL of the tri-ethoxy propyl silane compound 
with the desired functional group were mixed 
together. The mixture was refluxed for 24 h and the 
functionalized mesoporous particles thus obtained 
were washed 5 times with toluene to remove loosely 
bound ligands. Thus, the required functional group 
was tethered onto the inner surface of the silica by 
propyl chains, liberating ethanol (Aguado et al., 
2009). 
 
Activity Assay of Bromelain  
 

The proteolytic activity of bromelain was 
measured by the casein method. 1 ml Protease 
sample was taken in a test tube and 5 ml of casein 
was added and allowed to stand for 10 minutes at 
room temperature. Then 5 ml of TCA was added and 
allowed to stand for 30 minutes in room temperature. 
The sample was then filtered twice using filter paper 
and 2 ml of the solution was taken. Then 5 ml of 
sodium carbonate and 1 ml of Folin-Ciocalteau 
reagent were added and allowed to stand for 30 
minutes and absorbance was noted at 660 nm. 
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The bromelain recovery (%) and purification 

(fold) were estimated as shown below: 
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Bromelain Recovery by Adsorption 
 

50 mL of crude extract was mixed with 50 mL 
of deionized water. Then 0.1 g of functionalized 
mesoporous silica was added to the solution. The 
mixture was kept in an orbital shaker at 120 rpm and 
room temperature. Samples were taken at regular 
time intervals, filtered and the filtrate was assayed 
for bromelain and total protein content. Sampling 
was carried out until equilibrium was attained. Protein 
content and bromelain activity were determined by 
the Lowry and Casein methods, respectively.  

The amount of bromelain adsorbed per unit mass 
of the adsorbent at equilibrium (qe, mg/g) was calcu-
lated using the following expression (Piccin et al., 
2011): 
 

( )o e
e

C C
q

m
−

=               (4) 

 
where Co and Ce are the initial and equilibrium 
bromelain concentrations in mg/dm3 and m is the 
amount of particles required in g/dm3. 
 
Equilibrium Analysis 
 

Equilibrium data were analyzed with the most 
popularly used Langmuir and Freundlich isotherms 
models. These models are given by the following 
equations (Senthil Kumar et al., 2010): 
 
Langmuir isotherm:  
 

L e
e m

L e

K Cq q
1 K C

=
+

             (5) 

 
Freundlich isotherm:  
 

1
n

e F eq K C=                (6) 

 
where qe, qm, and KL stand for the equilibrium solid 
phase concentration (mg/g), Langmuir monolayer 
adsorption capacity (mg/g), and Langmuir equi-
librium constant (dm3/mg), respectively. KF and n, 
the Freundlich isotherm parameters, are indicators of 
adsorption capacity and adsorption intensity, respec-
tively. While the Langmuir isotherm is applicable for 
homogenous surface adsorption, the Freundlich 
model is used for heterogeneous surface. 
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Regeneration of SBA-15 
 

One of the important aspects of choosing an ad-
sorbent is the ease of regeneration. To assess desorption 
of bromelain from the mesoporous adsorbent, the 
bromelain-laden adsorbent was re-suspended in 50 mL 
of Tris–HCl buffer solution at pH 10. The mixture was 
stirred for 2 h, and then centrifuged and the super-
natant assayed for protease to determine the amount 
of bromelain desorbed. The regenerated adsorbent 
was reused for bromelain recovery. 
 
Characterization of Functionalized Mesoporous 
Silica 
 

The presence of various functional groups in the 
functionalized mesoporous silica was confirmed by 
Fourier Transform Infrared Spectroscopy (Spectrum 
100, Perkin Elmer, USA) in HBr pellets. The surface 
topography and morphology of the mesoporous 
materials were studied using a Scanning Electron 
Microscope (6701 F, JEOL, Japan). The volume and 
surface area of mesopores and BET surface area of 
the samples were determined by the N2 gas adsorp-
tion technique at -195.79 °C. 
 
 

RESULT AND DISCUSSION 
 
Characterization of Mesoporous Silica 
 

From SEM images shown in Fig. 1(a) and Fig. 1(b), 
it can be seen that SBA-15 has a typical wheat-like 
morphology and consists of aggregates of uniform 
rope-like particles. The FTIR spectrum is shown in 
Fig. 2. The characteristic peak observed at 1082.78 cm-1 
in the FTIR confirms the presence of hydroxyl

groups in the bare SBA-15. The peak observed at 
1083.71 cm-1 confirms the presence of the Si-O-Si group 
in all the bare and functionalized samples. The peak 
for a carboxylic group was observed at 1641.71 cm-1 

in –COOH functionalized SBA-15. A peak at 
1569.11 cm-1 and another peak at 3392.14 cm-1 
confirm the presence of amine groups in amine-
functionalized SBA-15 (Nguyen et al., 2008). The 
peak at 1643.30 cm-1 confirms the presence of an 
aromatic ring stretch of the phenyl group. The 
aromatic planar stretch of phenyl was observed at 
804.32 cm-1 (Bois et al., 2003). Thus, the sample 
confirms the presence of a thiol group (Chen et al., 
2010). 

The BET surface area was determined to be 
573.95 m²g-1 which was significantly larger than that 
of many natural materials. Pore size distribution was 
determined by applying the Barrett-Joyner-Halenda 
model (BJH), assuming a cylindrical pore geometry. 
The average pore volume was estimated to be 0.838 
cm³g-1. Total pore volume was taken at a relative 
pressure p/p0 of 0.9934. Average pore diameter was 
found to be 6.61 nm. Table 2 gives a comparison of 
the surface area, pore volume and pore diameter of 
SBA-15 synthesized from various sources. 
 
Effect of pH on Adsorption of Bromelain 
 

The effect of pH on the adsorption of bromelain 
is shown in Fig. 3. The optimum pH was found to be 
5-7. The effect of pH can be explained considering 
the surface charge on the adsorbent material. At low 
pH, due to the high positive charge density, electrostatic 
repulsion will be high, resulting in lower uptake of 
positively charged bromelain. The isoelectric point of 
bromelain is 9.55 (Wharton, 1974), hence the ad-
sorption decreases at a higher pHi. 

 

  
(a) (b) 

Figure 1: SEM image of SBA-15. 
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Figure 2: FTIR spectra of bare and functionalized SBA-15 
mesoporous material. 

 
 

Table 2: Surface area, pore volume and pore diameter of the 
mesoporous materials 

 

Sample 
Specific  

surface area  
(m2 g−1) 

Pore  
volume  

(mL g−1) 

Pore 
diameter 

(nm) 
Present work 574 0.838 6.61 
Aguado et al., 2009 790 1.44 9.1 
Kokunesoski et al., 2009 710 0.11 2.9 
Gandhi et al., 2011 645 0.85 6.1 
Jo et al., 2009 571 0.85 7.9 
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Figure 3: Effect of pH on the activity recovery percentage of 
bromelain. 

 
 



 
 
 
 

482             A. Arumugam and V. Ponnusami 
 

 
Brazilian Journal of Chemical Engineering 

 
 
 
 

Bromelain Recovery by Adsorption 
 

The adsorption capacities of SBA-15 with various 
functional groups synthesised in this work were 
compared. The maximum adsorption capacity of 
0.813 mg g-1 was obtained for amine-functionalized 
SBA-15. Protein adsorbed onto functionalized SBA-
15 was eluted with Tris-HCl buffer solution at pH 10 
as mentioned in section 2.5. When the eluted solution 
was passed through gel-filtration chromatography, 
there was only one peak, which confirmed the 
presence of a single protein. FT-IR and SDS-Page 
confirmed that the protein recovered was bromelain. 
The amount of bromelain recovered was determined 
to be 97.89% using Eq. (2). Adsorption capacities of 
the other functionalized SBA-15 synthesized in this 
work were: bare SBA-15: 0.428 mg g-1; COOH-
functionalized porous silica: 0.557 mg g-1; thiol-
functionalized SBA-15: 0.366 mg g-1 and phenyl-
functionalized SBA-15: 0.555 mg g-1. The corre-
sponding percentage recoveries were determined to 
be 68.47%, 85.99%, 53.59% and 84.06%, respectively. 
Figure 4 gives the comparison of the kinetics of 
bromelain adsorption on the various functionalized 
SBA-15 mentioned above.  

A purification of 6.2-fold (Ravindra Babu et al., 
2008) was obtained in this work with the amine-
functionalised SBA-15. Ravindra Babu et al. (2008) 
employed aqueous two-phase extraction for the 
separation and purification of bromelain from 
pineapple and reported a 4.0-fold increase in purity. 
Devakate et al. (2009) used chromatography for 
bromelain purification and their results indicated  
that the enzyme purity obtained by ion exchange

chromatography was 10-fold and by precipitation 
2.3-fold. Hebbar et al (2010) employed a reverse 
micellar system of the cationic surfactant 
cetyltrimethylammoniumbromide/isooctane/hexanol/
butanol used for an activity recovery of 95.8% and a 
purification of 5.9-fold. The purification of brome-
lain increased to 8.9-fold after ultrafiltration. Thus, 
compared to the purification techniques used tradi-
tionally, adsorption provides better separation, in-
creased purity and has higher capacity and, therefore, 
reduces the cost, time and labour. 
 
Equilibrium Studies 
 

The Langmuir model described the system better 
than the Freundlich model (Fig. 5) (Vijayaraghavan 
et al., 2004). The Langmuir and Freundlich isotherm 
parameters determined by the least square method 
are given in Table 3. 
 
Fourier Transform Infrared Spectroscopy of 
Purified Bromelain 
 

The FTIR spectrum of freeze-dried bromelain is 
shown in Figure 6. The characteristic C–N stretch 
vibration frequencies of monoalkyl guanidinium are 
assigned to the observed IR bands at 1638, 1425–
1256 and 1053 cm−1. The band at 1760-1670 cm−1 (s) 
shows the presence of C=O groups (amides at 
~1639cm−1). This confirms the presence of amino 
acids that contain amine groups in their side chain, 
i.e., aspargine and glutamine (Devakate et al., 2009). 
Bands at 3428 cm−1for -valine are assigned to the   
N-H stretching mode. 

 
 

 
 

Figure 4: Bromelain adsorption on bare and functionalized SBA-15. 
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Figure 5: Comparison of Langmuir and Freundlich isotherm. 
 
 

Table 3: Langmuir and Freundlich constants for the adsorption 
of bromelain on amine-functionalised SBA-15. 

 
Freundlich constants 

N KF R2 
0.27165 2.68522 0.8402 

Langmuir  constants 
qmax KL R2 

0.946281 959.381 0.9979 
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Figure 6: FTIR spectrum of freeze-dried purified bromelain powder. 
 
 
SDS-PAGE 
 

Protein adsorbed onto functionalized SBA-15 
eluted with Tris-HCl buffer solution at pH 10 was 
dialysed for 24 hr and freeze-dried. Sodium dodecyl 
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) was performed. The extracted enzymes were 
loaded onto a 4.5% stacking gel and subjected to 

electrophoresis on a 12% separating gel at 100 V 
(Genei, Bangalore, India) until the dye stained 
protein band reached the gel bottom (Ketnawa et 
al., 2009). SDS-PAGE of purified bromelain is 
shown in Figure 7. The band obtained was found to 
have a molecular weight around 33 kDa, which is 
similar to the result reported by Silveira et al. 
(2009). 
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Regeneration of SBA-15 
 

The results for the regeneration and recycling of the 
amine-functionalized SBA-15 are shown in Figure  
8. The adsorbed amount of bromelain was over

0.813 mg/g even after three adsorption cycles, showing 
that the adsorption capacity of functionalized SBA-15 
for bromelain could be almost fully restored. Thus, it 
can be used as a suitable adsorbent in large scale 
applications. 
 

 
 

 
Figure 7: SDS-PAGE electrophoresis of purified bromelain. 
Lane 1 - molecular weight markers; Lane 2 - Purified bromelain. 

 
 

 
 

Figure 8: Bromelain adsorption on amine-functionalized SBA-15 
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CONCLUSION 
 

Mesoporous SBA-15 had been successfully 
synthesised from water glass from sugarcane leaf 
ash, a low cost silica precursor. It was employed for 
the recovery of bromelain from pineapple fruit pulp. 
Bromelain percentage adsorption and purification 
were found to be 97.89% and 6.2-fold, respectively 
for amine-functionalized SBA-15. The possibility of 
the regeneration of adsorbent by washing with pH 10 
buffer solutions was investigated and found to be 
efficient. Thus, the recovery of Bromelain from 
pineapple fruit using mesoporous SBA-15 obtained 
from a low cost silica precursor appears to be a 
promising alternate separation method. 
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