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Figure 3:  SEM micrograph of cross section for K0, K1, K2, K3, K4 and K5 membranes.



Bovine Serum Albumin	 54

3.3	 Final Thickness, Water Content, Overall Porosity, Water Contact 
Angle and Pure Water Flux

Membrane final thickness, water content, overall porosity, water contact angle and 
pure water flux of the fabricated membranes are shown in Table 2. As shown in 
Table 2, membrane thickness follows the sequence of K5 > K4 > K3 > K2 > K1 
> K0. The results show that membrane thickness increases with increase in HAP 
loading. This increasing factor might be caused by the entrapment of solid content 
in the fabricated PES/HAP adsorptive MMM. The results in Table 2 show that the 
increment of HAP loading from 0 wt% up to 60 wt% in the casting solution also led 
to an improvement in membrane water content and overall porosity of fabricated 
membrane. However, there are a slightly reduction of these characteristic at  
80 wt% of HAP loading. This might be due the amount of voids and cavities 
available might have been reduced and occupied by HAP particles which reduced 
the water adsorption. The structure of the membrane was also giving significant 
effect on hydrophilicity and the pure water flux. As shown in Table 2, the measured 
values of contact angle of synthesised membrane follow the sequence of K0 > K1 
> K2 > K3 > K5 > K4. The neat PES (K0) displayed the largest contact angle 
due the hydrophobic properties of PES raw materials. The presence of HAP in 
the fabricated membrane gave synergetic effects to the membrane structure and 
directly improves the hydrophilicity and pure water flux of the membrane.

Table 2:	 Overall membrane thickness, water content, porosity and contact angle and 
average water flux of K0, K1, K2, K3, K4 and K5 membranes.

Fabricated 
Membrane

Final thickness 
(µm)

Water content 
(%)

Porosity  
(%)

Water contact 
angle (o)

Average water 
flux (l m–2 h–1)

K0 268 ± 1.2 38.95 ± 0.4 51.42 ± 0.4 79.46 ± 0.2 12.42 ± 0.4
K1 283 ± 1.4 54.01 ± 0.2 68.36 ± 0.4 57.56 ± 0.6 18.21 ± 0.2
K2 287 ± 2.0 66.21 ± 0.2 79.68 ± 0.4 53.47 ± 0.4 23.21 ± 0.5
K3 288 ± 2.4 72.34 ± 0.2 80.12 ± 0.4 44.82 ± 0.8 28.48 ± 0.4
K4 291 ± 2.0 76.21 ± 0.2 82.42 ± 0.4 38.87 ± 0.2 29.12 ± 0.6
K5 292 ± 1.4 74.21 ± 0.2 81.36 ± 0.4 42.46 ± 0.4 28.61 ± 0.2

3.4	 Adsorption Isotherms 

The adsorption isotherm indicates how the adsorption molecules distribute 
between the liquid phase and the solid phase when the adsorption process reaches 
an equilibrium states.44 Figure 4 shows the BSA adsorption isotherm or adsorption 
equilibrium of K0, K1, K2, K3, K4 and K5 membranes. The BSA adsorption 
capacity at equilibrium was found to increase with an increase in initial BSA 
concentration. When the initial concentration increases, the mass transfer driving 
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force would become larger, hence resulting in higher BSA adsorption. Also, by 
increasing the HAP loading in fabricated membrane, the surface area and the 
number of sorption site would become large, hence enhancement in higher BSA 
adsorption capacity. 
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Figure 4:  SA static adsorption of HAP onto K0, KI, K2, K3, K4 and K5 membranes.

In this study, the adsorption isotherm study was carried out using Langmuir and 
Freundlich isotherm model. The nonlinear regression of Langmuir and Freundlich 
model was solved using Polymath software. Table 3 summarises all the constant 
and R2 value and RMSE for adsorption of BSA on K0, K1, K2, K3, K4 and K5 
membranes. The Freundlich isotherm model yielded the best fit with the highest  
R2 values which were close to unity compared with the Langmuir model. 
Conformation of the experimental data into Freundlich isotherm model indicated 
the formation of heterogeneous surface of fabricated membrane for BSA 
adsorption. The value of 1/n was ranged between 0 and 1 and gets closer to zero 
indicating that the surface of heterogeneity was increased with increasing amount 
of HAP.45 Among all the fabricated membranes (Figure 4), K4 and K5 showed 
the highest adsorption capacity followed by K3, K2, K1 and K0. This indicates 
that the increase in the amount of HAP makes more surface area available for 
BSA adsorption. However, based on Table 3, the maximum BSA adsorption 
capacities (qe) for K4 and K5 membranes were almost the same even the amount 
of HAP was increased from 60% up to 80%. This shows that the active vacant sites 
available on the PES/HAP adsorptive MMM to adsorb all the BSA molecules at 
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2.0 mg ml–1 concentration reached the maximum range of vacant site to achieve 
the equilibrium. Besides physical properties, the high adsorption capacity of the 
fabricated adsorptive membrane was influenced by the presence of functional group 
such as calcium ion in HAP and hydroxyl group on their surfaces. Furthermore, 
higher BSA adsorption on fabricated membrane contain of HAP has been proved 
to be achieved by the electrostatic interaction on the surface between negatively 
charge COOH- group BSA and positively charge calcium ion of HAP. 25 

Table 3:	 Parameter values obtained from Langmuir and Freundlich isotherm for 
adsorption of BSA on K0, KI, K2, K3, K4 and K5 membranes.

Isotherm models constant K0 K1 K2 K3 K4 K5

Langmuir isotherm
qm (mg g–1) 9.64 17.76 19.15 24.51 26.67 26.66
KD (l mg–1) 4.22 5.64 6.12 9.46 10.08 8.99
R2 0.992 0.991 0.990 0.993 0.992 0.991
RMSE 8.81 9.23 9.48 8.80 8.82 9.24

Freundlich isotherm
KF (mg g–1(l mg–1)1/n) 6.33 16.49 18.83 22.84 25.33 25.33
1/n 0.23 0.15 0.12 0.11 0.09 0.08
n 4.35 6.67 8.33 9.09 11.11 12.5
R2 0.999 0.998 0.999 0.999 0.997 0.999
RMSE 5.47 5.68 5.12 4.12 6.01 6.14

3.5	 Kinetic Studies

The kinetics of adsorption describes the rate of adsorbate uptake onto the  
fabricated adsorptive MMM, and thus it controls the equilibrium time. Figure 5 
shows the kinetics plots of the experimental data for the adsorption of BSA onto 
K0, K1, K2, K3, K4 and K5 membranes. For all the fabricated membranes, it is 
clear from the graph that the amount of BSA adsorbed increased with time and 
at some point in time, the adsorption became slower and reached the equilibrium 
state. This phenomenon was due to the fact that a larger number of vacant surface 
sites available for BSA adsorption during the initial stage, and after a lapse time, 
the remaining vacant surface sites were difficult to be occupied due to repulsive 
forces between BSA solute molecule on the solid and bulk phases.36,46 The amount 
of the BSA adsorbed at the equilibrium time reflected the maximum adsorption 
capacity of the adsorbent under the operation condition applied. The BSA 
adsorption equilibrium was found to increase with an increase in the HAP amount. 
This indicated that the active vacant sites available on the fabricated membrane 
were sufficient to adsorb all the BSA molecules at these range of HAP loading.
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Figure 5:  Kinetic adsorption of HAP onto K0, KI, K2, K3, K4 and K5 membrane.

In this study, pseudo-first-order kinetic model and pseudo-second-order kinetic 
model were applied to study the kinetics of adsorption process. The kinetics data 
were analysed, and the constants were computed using Microsoft Excel. Fitting 
results for the kinetic models are given in Table 4. The results showed that the 
pseudo-second-order fitted well with the kinetic data and showed the excellent 
goodness of fit (R2). Pseudo-first-order kinetic model also gave an acceptable fit 
to the kinetic data with R2 more than 0.990 and less RMSE value. The equilibrium 
adsorption capacity estimated by the pseudo-second-order was comparable with 
the experimental ones (Table 4). The adsorption kinetic rate constant (k2) increases 
as a result of the HAP loading from 10% to 60% and the k2 was slightly decreased 
at 80% of HAP. This indicates that, the BSA adsorption rate onto the fabricated 
membranes is more rapid and favourable at 10% to 60% of HAP contents. The 
relatively high adsorption rate and value of fabricated membrane were due to their 
relatively high surface area and influenced by its surface chemistry. The functional 
group of HAP on the surface of fabricated membrane could act as chemical binding 
agents and hence attributed to the electrostatic interaction between positively 
charge calcium ion of HAP and negatively charge COOH- group BSA. 
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Table 4:	 Parameters value of pseudo-first and pseudo-second-order kinetic models for 
adsorption of BSA on K0, KI, K2, K3, K4 and K5 membranes.

Membrane Experiment qexp

(g BSA g–1 membrane–1)

Pseudo-first-order kinetic model

qeq1 
(g BSA g–1 membrane–1) k1 (h–1) R2 RMSE 

(%)

K0 7.68 7.71 0.514 0.991 8.45
K1 17.48 19.10 0.552 0.993 7.12
K2 19.54 24.14 0.649 0.994 6.41
K3 24.95 24.21 0.773 0.991 6.27
K4 26.54 26.15 0.814 0.991 6.25
K5 26.66 26.24 0.697 0.992 6.48

Membrane
Pseudo-second-order kinetic model

qeq2 
(g BSA g–1 membrane–1)

k2

(g membrane g–1 BSA–1 h–1) R2 RMSE (%)

K0 7.89 0.049 0.999 2.12
K1 18.15 0.078 0.996 3.85
K2 20.00 0.149 0.998 3.23
K3 25.06 0.153 0.999 2.18
K4 27.13 0.158 0.998 3.31
K5 27.11 0.069 0.999 2.24

3.6	 Regeneration

The regeneration of K0, K1, K2, K3, K4 and K5 membranes were carried out 
in this study by using acetate buffer solution at pH 4.2. The membranes were 
soaked into acetate buffer solution for 24 h with shaking speed at 90 rpm in room 
temperature. The regeneration process was repeated for three cycles. The results 
of the adsorption and regeneration cycles are shown in Figure 6. After three 
regeneration cycles, there has been a significant reduction in BSA adsorption 
capacity (~28% loss) of the K1 membrane. Among all PES/HAP adsorptive 
membrane, K4 membrane shows less reduction in the BSA adsorption capacity 
after three cycle of regeneration was about 1.58%. This is followed by K3, K2, 
K1 and K5 which were about 3.01%, 4.76%, 9.72% and 14.5%, respectively.  
This clearly indicates that the fabricated PES/HAP adsorptive MMM (K4 
membrane) has good regeneration and reusability characteristic for the BSA 
adsorption.
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Figure 6:  Adsorption/regeneration cycles for K0, K1, K2, K3, K4 and K5.

4.	 CONCLUSION

In this study, HAP was used to introduce cationic functionalities in the PES matrix 
membrane. The PES/HAP adsorptive MMM shows better resets for adsorption 
of BSA due to membrane structure, hydrophilic nature, permeability balance 
and electrostatic interaction between positively charge calcium ion of HAP and 
negatively charge COOH group BSA. The membrane adsorption was significantly 
affected by different amount of HAP loading in the casting solution. Among all 
prepared membranes, K4 showed an enhanced BSA adsorption capacity with 
higher adsorption rate and good reusability. Freundlich isotherm model is the 
best fitted to describe BSA adsorption process on PES/HAP adsorptive MMM.  
The kinetic of the adsorption process is well presented by pseudo-second-order 
kinetic model. It can be concluded that PES/HAP adsorptive MMM offered high 
potential merit for application in membrane adsorption processes especially in 
protein purification technology.
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