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APPENDIX A
DETERMINATION OF MAXIMUM WAVELENGTH

AND CHROMIUM STANDARD CURVE

A.1. Determination of Maximum Wavelength

Maximum wavelength of Cr(VI) was determined by measuring the absorbance
of the solution using survey scan of UV-Vis Genesys 10v spectrophotometer in the
range of wavelength of 300-400 nm

Table A.1. A and Absorbance of 20 mg/L. Cr(VI) Solution

Wavelength (nm) Absorbance
300 1.166
310 1.298
320 1.335
330 1.278
340 1.411
350 1.704
351 1.769
352 1.788
353 1.724
354 1.636
355 1.511
358 1.422
359 1.329
360 1.287
370 1.228
380 1.112
390 1.287
400 1.177

From figure A.l, it can be ssen that the maximum wavelength for Cr(VI)

solution 1s 352 nm.

Removal of Chrominm (V) from Agneous Solutions by Durian Shell
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Figure A.1. Maximum Wavelength of Chromium (VI) Solution
From Table A.1, it can be seen that the maximum wavelength for Cr(VI) analysis is at

352 nm.

A.2. Preparation of Standard Curve

Absorbance of all solution was measured using UV-Vis Genesys 10v
spectrophotometer at maximum wavelength which has been obtained from step A.1.
Standard curve between absorbance versus dyes concentration was prepared and then
linear regression was determined by Sigma Plot software.

Table A.2 Relationship between Concentration and Absorbance of Cr(VI}

Concentration | Absorbance

(mg/L)
5 0.527
10 1.058
15 1.470

20 1.735
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Figure A.2. Standard Curve of Cr(VI)
Solution

The linear regresion equation from figure A.2 is :
y=0.08 x +0.188
Where : y is the absorbance of Cr(VI) solution

x is the concentration of Cr(VI) solution
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APPENDIX B
DATA ANALYSES

B.1. Boehm Titration

Assumptions used:

NaHCOj3 only neutralizes carboxylic groups

Na,COj; neutralizes carboxylic and lactonic groups

NaOH neutralizes carboxylic, lactonic, and phenolic groups
The results are shown below.

Table B.1. Results of Boehm’s titration

mL HCl1 mL NaOH
Sample
NaHC03 Na2C03 NaOH HCl
Durian shell 9.1 7.8 8 8.6

Below is the example of Boehm’s titration calculation:

N NaHCO; = 0.049607 N

N Na,COs5= (.049547 N

N NaOH = 0.052657 N

N HC1=0.050237 N

(i) Acidity analysis

N*V HCIl + meq carboxylic groups = N*V NaHCO;

0.050237*9.1 + meq carboxylic groups = 0.049607*10
meq carboxylic groups = 0.038918

meq carboxylic groups/g AC = 0.038918/0.5 =0.077835 meqg/g = 77.835 peq/g

N*V HC1+ meq carboxylic groups + meq lactonic groups = N*V Na,CO;
0.050237*7.8 + 0.038918 + meq lactonic groups =0.049547*10

meq lactonic groups = 0.0647034

Removyl ot Chromium (VI) from Aqueous Solurions by Durian Shell
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meq lactonic groups/g AC = 0.0647034/0.5 =0.129416 meq/g = 129.416 peq/g

N*V HCI + meq carboxylic groups + meq lactonic groups + meq phenolic groups
=N*V NaOH
0.050237*8 + 0.038918 + 0.0647034 + meq phenolic groups =0.052657*10
meq phenolic groups =0.021051

meq phenolic groups/g AC =0.021051/0.5 = 0.042102 meq/g = 42.102 peq/g

(ii) Basicity analysis

N*V NaOH + meq basic groups  =N*V HCI

0.052657*8.6 + meq basic groups = 0.050237*10
meq basic groups = 0.049517

meq basic groups/g AC =0.049517/0.5 = 0.099033 meq/g = 99.033 peq/g

The summary of all caleulation can be seen at Table 3.

Removal of Chromium (VI) from Aqueous Solutions by Durian Shell
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B.2. BET (Brunauer-Emmett-Teller) Method

Make a plot of BET equation:

with the value of | Z%tand from the nitrogen sorption data at relative pressure

between 0.05 - 0.25

1/VI(Po/P)-1]
w

1

0
0.00E+00 5.00E-02 1.00E-01 1.508-01 2.00E-01 2.50E-01 3.00E-01

P/Po

Figure B.1. BET (Brenauer-Emmett-Teller) method plot
Using Sigma Plot software, found the value of V, = 0.0567 em’ g

Sger calculated using equation :

Where N is Avogadro’s number, S is adsorption cross section (0.16 nm’ for nitrogen)
and V is molar volume of nitrogen (6153 em’ mol™ at 77 K and 1 atm)

Sger = 0.888 m” g
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B.3. pH Drift
From pH drift experiments by several pHin:, several pHsna could be obtained as
follows:

Table B.2 pH Final of durian shell

PH init PH final
2 2.51
2.6 2.93
3.23 3.84
3.86 5.36
4.22 5.55
5.4 6.32
5.7 6.82
6.4 6.4
71.21 6.51
8.2 6.62

From the data given in the table, pHpzc of the durian shell could be determined as

illustrated in the Figure below.

12 1

10 A

PHE e

N\

PH initist = PH 5ina1= pHpze

pH

initial

Figure 8. pHpzc Determination Using pH Drift
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B.4. Cr(VI) Adsorption

B.4.1. Cr(VI) Equilibrium Time

[n a preliminary experiment, the sample durian shell with the weight of 5 gram and

solution of Cr(VI) with the concentration 20 mg/L were shaken at room temperature.

The equilibrium time was obtained when the absorbance of the solution was not

decreasing again in the time length of 1 hours.

Table B.3. Experiment Data for the Determination of Cr(VI) Equilibrium Time

Absorbance (A)
10 20 30 40 50 60 | 70
minutes | minutes | minutes | minutes | minutes | minutes | minutes
Sample 0.894 0.739 0.673 0.569 | 0.543 0.518 | 0.538

B.4.2. Cr(VI) Adsorption Isotherm of durian shell as Adsorbent

The example calculation:
pH=2.5,T=30°C
Mass of durian shell = 0.9985 gram

Initial concentration (Co) = 20 mg/L

V=0.05L
qe — Con—‘lCe XV
. = 82 2 0.05
0.9985

q. = 05908 mg/g

For the other variations are listed in table B.4

Removal of Chromium (V1) firom Aqueons Solutions by Durian Shell
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Table B.4. Data Analyses of Adsorption Isotherm of durian shell at Different pH

’ H Temperature Weight | Absorbance C. qe
P (<) (2) (A) | (mg/L) | (mg/g)
10.005 0.284 1.2 | 0.0895
9.012 0.292 1.3 | 0.0969
8.024 0.308 1.5] 0.1117
6.8805 0.332 1.8 | 0.1338
30 6.0592 0.348 2] 0.1466
5.0313 0.380 241 0.1775
4.0081 0.420 2.9] 0.2015
2.9609 0.484 3.7 ] 0.2725
1.9971 0.5% 5.1 0.3730
0.9985 0.844 8.2 | 0.5908
9.9166 0.252 0.8 | 0.0952
8.7758 0.260 0.9 | 0.1088
7.8631 0.268 1] 0.1188
7.1163 0.276 1.1 ] 0.1328
40 5.9672 0.292 1.3 0.1567
5.1244 0.308 1.5 0.1947
3.9706 0.340 1.9 | 0.2279
3.0686 0.380 2.4 | 0.2656
1.9897 0.468 3.5] 0.4146
25 1.0040 0.668 6| 0.6871
’ 10.0252 0.188 0 0.0911
8.9078 0.228 0.5 0.1092
7.9808 0.236 0.6 | 0.1288
6.8061 0.244 0.7 ] 0.1453
50 5.8480 0.252 0.8 0.1725
4.9451 0.260 0.9 0.1992
3.9814 0.276 1.11 0.2489
2.9926 0.292 1.3 0.3057
1.9632 0.324 1.7 1 0.4676
1.0149 0.388 2.5 0.7685
10.0417 0.212 0.3 ] 0.0798
9.1936 0.220 0.4 | 0.0961
8.1247 0.228 0.5] 0.1292
6.7453 0.236 0.6 0.1438
60 5.7599 0.244 0.7] 0.1775
5.0208 0.252 0.8 0.1912
3.9859 0.268 1.0 | 0.2484
3.0302 0.292 1.3 [ 0.3086
2.0235 0.340 1.9 | 0.4514
0.9902 0.476 3.6 0.8338
9.8998 0.588 51 0.0716
9.1592 0.612 5.3 | 0.0802
30 8.0945 0.652 5.8 | 0.0814
7.0357 0.7 6.4 | 0.0967
6.0255 0.756 7.1 0.1070
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4.9851 0.828 g 0.1197
3.9911 0.916 9.1 | 0.1366
3.0246 1.028 10.5 | 0.1558 |
2.0152 1.188 12,5 ] 0.1861
1.0100 1.42 15.4 ] 0.2262
10.0149 0.444 3.2 | 0.0830
9.0935 0.468 3.5] 0.0884
7.9756 0.5 3.9 0.1009
7.0651 0.532 431 0.1110
40 5.9771 0.58 4.9 1 0.1263
5.0012 0.636 5.6 0.1440
4.0537 0.708 6.5 | 0.1611
3.0057 0.82 7.9 1 0.2013
1.9784 0.988 10} 0.2527
1.0093 1.252 13.3 | 06.3303
9.9992 0.372 2.3 1 0.08%0
9.0600 0.388 2.5 0.0901
7.9640 0.412 2.8 0.1080
7.0797 0.436 3.1] 0.1110
50 5.9326 0.476 3.6 | 0.1382
5.0644 0.516 4.1] 0.1544
4.0423 0.58 491 0.1868
3.0089 0.676 6.1 0.2277
2.0014 0.828 8| 0.2998
1.0050 1.108 11.5] 0.4209
10.0607 0.308 1.5] 0.0893
9.0579 0.324 1.7 0.1010
8.0292 0.34 1.9 | 0.1101
6.8363 0.364 2.2 0.1302
60 5.9292 0.388 2.5 0.1476
5.0109 0.42 2.9 0.1606
4.0260 0.468 3.5 0.2049
3.0500 0.54 4.4 | 0.2500
| 1.9873 0.676 6.1 | 0.3497
0.9901 0.948 9.5 ] 0.5291
9.9882 0.652 5.8| 0.0711
9.0878 0.684 6.2 | 0.0707
8.1129 0.724 6.7 | 0.0820
6.9685 0.78 7.4 0.0889
30 6.0209 0.836 8.1 | 0.0988
5.0178 0.908 91 0.1055
4.0329 0.996 10.1 ] 0.1227
2.9881 1.116 11.6 | 0.1399
1.9942 1.268 13.5] 0.1630
1.0084 1.476 16.1 | 0.1905
10.0438 0.468 3.5 0.0814
40 9.0926 0.492 3.8 0.0891
8.0353 0.524 4.2 | 0.0973
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6.9659 0.564 4.7 0.1098
5.9480 0.612 5.3 0.1236
5.0166 0.668 6| 0.1355
4.0072 0.748 71 0.1622
2.9948 0.86 8.4 | 0.1937
1.9769 1.028 10.5 | 0.2398
0.9932 1.292 13.8 | 0.3020
10.0411 0.38 2.4 | 0.0855
9.1734 0.396 2.6 1 0.0948
8.0957 0.42 2.91 0.1007
6.9631 0.452 3.3] 0.1199
50 6.0746 0.484 3.71 0.1341
5.0509 0.532 43} 0.1554
4.0590 0.596 5.11 0.1811
3.0406 0.692 6.31 0.2253
1.9920 0.852 8.3 | 0.2%05
1.0001 1.132 11.8 | 0.4100
10.0113 0.316 1.6 | 0.0901
8.9924 0.332 1.8 0.0998
8.0170 0.348 21 0.1123
7.0187 0.364 22| 0.1211
60 5.9899 0.3%6 2.6 | 0.1452
4.8987 0.436 3.11 0.1725
3.9774 0.484 3.7 0.2049
3.0440 0.556 4.6 | 0.2530
2.0035 0.692 6.3 0.3419
1.0039 0.964 9.71 05105

B.4.3. Cr(VI) Adsorption Kinetic of durian shell as Adsorbent

The example calculation:

pH= 2.5, T= 30°C

Particle size = %4

Mass of durian shell = 25 gram

Initial concentration (Co) = 20 mg/L

V=023L
g, = Con—!(.‘t <V
g, = 20-78 . 1 7t

25

qg. =0.122mg/g

Removal of Charomium (V1) from Agueous Solutions by Durian Shell
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For the other variations are listed in table B.5

Table B.5. Data Analyses of Adsorption Kinetic of durian shell at Different pH

Tempoerature Pal"ticle' t Absorbance C, 7
O PR ey @ | men) | el
: 0 1.788 20 | 0.0600
5 0.812 7.8 0.1220
10 0.632 5.55| 0.1445
15 0.5552 4.59 | 0.1541
20 0.5136 4.07 | 0.1593
: 25 0.4872 3.74 | 0.1626
2.5 | -30/+40 30 0.4688 3.51 | 0.1649
35 0.4552 3.34 | 0.1666
40 0.4448 3.21 1 0.1679
45 0.4368 3.11| 0.1689
50 0.4304 3.031 0.1697
55 0.4248 296 | 0.1704
60 0.4208 2911 0.1709
0 1.788 20.00 | 0.0000
5 0.796 | 7.61| 0.1239
10 0.619 5.38| 0.1462
15 0.544 4.45| 0.1555
20 0.504 3.94| 0.1606
25 0.478 3.62 | 0.1638
30 2.5 | -40/+60 30 0.460 3.40 | 0.1660 |
35 0.447 3.24| 0.1676
40 0.437 3.11 | 0.1689
45 0.429 3.01 | 0.1699
50 0.423 2.94 | 0.1706
55 0.418 2.87| 0.1713
60 0.413 2.82| 0.1718
0 1.788 20.00 | 0.0000
5 0.773 731 0.1269
10 0.595 5.09 | 0.1491
15 0.521 4.17 | 0.1583
20 0.481 3.66 | 0.1634
25 0.4535 3.34| 0.1666
2.5 | -60/+80 30 0.438 3.12| 0.1688
35 0.425 2.96 | 0.1704
40 0.415 2.84| 0.1716
45 0.407 274 0.1726
50 0.401 2671 0.1733 |
55 0.396 2.60| 0.1740
60 0.392 2.55| 0.1745
0 1.788 20.00 | 0.0000
40 2.5 | -30/+40 5] 0803 7.69] 0.1231
10 0.621 5.41 | 0.1459
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15 0550 | 4.52] 0.1548
20 0503 |  3.94] 0.1606
25 0482 3.68] 0.1632
30 0.459 |  3.39] 0.1661
35 0.451 3.29] 0.1671
40 0.435]  3.09] 0.1601
45 0.420|  3.01] 0.1699
50 0.421 291 0.1709
55 0.419]  2.89] 0.1711
60 0.411 2790 0.1721

0 1.788 | 20.00 | 0.0000

5 0.790 | 7.52| 0.1248

10 0.606 | 5.23| 0.1477
15 0.538] 438 0.1562
20 0.492]  3.80] 0.1620
25 0470 3.521 0.1648
25| -40/+60 | 30 0449 327 0.1673
35 0.439]  3.14] 0.1686
40 0427  2.99| 0.1701
45 0418 | 288 0.1712
50 0413 2.81] 0.1719
55 0400 | 2.76| 0.1724
60 0.404 | 269 01731

0 1788  20.00] 0.0000

5 0.763 | 7.19] 0.1281

10 0.581 4921 0.1508
15 0.497 | 3.86| 0.1614
20 0.471 3.54 | 0.1646
25 0.442 | 3.7 0.1683
25| -60/+80 |30 0.430 | 3.03| 0.1697
35 0427  2.99] 0.1701
40 0.408 | 2.76 | 0.1724
45 0403 | 2.69] 0.1731
50 0395 | 2.59| 0.1741
55 0390 | 252 0.1748
60 0.386 | 2.48 | 0.1752

0 1788 20.00| 0.0000

5 0.776 | 7.34| 0.1266

10 0.609 | 5.26 | 0.1474
15 0507 424 0.1576
20 0.491 3.79] 0.1621
25 0.462|  3.42] 0.1658
50 2.5 | 307440 34 0.444 321 0.1679
35 0.441 3.16 | 0.1684
40 0422  2.93] 0.1707
45 0.419 | 2.89| 0.1711
50 0.408 | 2.75] 0.1725
55 0.405 | 2.71] 0.1729

Removal of Chromium (V1) from Aqueous Solurions by Durian Shell
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)

60 0.399 2.64 0.1736

0 1.788 | 20.00| 0.0000

5 0751 7.041 0.1296

10 0.586 4.98 | 0.1502

15 0.510 4.03| 0.1597

20 0.477 3.61] 0.1639

25 0.448 3.25| 0.1675

2.5 | -40/+60 30 0.434 3.08 | 0.1692
35 0.419 2.89 | 0.1711

40 0.413 281 0.1719

45 0.407 2.74 | 0.1726

50 0.402 2.67| 0.1733

55 0.392 2.55| 0.1745

60 0.388 2.50 | 0.1750

0 1.788 | 20.00| 0.0000

] 5 0.731 6.79 | 0.1321

10 0.557 4.61] 0.1539

15 0.496 3.85[ 0.1615

20 0.451 329 0.1671

DY 0.434 3.07 | 0.1693

2.5| -60/+80 | 30 0.412 2.80 | 0.1720
35 0.405 271 0.1729

40 0.391 2.54| 0.1746

45 0.387 2.49 0.1751

50 0.379 2.38| 0.1762

55 0.376 2.35| 0.1765

60 0.370 2.28 1 0.1772

0 1.788 [ 20.00] 0.0000

5 0.746 6.97| 0.1303

10 0.565 472 0.1528

15 0.498 3.88 1 0.1612

20 0.456 3.35] 0.1665

25 0.435 3.091 0.1691

2.5 | -30/+40 30 0.415 2.84| 0.1716
35 0.406 2721 0.1728

40 0.393 2.57| 0.1743

45 0.389 2.51 | 0.1749

60 50 0.380 240 0.1760
55 0.379 2.39] 0.1761
60 0.371 229 01771

0 1.788 | 20.00| 0.0000

5 0.725 6.71] 0.1329

10 0.550 453 0.1547

15 0.487 3.74 | 0.1626

2.5 -40/+60 20 0.443 3.18 | 0.1682
25 0.434 3.07 | 0.1693

30 0.402 268 0.1732

| 35 0.396 2.60 ] 0.1740

Removal of Chromium (VI) from Aqueous
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40 0381 242] 0.1758

45 0375 234 0.1766

50 0368 |  2.26] 0.1774

55 0.364| 220 0.1780

60 0360 | 2.15| 0.1785

0 1.788 | 20.00] 0.0000

5 0.701 6.41 | 0.1359

10 0530 4.28] 0.1572

15 0.470|  3.52| 0.1648

20 0.426 1 2.97] 0.1703

25 0.398]  2.63| 0.1737

25| -60/480 | 30 0387 2.49] 0.1751
35 0382| 242 0.1758

40 0367 224 0.1776

45 0364  2.20| 0.1780

50 0354  2.08] 0.1792

55 0352  2.05] 0.1795

60 0346  1.97] 0.1803

0 1.788 | 20.00 | 0.0000

5 0.866 |  8.48]| 0.1152

10 0.685| 621 0.1379

15 0.603|  5.19| 0.1481

70 0.564| 470 0.1530

25 0.532] 430 0.1570

6.6 | 30440 30 0516  4.10] 0.1590
35 0.498 | 388 0.1612

40 0491 |  3.791 0.1621

45 0.479 | 3.64| 0.1636

50 04771  3.61] 0.1639

55 0.469 | 351 0.1649

60 0.462|  3.42| 0.1658

0 1.788 | 20.00 | 0.0000

0 5 0847 823 0.1177
10 0.719 | 6.64 | 0.1336

15 0.590 ] 5.02| 0.1498

20 0550 |  4.53| 0.1547

25 0525| 421 0.1579

6.6| -40/+60 | 30 0.502|  3.92] 0.1608
35 0.494 | 3.82| 0.1618

40 0478 | 3.62] 0.1638

45 0475 3.59] 0.1641

50 0.463|  3.44] 0.1656

55 0.461|  3.41] 0.1659

60 0453 | 331 0.1669

0 1.788 | 20.00 | 0.0000

5 0.829|  8.01] 0.1199

6.6 -607+80 —— 0.659|  5.89] 0.1411
15 0575| 483 0.1517

Removal of Chromium (VI from Aqueous Solutions by Durian Shell
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20 0.542 442 0.1558
25 0.507 3.99 0.1601
30 0.492 3.80| 0.1620
35 0.475 3.59| 0.1641 |
40 0.470 3.53| 0.1647
45 0.457 3.37| 0.1663
50 0.454 3.32 ] 0.1668
55 0.448 3.251 0.1675
60 0.441 3.16 | 0.1684
0 1.788 20.00 | 0.0000
5 0.896 884 0.1116
10 0.708 6.49 | 0.1351
15 0.629 5,51 | 0.1449
20 0.580 490 0.1510
25 0.554 4.58 | 0.1542
7.2 | -30/+40 30 0.531 429 0.1571
i 35 0.518 412 0.1588
40 0.505 3.96 | 0.1604
45 0.496 3.85| 0.1615
| 50 0.491 3.79 1 0.1621
55 0.483 3.68 | 0.1632
60 0.477 3.62 | 0.1638
0 1.788 20.00 | 0.0000
5 0.878 8.62 . 0.1138
10 0.696 6.351 0.1365
15 0.614 5.33 | 0.1467
20 0.566 4.73 1 0.1527 :
25 0.541 4411 0.1559
60 7.2 | -40/+60 30 0.518 4,12 | 0.1588
35 0.508 4.00 | 0.1600 :
40 0.492 3.801 0.1620
45 0.486 3.72 | 0.1628
50 0.476 3.61 0.1639
55 0.473 3.56 | 0.1644
60 0.466 3.47| 0.1653
0 1.788 20.00 | 0.0000 !
5 0.853 8.31 1 0.1169 |
10 0.672 6.05| 0.1395
15 0.592 5.05| 0.1495
20 0.551 4.54 | 0.1546
25 0.521 4.17| 0.1583
7.2 | -60/+80 30 0.507 3.99 | 0.160]
35 0.489 3.76 | 0.1624
40 0.482 3.67 | 0.1633
45 0.470 3.52 | 0.1648
50 0.467 3.49 | 0.1651
55 0.457 3.36 | 0.1664
60 0.452 331 0.1669

Removal of Chromium (V1) from Aquecus Solitions by Durian Shell
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Review

Recent Progress on Biosorption of Heavy Metals
from Liquids Using Low Cost Biosorbents:
Characterization, Biosorption Parameters and
Mechanism Studies

A significant number of biosorptien studies on the removal of heavy metal from aque-
ous solutions have been conducted worldwide. Nearly all of them have been directed
towards optimizing biosorption parameters to obtain the highest removal efficiency
while the rest of them are concerned with the biosorption mechanism. Combinations
of FTIR, SEM-EDX, TEM as well as classical methods such as titrations are extremely
useful in determining the main processes on the surtaces of bioserbents. Diverse func-
tional groups represented by carboxyl, hydroxyl, sulfate and amino groups play sig-
nificant roles in the biosorption process. Solution pli normally has a large impact on
biosorption performance. In brief, ion exchange and complexation can be pointed

out as the most prevalent mechanisms for the biosorption of most heavy metals.
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1 Introduction

Water contamination by toxic organic chemicals and heavy metals
from the miscellaneous industrial wastewater discharges has
become a worldwide environmental concern. Thus, heavy metal pol-
hution is considered as a major problem of increasing magnitude.
Heavy metals are persistent, and therefore, very difficult to elimi-
nate naturally from the enviromment, even at a presence of trace
amounts. Nearly all hreavy metals are highly toxic, non-biodegrad-
able, nonthermodegradable and readily accumulate to toxic levels
{1-3[. Heavy metal removal from wastewater has progressed signifi-
cantly and can now be applied for rhe protection of the environ-
ment and human health. Table 1 provides a short smninary of the
negative effects of heavy metals on human health {4-11].

To date, several treatment methods for metal ion removal from
aqueous sclutions have been established, i.e. chemical precipita-
tion, chemical oxidation and reduction, ion exchange, filiration,
clectrochemical treatinent, reverse osmosis, evaporative recovery
and solvent extraction |12-14|. Biosorption processes still refain
quite a few advantages overt all of the other techniques mentioned.
To begin with, it is selective, effective, chvap and works well at very
low concentrations [15]. In addition. it is eco-friendly, since the bio-
sorption processes do not generate toxic sludge. which otfers fur
ther possibilities for metal recovery and potential biosorbent regen-
eration [16-19}. Biosorption is an alternative techinology for the

remioval of metal ions and organic pollutants from dilute aqueoug=

sohutions by emploving biemass as the adsorbent, e. g., agricultural

Correspondence: Dr. 5. Ismadji, Widya Mandala Surabaya Cathelic Uni-
versity, Kalijudan 37, Surabaya 60114, indonesii.
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and fermentation wastes and various kinds of microorganisms [20—
29).

Extensive studies have been undertaken in recent vears with the
aims of finding alternative and economically feasible adsorbents
for wastewater and water treatment. At a large scale, economic sorb-
ents can be defined as materiais which are abundant in nature or
can be found as a by-product or waste from industry, and which nor-
mally do not require pre-processing. Recent studies on the removal
of heavy metals using numerous types of biomass are the subject of
this review.

During the past ten years, some reviews have been published that
mainly focused on different aspects of heavy metal biosorption
[30-48]. Shukla et al. [30] emphasized a summary of the funcrioning
of sawdust for the removal of various pollutants from water while
Romera et al. [32] directed their review towards statistical methods
for heavy metal biosorption by utilizing algae. Liu and Lin [37
recently published a review detailing the isotherms, kinetics and
rhermodynamics involved in biosorption. The derivations of several
popular equations for gas- and liquid-phase adsorption including
their application in biosorption systeimns were briefly featured in the
paper. Sud et al. |38] also reviewed the prospective use of agricul-
tural waste to sequester heavy 1metal ions from aqueous selutions.
in parallel with the increasing attractiveness of hiosorption
research. its pace of advance 1s also boosted.

At this stage, a requirement to encompass all the latest accom-
plishments and studies is apparent. For that reason; this review is
intended to cover most studies published between 2000 and 2008
thiat centered on the capabilities of biosorbents and the mecha-
nisins involved for the extraction of metal ions from solutions. As a
starting point, the review details the characteristics of biosorbents
followed by the presentation of biosorption mechanisms for the

www.clean-journal.com



i:/3b2/ Jobs/clean/2008/Heft12/167.3d

2 V.O. Anefetal.

Table 1. The effects of heavy metals on human health.

4.11.2008

Clean 2008. 38 (12}, 0003 —-0000

Heavy metal Toxicities References
Crivly Headache, nausea, severe diarrhea, vomiting, epigastric pain. hemorrhage. carcinogenic 4. 5,7, 9]
and has an adverse potential to modify the BNA transcription process
Crilll} Allergic skin reactions and cancer [a]
Zn{ll} Depression, lethargy, neurclogic signs such as seizures and ataxia, and increased thirst {4, 5]
Cullly Liver damage, Wilson's disease, insomnia {4, 5]
Cdllh Kidney damage, renal disorder, Itat-Ital {excruciating pain in the bone), hepartic damage, 14,5,10]
cancel, and hypertension
Pl Encephalephathy, seizures and mental retardation, reduces haemoglobin production [7.10]
Ni (11} Dermatitis, nausea, chronic asthma, coughing, bronchial hemorrhage, gastrointestinal [4-6,11]
distress. weakness and dizziness
removal of a variety of metals on diverse types of biosorbents. The I
influence of different process parameters, e.g. pH, temperature
and Initial concentration, on the biosorbent capacity are considered ;
significant, and therefore, are also the subject of discussion. ' A P
: e -~ J
?\.\\ — ™. | \f’/ﬁ "‘; i, ™ A
2 Biosorbents Characteristics and the B // W i
Influence on the Metal Binding Process . "
0 STy R e
The physical and chemical characteristics of biosorbents are impor- [ /_J': L o
tant for understanding the metal binding mechanism on the bio- 1 ¢\ S \1‘ ; N
mass surface. The characterization of the structure and surlace ! \x‘ :
chemistry of the biosorbent is of considerable interest for the devel- S e N Por S
opment of adsorption and separation processes. Depending on the ‘\,\ N kS [ RN L/
nature of the biosorbents, a variety of techiniques are useful for this o “\\ / \J
purpose, ¢.g., Fourier Transform Infra-Red {FI'TR) spectroscopy, Xray g o "\_/’ o . fn‘.\
Photo Electron Spectroscopy (XPS). Scanning Electron Microscopy  ° 3 7 - N M At / N
(SEM), Xray Diffraction {XRD}), Fnergy Dispersive X-rav (EDX) fluores- ! ?\ /) v v
cence spectrophotomneiry, nitrogen sorption. etc. These methods FE /’ ‘\ ;’/
are commonly utilized in together to obtain a complete description ;—\ ~ TN, AT TN ; A
of the structure, morphology and composition of the biosorbents. | “:‘ o v Vo o
.‘1 4 v (. '
! L/ V!
2.1 FTIR Spectroscopy | F o M ~,
. . . . . ) [ e IS f N s Y
One mportant characteristic of a biosorbent is the surface func- ~ Y oo
tional groups present, which are largely characterized by the FTIR TG “\L ;
spectroscopy method. This techinique is only capable of providing a P~ e < M—\A
qualitative description. Table 2 lists the typical tunctional groups \ e Noa A A /
present in biosorbents [13, 14, 19. 49-85|. Specifically, inost bio- R \, N " !\/
sorption studies utilize FTIR just to determine the availability of cer- \ .// V)
tain surface functional groups as part of the structure of biosorb- . ,
ents, although further probing the influence of these groups 4000 3000 2000 1000
towards the metal binding process is also possible. Several research et

groups have provided good discussions abour the metal binding
mechanism on functional groups based on FTIR results |53, 57, 66,
70. 71, 86. 87.

Pavasant et al. [57| studied the relationship between functional
groups on the dried marine green macroalga Cuulerpa lentillifera and
its heavy metal adsorption capability. The authors utilized FTIR to
analyze the functional groups in both fresh and dried marine green
muacroalga. The results indicate that carboxylic acid, amine, amnide,
amino, sulfonyt and sulfonate groups are deminant in the Caulerpu
ieniithifera structure. In addition, the transmission spectra shift at
certain wavenumbers confinms that several surface functional
groups are involved in the binding of CwlI), Caill), Ph{llj and Zn(ll}.
As an examnple, the most plausible explanation behind the shift in

© 2008 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim

Figure 1. infrared spectra of (a) Live Spiruiina sp., and treated with Cd™?
ions for different lengths of time, viz. (b) 0.5 (¢} 1.5, {d) 2.5, (e}, 3.5, and
(f} > 12 h. and (g} Dead Spiruiina sp. after treatrment with Ca=? ions for >
12 h. (Taken from [66]}.

terms of wavenumnber for the - OH bending groups' contained on
the carboxyvlic acid was that these groups were included in the bind-
ing of heavy metals. In the case of the amine groups, N - H stretching
was found to be responsible for Cu{li} and Pb(ll) binding while C-N
stretching was detected for all four metals. Another observation
revealed that for the amide groups, the C-0 bond plaved an impor-
tant role for all metal sorption, whereas N - H bending was largely

www.clean-joumal.com
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Biosorption of Heavy Metals using Low Cost Biosorbents

Table 2. Surface functional groups found in biomass obtained by the FTIR method.

Biomass Tvpe of Blomass

Surface Functional Groups

Wavenumber (cm ") Reference

Aerobic granules

Aspergillu niger

Aspergillus niger Fungal biomass by pretreatment

Bucillus cereus Bacteria

Baker's veast

Bic-functional magnetic Mixture of fungus. Fe-O, particle
beads (contain Rhizopus coh- coating with alginate and PVA
nii}

Cassia fistula -

Caulerpa lentiilifera Marine green macroalga

© 2008 WILEY-VCH Verag GmbH & Co. KGaA, Weinheim

-0OHand - NH stretching

- CH; asymmetric stretching

- CH; symmeltric stretching
(=0 stretching

C=0 stretching, C-Niamide])
C-Nstrerching, N-Hdeformation
C=0 deformation
C-0-Cstretching

C-0 bending

- OH stretching

Bonded hydroxy] groups 10 -}
C-Hstretching

NH,", NH',NH

Amide I, NH: bending

PO atkyl

NO'~

Bonded hydroxvi groups{OH-}. N-H

stretching
(. -H stretching

C=Cgroups

C=0 amide, N-H bending, Imines and

oximes

N-Hbending
(:-Hbending {-CH)
Sulfamide bendsi{SQ)
C-0O stretching of COOH
Amines (C- N stretching)
C-Hbending

-0H, -NH
-CH
COO™.C=0
=0

COO , -C{=0)-NH-.C=0

-CH

COO-,C-
—{-N-,P=0,50,000-
(-N,P-0-C

P-0

O-H

C—Nstreeching

C=0

N-Hstretching

CH stretching

Thvdroxvl group; N - H stretching
C=C

C-Hstretching

NH,. NH’, C=NH-C=0 chelates
tretching, amide I band

-N=N- of aromatic compounds

=C-0-C=,(=5,C=0Ostretching, N-Hof

aliphatic compound
=C-0-(C=

- OH stretching

- CH streteh
Carbonyl group strerching
-NH band
O-Husireiching
C-0Ostrectching
O-1hending

N-H stretching
N-H bending
C-Nstretching

5=0 stretching
5-0siretching

3200- 3600 [49]
2928

2850

1725

1648

1520

1261

1130-1160

1082

1056

3425 3437 (50}
2925-2926

2341-2361

1633~ 1639

1036- 1037

851- 862

3430 - 3400 (51)

2930- 2900,

2860- 2850

2200~ 2050
1650 - 1640
15501540
1460 - 1450
1380-1370
1260-1230

1317.74, 1160~ 1150,
1079, 1048~ 1030
900 - 850, 785- 750
3306.48 52]
2930.84

172858

1655.19

1544.20

1453.60

1381.11

1291.69

1184.29

1055.95

1071 [53)
1240

1652

1541

29287

3410 {54
3020

2920

2350

1650

1490
1200

1080
3300-2500
2851.45
1632-1623
1443.12
2922 {57]
1244

1414

3408

1544, 1650

1324

1366

9ng

[55. 56|
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Table 2. Continued.
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Biomass

Tvpe of Biomass

Surtace Functional Groups

Wavenumber {cim ) Reference

Cephalosporitm aphidicola

Chiamydomonas reinhurdtii

Chioreila miniuta

Clcer arientinum

Ciadophora fascicularis

Cludophora fascicularis

Cotton cellulose

Dead Spirulina

Dried activated sludge

Lichharnia crassipes

Fucus serratus

Filamentous fungus

—-NH and bonded - OH groups
-CHy stretching

- CH, strerching

- CH; hending

- CH; bending

Carbonyl stretching
C-0Ostretching

C=N deformation

- 50 stretching

Microalgae -OIlstretching, - NH stretching
Stretching band of carboxy! groups

-0 stretch

C-H srretching vibrations

N~ bending

-CH, wagging

(- OH stretching vibrations

C~N-Cscissoring
Microalgal isolate Amidel

Amide IT

O-Hstreiching, N-H stretching

C-1stretching vibration
C-Hstretching deformation
Symmetric vibrational COO-
P=0

-0

C-H
Amide
C=0

=0
C-0,C-0-C

Sulfate
OH stretching
C-0

Agricultural waste O groups
Green alga -OH, -NI;
Green algae =0
Biomass material -OHgroup

C=0group

C-0-Cgroup
O-Hbending

C-0 stretching

-0OH and —NH stretching
- CH asymmetric vibration
¢ -Ostretching

- (N stretching

-OHNand -C-0 stretching
-CO0 strerching
-C-0-Cand -OH
Bonded hydroxyl

C=C

Amide and the strerching vibration of C-

Algal bloom

Water hyacinth

Brown algae

Nincluded in peptidic bound of proteins
vibrations of carboxylate and earboxvlic

acid groups

vibration of polysaccharides{C-O-Cand

O-Hj
Phesphate groups
Sulfur groups

© 2008 WILEY-VCH Vertag GmbH & Co. KGaA, Weinheim

3268 58]
2856

2925

1380

1458

1745

1650, 1077

1558

1239

3400 - 3200 (59|
1652 - 1544

1232

2924

1544

1398

1061

530,470

1654 50|
1540

3200-13500

3000 - 2800

1300~ 1470

1400

1240,1076

3000 and 3750 61
2918.18

1634.34

111557

3376.39 (62]
1660.12

1062 26

1660.12 163
1246 96

3376.39
106226 and 1116.93
3400 [54]
1630

1160

~3305 [65. 66
1040

3224 (67!
2925

1651

1532

1424

1396

1027

3419 168
1646

1636 and 1540 (59|

1384 and 1265
1168

629
825
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Biosorption of Heavy Meta:s using Low Cost Biosorbents

Biomass

Type of Blomass

Surface Functional Groups

Wavenumber {cm ") Reference

Greentaro

Lathyrus sativus

Lignin

Lignin

Live Spiruling
Mangrove leaves

Neurospori crassa

Nutshells

Olive solid residue

Populus tremuia

Protonated scwage
sludge

Aquatic weeds

Agricultural waste

Lignocellulosic biomasses

algal bloom
Agquatic weeds

Fungal biomass

lignacellulosic biomasses

Agricultural waste

The litter of natural trembling
poplar forest

Various types ofdried sludge

© 2008 WILEY-VCH Verag GmbH & Go. KGaA, Weinneim

OH stretch

CH antisym and asym strerch
NH- stretch

Several bands from overtone and
combination

=0 stretch

Ring stretch

Antisym stretch

C-Ustretch

S0 stretch

{-0-Cstretch

C-0 stretch

CH-CH:in vinyl compounds
{-CO-Chend
Overlappingof O-Hand N-H
stretching vibrarion

-0

C-Nstretching

=0

N-H stretching

Stretching vibrations of aromatic
and aliphatic OH groups
C-H stretching

Carboxyl and carbonyl stretching
Aromatic skeletal vibrations
Atomatic methyl group vibrations
C-O stretching

Syringyl units

-OH group

C-0,C-Cand C-0OH bonds
C=0stretching

OH stretch

CHuntisym and asyvm stretch
NH- stretch

C=C stretch

Several bands [fom overtone and
combination

C=0stretch

Ring stretch

Antisym stretch

NO; antisym stretch
C-0stretch

SO, stretch

CH-CH: in vinyl compounds
-OHand -NH:groups
C-Hgroups

C=0groups

NII- groups

Amid er sulfamide groups
-0OH group

C-0.C-Cand C~0OH bends
glO-Hj

:(G—H)

g(=NH)

g(C=C)

9{CO0O-,C=0)

(=G or C=Cstretching
Carboxylate functional group
-C-C- group

-0H

-CO0

N-Hhbending
C-Nstretching

P=0 stretching

POl stretching
P-0O-Cstretching

a2

3763
3000
2325
1920

1707, 1624
1487

1404

1281

1184

4

1019

903. 898
655
3200-3600

1033.8
13327
1660.6
1631.7

3412

2925, 2849
703.1648

{70}

[72)

1600,1514, 1425

1463
1329.1217
1114,827
3600-3000
1000-1300
1740

3389

2929

2308

2114

1907

1706, 1622
1493
1375
1342
1250
1192
909
3340
2928
1705
1647
1408
3600- 3000
1000~ 1300
3400
2900
1500
1700
1037

1645

1387

782
3800-2500
1384

1662

1238

1164

941

1047

www . clean-joumal.com
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Table 2. Continued.
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Biomass

Tvpe of Blomass

Surface Functional Groups

Wavenumber (¢cm ) Relference

DPseudomonas acruginosie

Psendomoenas qeruginosa

Quercs ithaburensis

Reed mat

Rhodococcus opacus

Salvinia cucillata

Sawdust from Arundo
donax

Sawdust from Prosopis
ruseifolic wood

Sced hulis

Sour orange residue

Sphaeroplea Algae

Bacteria

Wasle acorn

Aqualtic weeds

Waste weed

Lignocellulosic hiomasses
Lignocellulosic biomasses
Lignocellulosic biomasses

agricultural waste

Algae

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

~OH, = NI, and NHy’

(=0 stretching

C-Ostreteh of - OH bends
-OHand - NH stretching

- CHstretch

C=0stretch

—-NH stretch

C=0stretch

C=0stretch

-S5O stretching

—-{N stretching

Bended - OH groups

C~H stretching

(=0 stretching

Secondary amine group
Carboxyl groups

—-50; siretching

-0 stretching of ether groups
-C-C- group

NH stretch

CH antisym and asym stretch
NH; stretch

C=Cstretch

Several bands from overtone and
combination

(=Ostretch

Ring strerch

Antisvm stretch
C-0stretch

SO stretch

C-Q-Cstretch

C-Q stretch

CH-{I: invinvl compounds
Bonded hydroxyl group, ~NH stretching
C.-H stretching

C=0 stretching

Amide H band

=0

- CN stretching

Hbonds and OH groups
Aliphaltic

Unsaturated €=C
C-0stretch

C-0 stretch, S1-Ostretch
Amide bond

Aromatic CH

~OHgroup

-0, C-Cand C-0OH bonds
~(OHgroup

-0,C~{ and C-0OH bonds
—OH group

C-0.C-Cand C-0OH bonds
—-OH groups

CHsrtretching

(=0 band

C-0carboxyl band
N-Hstretching
C-Hstretching

(=0 stretching

(-0 stretching

P=Q stretching
P-0Ostretching

Amide |

Amide Il

C-Nstretching

3200-13550
1620~ 1690
1G20- 1100
3430
2938
1660
1551
1468
1414
1246
1080
3413
2914
1729, 1626
1511

1447.1367.1323

1242
1158, 1094
1033, 587
3442
2988
2369
2120
1898

1678, 1624
1510

1350

1298

1146

121

1050
911,879
3354

2927, 2854
1655

1541

1240

1076

3350

2930

1630

1420

1020

1560

850

3600- 3000
1000-1300
3600- 2000
1000~-1300
3600-3000
1000-1300
3423
292588
1631
1257-1244
3419

2918

1718. 1687
1040

1143

910

1813

1548

1225

[19]

i79)

181]
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Biosorption of Heavy Metals using Low Cost Biosorbents 7

Biomass

Type of Blomass

Surface Functional Groups

Wavenumbericm ‘} Reference

Spirogyra sp.

Sugarcane bagasse
Tamarindus indica

Tea waste

Termitomyces clypeatus

Twigs from Hex
paraguaiensis
Water hyacinth

Water lily

Green algae

Lignocetlulosic biomasses

Agricultural waste

biomass of different moulds and
veasts.

Lignocellulesic biomasses

Aquatic weeds

Aquatic weeds

Q-1 stretch 3408 182}
Carboxylic/phenclic stretching bands 2925
C=N, (= and (=0 stretch
N-Hbending 1538 and 1442
-CH, wagging 1353
C-OH stretching 1078
C-N-Sscissoring 1028
524and 467
-OH group 3600-3000 |73]
{-0.C-Cand C-OH bonds 1000-1300
-0OHor -NH groups 3400-73550 [83]
C=0stretching 1730-1750
Bonded -OH groups 3420 841
Aliphatic C-H group 2915, 2848
C=0stretching 1631,1546
Secondary amine group 1511, 1448, 1435
Symmetric bending of CHs 1345
=S50, stretching 1232
C=0stretehing of ether groups 1141
-CNstretehing 634
N-Hand O-H stretching 3500-3000 [89]
Alkylchains 2920-2850
C=0strerching 1745.5, 1643 .2
=0 1708.1
N-Hbending, C-N stretching 1550
CO0- 1541, 1413.7
P=0 stretching 1150
P-0O-Cstretching 1050-970
P-0OH stretching 1040-910
-OHgroup 3600-3000 73]
-0, C-Cand C-CH bonds 1000-1300
NH stretch 3403 [70]
OH stretch 3738
CHantisym and asym stretch 2997
NH;stretch 2310
C=Cstretch 2122
Several bands from overtone and combina-1911
tion 17051622
=0 stretch 1496
Ring stretch 1397
Antisvin stretch 1343
NO: antisym stretch 1282
C-0Ostretch 1188
S04 stretch 1043
C-0srretch 903. 849
CH-CH,in vinyl compounds 528
C-CO-Chend
NH strerch 3432 170}
OH strerch 3785
CH antisym and asym stretch 2924
NH. stretch 2309
C=Cstretch 2107

Several bands from overtone and combina-1907

aon

C=0stretch

Ring stretch
Antisym stretch
NO» antisym stretch
C~0Ostretch

SO; stretch
C-0-Cstretch

C -0 stretch
CH-CH; in vinyl compounds
C~-CO-Chend

1704, 1636
1489
1353
1334

1235

1180

1230

1046

909, 859
549

© 2008 WILEY-VCH Verag GmbH & Co. KGaA. Weinheim
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Figure 2. SEM nictures of Chiorefia miniata: {a) Control celt without Cr{n) treatment, and (b) Algas cell treated with 100 mg L~ Cr{ttl) at pH 4.5 for 24 h,

(Taken from [91]).

accountable for the artachment of only Znill). Likewise, another
tmportant bond within the binding of these four heavy metals was
$=0 within sulfony! and sutfonate groups.

The FIIR spectroscopy technigue was employed to expose the
sorption binding mechanism of Cd(l[) by live and dead Spinilina [66].
Figure 1 shows the FTIR spectra of live and dead Spiruling including
its treated forms. The participation of phosphate, carboxylic and
amidejamine in Cd(II} binding is evident. However, in live Sprrudina,
the amino group makes a more contribution for metal uptake than
carboxylic and phosphate groups.

Baker's yeast is an inexpensive biomass and is readily available.
Numerous researchers have devoted their time to verifying the
applicability of this material for remediation of heavy metals {53, 86,
88,89} Yuetal.[53].used FTIR results to detect the presence of various
functional groups on the surface of modified baker's yeast, which
explains its surface mechanism complexity. The authors observed
that after metal adsorption, a significant shift of the N-IH stretching
vibration peaks take place, which verifies the chemical interactions
between Cdill}, Pb(llj and the amide groups on the biomass surface.
The ajteration of several peaks due to hydroxy}- and carboxyl-groups
after biosorption of the heavy metals, were also noticed. These phe-
nomena highlighted the fact that carboxyl, hydroxyl and amide
groups wete all engaged in the adsorption af metals.

The plant’s cell wall has a very large number of constituents that
make the determination of its exact composition difficult. It con-
sists of a large number of complex organic components, €. g., cellu-
lose, lignin, hemicelluloses, proteins and lipids, as well as other
inorganic materials such as Ca, K, Mg, etc. By employing FTIR spec-
tra, Yazici et al. [87] made a comparison berween the surface strue-
ture of Marrubium globosum, which was loaded or unloaded with
Cu{lh), as well being treated or untreated. They claimed that the
spectral shift in terms of wavenumber was mainly due to chemical
preireatment, pH and mmetal binding. Furthermore. they also
argued that the selution pH was not as responsible for the radicai
structural change on the Marrubium globosum surface as the chemi-
cal pretreatment. The solution pi mnerely alters the ~ Ot bonds due
to 11 ions binding to the functional groups.

In order to understand the surface binding mechanism, it is
therefore essential to identify the functional groups on the biomass.

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1i et al. [54] developed a practical technique for the recovery of
Cr(V]) from wastewater using bio-functional magnetic beads. In
their work, FTER results showed tliat the -NH”, =NH", and >NH -
groups ptayed an important role in the Cr(Vi) adsorption. Raize et
al. [90] studied the biosorption mechanism of Cd{ll), Ni(iTj and Pbiii)
by brown marine macroalga. The main groups detected were car-
boxyl, amino, sulfhydryi, and sulfonate. Das and Guha [85] exam-
ined the biosorption of Crivil onto fungal species, e.g., Termitomyces
clypeatus. They claimed that amino, carboxyl, hydroxyl, and phos-
phate groups formed chemical bonding with the chromate ion.
Moreover. a report by Gupta and Rastogi [82] stated that the pres-
ence of aming, carboxyl, hydroxy! and carbonyl groups on the sur-
face of the green algae Spirogyre could be accountable for the bind-
ing of'lead.

2.2 Scanning Electron Microscopy

Inn general, the characterization of biosorbents by scanning electron
microscopy (SEM) offers topographical and elemental infortnation
of the solids with a virtualiy large depth of field, allowing different
specimen parts 1o stay in focus at a time. SEM also has high resolu-
tion, making higher magnification possible for closely spaced mate-
rials. In addition to its capability to produce an actual clear iinage,
1t is also useful for obtaining the topographical aspects of biosorb-
ents [82, 85, 50-93). However, the SEM technique also has limita-
tions on its lowest detectable particle size and its inability to detect
trace elements in a substance.

In the mechanistic study of heavy metal removal by Sargassum vul-
garis, Raize et al. [90) utilized SEM to acquire the surface topology of
unloaded and loaded bicsorbent. Heavy metal-loaded biomass had
different morphology to the unloaded samples. In the case of loaded
samples, the matrix layers of the cell wall were seen to shrink and
stick. This structural change was attributable to the strong cross-
linking of metal (Cd) and negatively charged chemical groups on
the cejl wall polymers.

The mechanisin of metal biosorption varies according to the
metal species and type of biosorbent [81]. SEM was one of several
methods used by Han et al. [91] to probe the surface complexation
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Figure 3. SEM pictures of (a) Pristine (protonated) biomass. and (b} Chromium adsorbed biomass (Taken from [85]).

mechanism in Cr{Ill) biosorpuon by Chlorella mintala. Figure 2 shows
SEM pictures of the algal cell, before and after leading with Cr{l)
[91]. The pristine algal cell had a plump shape with a transparent
external layer on the outer cell surface. which become wrinkled
after the cell adsorbed Cr(l{i}. This observation indicates that the pri-
mary Crilll) sequestering sites are on the cell wail surface instead of
the intracellular sites.

Yavuz et al. [92] also used SEM to characterize magnetically snodi-
fled yeast cells. The modified bicimass was chosen to remove mer-
cury lons from artificial wastewater. SEM examination revealed
that the surface of the magnetically modified yeast cells was quite
rough, supplying a large exposed surface area for biosorption of
mercury ions. Accordingly, they concluded that the magnetic yeast
cells can effectively be utilized for specific removal of Hgfll) ions
from aqueous solutions as they have high biosorption rate and
capacity.

The assessmnent of morphological changes as a result of chro-
mimn accumulation within the bacterial strain, Acinetobacter sp. has
also been conducted using SEM by Srivastava and Thakur [93]. Using
SEM pictures, they claimed that chromium was uniforinly bound
on the cell wall surface of the bacteria. A morphology transforma-
tion due to the exposure of the cells to chromate was also evident.
Das and Guha [85] conducted another study using chromium as a
heavy metal maodel. A cage-like structure was formed during the
interaction of Cr{V1) ions with several functional groups on the sur-
face structure of Termitomyees cypeatus as portrayed in Fig. 3 [85].
Other studies using SEM that contrasted the surface strucrure and
morphology of biomass, before and after heavy metal biosorption,
are also available for consultation [65. 66, 94].

Gupta and Rastogi [82] probed the biomass in their experiments
using SEM with different magnifications, although their SEM pic-
tures just featured the surface texture and morphology of pristine
Spirogyra. No comparison was shown with lead adsorbed biomass.
Surface texrure and morphology of the initial {pristine) biomass
was also evidenced by using the SEM technique by several research
groups{95-100].

Mcanwhile, some researchers [19, 50, 71, 101 - 110f have aiso per-
formed surface morphology characterization of biomass with the
assistance of SEM-EDX methods, e.g., Chen and Wang [110] have
investigated the Interaction mechanism between zinc and Sacchare-
myees cevevisiae using this technique. SEM pictures and EDX spectra
of the intact yeast cells, before and after zinc uptake, substantiated
rhe existence of covalent interactions between Zn{li) and surface

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

groups of Seccharomyces cerevisice. Gonzalez-Chaver et al. [102) pro-
vide anather example of the usefulness of the SEMEDX combina-
tion. They scrutinized Cu accumulation in the extraradical myce-
lium of three arbuscular mychorrhizal fungl. More detail of the
bonding formations was acquired, which showed that these fungi
are capabie of accumulating Cu within their mucilaginous outer
hyphal wall zone, cell wall as well as inside the hyphal cytoplasm.
SEM pictures and EJ)X spectra taken. before and after Piy(II) biosor)-
tion onto heat inactivated Botntis cinereu, clearly verified the exis-
rence of Ph particles that looked like “billiard balls” in the biomnass'
surface}103).

2.3 Transmission Electron Microscopy (TEM)

The ability of transmission electron microscopy {TEM) to provide
information on crystalline structures as well as density maps that
reach subatomic resolution is of great interest and widely applica-
ble for the characterization of miscellaneous biomass {91, 93, 96,
102, 11]. With regards to its subatomic resolution, this technique
can offer clearer evidence on the internal structure of the biomass.
However, since TEM is very costly, its utilization to probe the inter-
nal structure of bicmass is uncommon. A well-featured TEM fmage
{sce Fig. 4), has been shown by [len et al. {91 for Cr(VI) adsorption on
Chlorella miniata. Figure 4a) demonstrates that the algae cell surface
is transparent and the cell wal: can be easily distinguished. After
loading with Cr ions, a film of electron dense material was recog-
nized on the cell wall surface, as depicted in Fig. 4b} [91].

2.4 X-ray Photoelectron Spectroscopy (XPS)
Analysis

Xray photoelectron spectroscopy {XPS) is a special chemical analysis
technique used to resolve the elemental composition, emnpirical for-
mulae, chemical and electronic states of the elements that exist
within the surface region of a samnple. For each particular element,
a certain characteristic binding energy can be associated with each
core atomic orbital. This technique Is surfacespecific due to the
short range of photoelectrons excited from the solid.

In the biosorption field. XPS has been used to scrutinize the sur-
face chemical structure of biosorbents [49, 53, 86, 90, 96, 101, 112-
117} In the mechanisn investigation of Cd{l[}. Ni{IT), and Ph{I} bio-
sorption by Sargassum vulgaris, XPS provided valuable information
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Figure 4, TEM pictures of Chiorelia miniata: (a) Control cell without Cr(ll)) treatment, and (b} Algae cell treated with 100 mg L=~ Cr(lll} atpH 4 5 for 24 h

(Taken from [91]).

on heavy 1metal uptake by this brown marine macroalgae [90]. The
resultant XPS spectra indicated that heavy rpetal binding was
accompanied by changes in sulfur, nitrogen, oxygen, and carbon
binding. Sulfur containing groups, e, g., thiol and sulfonate. as well
as oxygen containing groups, e.y., carboxyl, were involved in cad-
mium and lead biosorption. On the other hand, nickel cations
mainly attached to functional groups containing oxygen |90].

Sheng et al. {1173] deduced the chelating characteristics of metal
coordination to the functienal groups in the cell walls of brown
algae from XPS spectra. The functional groups participating in
PB{II), Culily, Cd(If), Zn{ll) and Niflly biosorption comprise carboxyl,
ether, alcoholic and amino groups. Suifonate groups did not con-
tribute substantially in the binding mechanisin of bivalent metals
ioms.

In another example to clarify the biosorption mechanisin, XPS
was einployed to probe the surface structure chiange of baker's veast
grafted with polyamic acid prior and subsequent o Cdtllj and Pbill)
biosorption [116]. XPS results prove that the interaction of Phill)
with amide and hydroxyl groups on the blomass surface takes place
via ion exchange or electrostaric interaction despite the fact that a
coordination mechanism might also occur between the metal and
carboxylate groups.

2.5 Energy-Dispersive X-Ray Spectroscopy

Energy dispersive X-ray spectroscopy {EDX) is another useful teclni-
que for elemental analysis or chemical characterization of a sample.
In biosorbent characterization, this method is routinely coupied
with SEM analysis to achieve more complete results [19, 40, 71, 91,
93, 101, 163~116, 118]. EDX nake use of X-rays emirted [rom the
lower part of a4 sample's interaction volume during eleciron beam
bombardinent that carries a specific energy according to their
molecular weight.

Liu and Xu [107] studied the equilibrium, thermodynamics and
mechanisms of Ni** biosorption by aerobic granules. EDX analysis
indicated that Ni*' jons could penetrate into the aerobic granule

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

core, and additionally on elemment mapping, the adsorbed Ni* distri-
bution within the serobic granule was seen to be uniforin {107}

2.6 X-Ray Absorption Fine Structure Spectroscopy
(XAFS)

Xray absorprion fine structure spectroscopy {XAFS) is a spectro-
scopic fechnique that utilizes X-ravs to probe the physical and chem-
ical structure of material at an atomic scale. XAFS is element-spe-
¢ific, in which X-rays are selected to be at and above the binding
energy of a particular core electronic level of a certain atomic spe-
cies, Chen and Wang [110] exploited XAFS to investigate the interac-
tion between zinc and Succharomyees cerevisiae. l'roun the results, they
found that the nearest neighboring atom of the artached zinc ion
on the biomass Is an oxygen atom. Moreover, adsorbed zinc ions on
the intact cells of S. cerevisiue had a tetrahedron structure witha Zn -
O bond length of 1.97 A while the coordination number was only
3.2,

2.7 X-Ray Diffraction (XRD) Spectroscopy

Xeray diffraction {XRDj is a nondestructive technique used to pro-
vide detailed information on the crystallographic structure of mare-
rials. This method offers several advantages, e.g., non<lestructive,
high accuracy. capability to detect single crvstals, polycrystalline or
amorphons materials. Moreover, standards are readily accessible
for thousands of material systems. Due to ity versatility, XRD has
been widely employed to assist in the characterization of biosorb-
ents and in the verification of heavy metal biosorption mechanisins
[49. 96, 107, 119} As an example, in Pb{ll) biosorption on cellulose]
chitin beads {96/ the XRD) pattern of the Pb-loaded cellulosejchitin
beads exhibited distinct and complex peaks, denoting the deposi-
tion of crystallized lead, which is iikely to be causcd by lead hydrox-
ides and lead carbonate.
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2.8 Characterization Based on Titration Methods

Originally developed to determine oxygenated surface groups on
activated carbons, Boehm's titration method is based on the acid-
base titration of carbon acidic or basic centers. This method gives a
semiquantitative measure of surface functionalities. The assess-
ment of the gquantity of acidic groups is subject to the assumptions
that NaOH neutralizes carboxylic, lactonic and phenolic groups,
while Na,CO; neutralizes carboxylic and lactonic groups, whereas
NaHCO;neutralizes only carboxylic groups. In addition, the amount
of basic sites can be determined from the total HCI that reacts with
the adsorbent |120). This method is quite coinmon {or the character-
ization of activated carbons. However, in the biosorption field, only
a sinall number of research groups have utilized Boehm's methoed
{2, 121, 122}, since this method only presents a semi<quantitative
measure of funciional groups. As a rule, a description of a biosorp-
tion mechanisim cannot be verified by semi-quantitative data.
Anotlier titration method that can resolve the nature of func-
tional groups on tiie biomass surface is potentiometric titration {69,
72,76,77,123]. Kang et al. |77 studied Cx{lllj and Cr{VI) biesorption
on Pseudomonas aevtginosa. They utilized this method for surface
characterization of bacteria cells. The results showed that the bio-
mass contains at least two nmain functional groups on its surface.
Exploiting the chemical models that comprise reactions between
different bacteria groups and protons in the solution, the equili-
brizm constants pKa and pKb resembled those of carboxy: and
hydroxyl groups. Their reactions models are written as Igs. (1) and

{2):

AH o A +HY, Ka= 21D (1)

. AHRE Ra=— HH
B H-

sl . B CKp— ‘)

H.-B {H i \

where JA |, [B"|, and [AH|, {BL}} represent the concentration of depro-
tonated and protonated surface groups. respectively and [H'] signi-
fiesthe proton activity in solution.

Guo et al. |72] used a nonelectrostaric surface comiplexation
model to explain the potentiometric titration data. They
approached the proton dissociation from ligands on lignin surface
using kq. {3):

: .Si07 CHC .
t HY. Kay = ——7— (3}
SO

Si0H - 50
In addition, the complexation between a netal ion and lignin
proceeds by Eq. (4):

S0H + M%< - 5,0M° 1Mt {4)

The resultant surface acidity constants were log Ka. = -5.57 1o
-5.20 and log Ka,= —7.51 1o ~7.23, respectively, attributable to car-
boxvlic- and phenolictype surface groups.

The characterization of acidic sites on Pseudomonas biomass by
Komy et al. [76] was also facilitated by potentiometric analysis. In
their work, they assumed that Pseudomonas aeruginosa contains tiiree
acidic sites, 1.e., COOH (S.), NH. {S-) and PO}~ and these acidic sites
had the capability to bind protons. Egs. {1) to {3) as shown above
were also employed.
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2.9 Surface Area Measurements

The surface area of a solid is another important feature required to
fully understand and interpret the ion sovption properties of the
solid [69. 85). In general. the surface area was obtained by applying
the BET equation in the relative pressure range of 0.05-0.25 10
nitrogen sorption data. Almost all previous studies have shown that
bioinass has Jow BET surface arca as a result of either low porosity or
surface smoothness |63, 72, 82, 85, 97, 124]. For this reason, the
physical sorption dees not seem to play a significant role in biosorp-
tion processes.

3 Influence of Biosorption Conditions on the
removal of Heavy Metals

The investigation of the factors affecting the efficiency of heavy
metal biosorption is of great interest tor the industrial community.

he efliciency is strongly influenced by the physicochemical char-
acteristics of the solutions, e.g., Pl temperature, initial concenira-
tion, ctc. A large portion of biosorption studies has been devoted ro
investigating this relationship. Table 3 summarizes the findings of
the key investigations. This section is intended to give a brief discus-
sion on these parameters.

3.1 Infiuence of pH

The solution pH is a crucial factor in heavy metals biosorption, The
pH vatue significantly influences the dissociation site on the surface
af the hiomass and the solution cheinisiry of the heavy metals, e.g.,
hvdrolysis, complexation by organic andior inorganic ligands,
redox reactions, and precipitation, as well as the speciation and bio-
sorption availability for heavy metals {33, 57, 72, 76, 104, 113, 124 -
129 In a particular pH range. most metal sorption is enhanced
with pH, increasing to a certain value followed by a reduction on
further pH increase.

In principle, the dependence of metal uptake on pH can be associ-
ated with both the surface functional groups on the biomass' cell
walls as well as the metal chewistry of the solution {113]. The pH
value of the medium affects the equilibrium of the system |125] in
accordance with Eqgs. {1} or {2}, so that the pH can be written as Eq.
£53
pH = pKa — log ,A;H

I

{51

When the pti value is lower than the pKa, the equilibriumn shifts
to the left {refer to Eq. {1})), protons are consuined and thie pH rises
until its value approaches the pKa. The opposite trend happens if
the phivalue s higher than the pKa|125].

The investigation of P{II}, Cu!ll}, Cd(Il), Zntll), and NHII} sorption
by Surgassum sp. and Pading sp. {brown macroalgae), Ulva sp. {a green
macroalga). and Graallaria sp. (a red macroalga) was carried out in
the pH range of 2.0-6.0 [13]. The improved netal sorption with
higher pH was attributable to the increase in the amount of ligands
for metal jon binding. Moreover, at low pH, competition accurs
between protons and metal ions, leading to less metal uptake. Simi-
lar tendency were also recognized in heavy inetal biosorption by
algae, e. g, biosorption of Cr{lll) by the green algae Spivogyva sp.
1130]; CHIN by Corallina officinalis. Porphyra columbina and Codium frug-
ile {731 Cudili and P{ll} by Cladophora fuscicularss |62, 63 Philij by $pi-
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Table 3. Data on the biosorption of heavy metals using different biosorbents.

Biosorbent Meral Operating Conditions® o (MEE7 References
pH T C.imgl -
Acid treated Sphaeroplea Ni{llj 4.0-6.0 33 50-500 24485 81}
Algae Cuill) 216.335
Acinetohacter sp. CriVh 3,5.7.9 0 2000 NA {93
Activated siudge Cdiiiy 2.0 25 10-150 28 f126]
(] 19.05
Null) 8.85
Phiily 142.83
Znlly 15.6
Activated sludge Cdill) 4.0 25 10- 1000 NA {154]
Cuillj
Znill)
NiIT)
Aerobic granules Ca{Ily 604105 25 100 NA {49}
Cuiily
NI
Almond shells iV 1.0-10.0 30 20-1000 NA [155]
Alteynaria Cdill} 5.0 25 2.4.6.8 NA |156]
NI
Criily
Cufll
Coilly
Znillj
Phith
Arca shell Ph{IT) 1.0-70 2512 10~ 500 NA [13}
Culll}
NilL
Coilly
Cs{l)
Arundo denax Caim 5.8+0.1 28+1 0.04-0.09 NA 73
NI}
Ascophyllum nodosum Cdiln) 1.0-60 NA 10-150 87.7 {1254
NiIT 43.3
Zn{1l) 42.0
Cuillj 58.8
Ph{Il} 1786
Asparagpsis armuta CdiIl 1.0-6.0 NA 10-150 323 [125]
NI 17.1
Znill) 21.6
Cuill 21.3
PUIT) 63.7
Aspergillus Cd(n 5.0 25 2,468 NA [156]
NI
Cr{lL
Cuill}
Cofllj
Zn{il
Phill)
Aspergilius Niger Cr{Vj 1.0-10 25 30 NA {134
Aspergillus Niger Mgl 20-11.0 NA 25-200 NA 1157
Aspergillus Niger Colll) 1.0 -6.0 20-35 25-250 NA [158]
Ph{II}
Aspergillus niger Crivh 20-8.0 5+2 10 14.5 [51]
15+2 15.2
22+2 10.6
30+2 11.1
Aspergillus niger CrivT) 6.0 30 500 NA [111]
Aspergillus niger Cuilh 2.0-8.0 NA 10-100 NA [159]
Aspergillus Sydoni Crivl) 1.0-10 25 30 NA {134]
Australian Marine algae PO} 10 2112 0.4-45 4.14 {160]
DrasCa 2.0 75732
3.0 267.03
4.0 304.29
5.0 320.85
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Table 3. Continued.
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Biosorbent Meral Operating Conditions” et (mEE ) References
pH T.4°C) Coimgl
Australian Marine algae CuiI} 1.0 2122 04-45 2.54 (160}
NDPI5Ca 2.0 11.43
3.0 62.865
4.0 76835
5.0 82.55
Australian Marine algae  Phill) 1.0 2122 0.4-45 10.35 [160]
['R95Ca 2.0 §6.94
3.0 204.93
4.0 242.19
5.0 260.82
Australian Marine algae Cuili) 1.0 2312 0.4-45 4445 1160}
1:R95Ca 2.0 28.575
3.0 60.325
4.0 67.31
5.0 70.485
Bucillus cereus Phill) 55 25 5-100 36.71 52
Cuiily 50.32
Bacillus jectyali Carmy 40-7.0 25 35 37.3 [161]
30 47.5
35 579
Bacillus jectgali Zniil} 4.0-7.0 25 75 105.2 [161]
30 222.2
Bacillus licheniformis Criv 20-60 25,37, 50 20-300 69.35 1162]
Bertholeftia excelsa Cdilly 5.8+01 28+1 0.04-0.09 NA 173
NYII)
Brewery waste PhyII) 4.0 a0 33.1-1656 85.49 [110]
Agil) 17.3- 864 42.77
Stilh 14.1-704 72.29
Csi{lh 21.3-1064 10.11
Cactus leaves Criv) 1.0-16.0 30 20-1000 NA {155}
Cassia fistuly N1} 3.0-8.0 30 25-800 188.40 [55]
Cephalosporium aphidicola Philly 1.0-6.0 20-40 100-400 92.322 [58]
Cladophora fasciculuris Colll) 20-6.0 15.25.35,45 11.8-236 NA [115]
Chlamydomonas reinhardtti  HgylTy 2.0-70 25 20-400 12261 {59}
Cdil) 77.625
PH{IT) 146.97
Chiorella miniuta CrivT) 0-4.0 25 50. 100 200 NA [60]
Chlorella Vuiguris Cotlly 1.0-5.0 25 5-300 NA [163]
Chlorella vulgaris Cdilly 4.0 25 25-150 584 [164]
Ni(TT} 15 86.6
Chlorella viigaris CrivTy 1.0-55 25 25-250 NA 8]
Chondrus crispus CaiTh 1.0-6.0 NA 10-150 75.2 [125]
NiTh 372
Znfll 457
Cuilh 405
Phill) 204.1
Chroocecens sp. Cr{VT) 1.0-5.0 26 5-20 21.36 {135]
Chrvseomonas luteola TEM 05 Cr{VIj 6.0 25 1.92 NA |165]
cells CAIl) 0.89
Colll) 1.69
Cladonia rangiformis hoffin -~ Cu(ll) 2.0-50 15 10-100 7.6923 {166]
Cladophora fuscicularis Cuilly 2.0-80 15-45 27-254 NA [62
Coconut copra meal CdIn 3.0-7.0 26 10.5-201 4.92 140}
28 4.68
50 2.66
60 2.01
Coconut copra meal CHIT 3.33,4.06, 4.52, 24 100-120 NA [148]
5.04.5.53
Codium fragile Cd(IT) 5.8+0.1 28+1 0.04-0.09 NA {73
Ni{IT}
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Table 3. Continued.

Biosorbent Metal Operating Conditions" Gro- IMEE ) Reterences
pH T.4°C) Coimgl™)
Codium vermilara Caillj 1.0-60 NA 10-150 218 [125]
Ni{IT) 13.2
Zn{ll) 238
Cul{Tl) 16.9
Pin) 653.3
Coralling officinglis Cd{TT} 5.8+0.1 28 +1 0.04-0.09 NA 173
Ni{Ti)
Cotton cellulose Bilil) 6.0 NA 5-500 5.8780 [64]
6.5 13.0550
7.0 15.4080
7.5 17.7940
8.0 41.4940
Crab shetl Cu(ll) 3.5-6.0 NA 500 - 2000 2439 [167)
Coill) 3226
Cupriavidus taiwanensis Philly NA 37 100-1500 50.01 {168}
Cu(ll) 19.0
Cd{In 19.6
Dried activated sludge Cr{Vl) 1.0-6.0 25 25-500 NA 1169]
Ni{IT)
Eichhonia crassipes Cr{Vij 1.0 23 10-100 NA 168]
Enteromorpha prolifera Ni{ITj 2.0-590 20 50-150 55.55 [143]
25 58.82
30 75.36
Fscherichia coli NHIT) NA 35-37 50-400 NA [170}
Cdiy
Eucalyptus bark CdiIh 2.0-5.0 20 25-300 20.58 [129]
30 22.52
40 25.25
50 29.67
Lxhausted coffee Cu{llj 5.2 2021 5-300 11.60 1171}
Ni(il) 7.25
Fucus spiralis CddIn 1.0-6.0 NA 10-150 1149 [125]
Ni{ITj 50.0
Zn{ll 53.2
Cu(llj 70.9
Phill) 204.1
Fusarium Cdilij 5.0 23 2.4.6,8 NA [156]
Ni{I)
Crll
Cu(lly
Co(ll}
ZIl)
Ph{lii
Pungi from serpentine seil  Colll} 20-9.0 30 0.5-4.0 NA 1172
of Andaman
Geotrichum Cd{In 5.0 25 2,4,6,8 NA [156]
NiII)
cr(ll
Cu(lly
Colll
Zn{Ii}
Ph{Ilj
Grape stalk Cuilly 52 2011 5-300 4292 {171}
NI} 3831
Green coconut shell CTiVI) 1.0-10.0 27 20-100 NA [106]
As(V)
Caill
Cr{lIl}
Green coconut shell powderCdill) 40-90 27 20 NA 1132}
Green tare {Colocasia escuden- Cr(IIh 45-55 30 10-150 6.072 {70}
ta) Crfvl) 1418
Hazelnut shell NI 3.0-80 20-490 15-200 NA [137)
Hybrid biosorbent Cd{Ih 2.0-8.0 2512 10-500 141324325 1173}
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Riosorbent Metal Operating Condirions” Qe (Mg g References
plI 1€ C.imgl™
Hydriiia verticiilata Cdidi) 1,3,5.7.9 25+2 1,140,100 15 f174]
Ilex puraguaiensis CdiIh 5.8+0 28+1 0.04-0.09 NA 173
NiiT)
Lignin PLITE} 5.5 20 0.2-25 1293.75 [72]
Cuill} 2286
Cd(I) 2543
Znill) 11.18
N 6.018
Live and dead spiruling Cdilly 6.0105 35-38 2000- 20000 NA |68]
Maize bran Cr{Vlj 14-8.0 20-40 20-300 NA 1136]
Mangrove leaves {Rhizophora Crilllj 4.5-55 30 10-150 6.544 70
mangle Ly CriVl 0.342
Marrubium globosum Cofll) 55 25 50 NA i87]
Mimosa pudica without inocy- Pb{IT} NA 37 100-1500 261 [168]
{utttion Cuglly 227
Cd{In) 253
Mirabilis jalapa Cdill) 5.8+0.1 28+1 0.04-0.09 NA 173|
Ni(IT)
Modified yeast cell He(ll) 20-70 4-35 25-200 11486 f92]
Moringa oleifery AT 2.0~-125 NA 1-100 NA 197
Asf{V)
NaOH treated Sour orange  Cu(ll} 4.5 28 300 52.08 |80
residue
NuaOI Untreated Sour Or-  Culll 4.5 28 300 23.47 180]
ange residue
Nerispora crassa Pbill} 40401 25 5-300 43.29 74|
Cuill) 5001 5.55
Nostoc calcicola Cr(vl) 10-50 26 5-20 12.23 135
Oil palm fiber Cr{vlj 1.5-5.0 281 20-200 NA 199}
Olive cake Cr(Vh 1.0-100 30 20-1000 NA 1155}
Olive Cake CHIn 20-110 28 100 65.359 {128]
35 60.606
45 44,444
Orange peel Ph(IT} 1.0-7.0 NA 103.5-2070 NA [175}
Palm tree leaves Inill 50-58 25 20-300 14.7 [176]
Penicilliiim Cd{ll 5.0 25 2.4,6 8 NA [1586]
IN{IT)
Cr(I])
Cu(Tl)
Coilly
Zryll)
Philt)
Palm kernel fiber Ph{1T) 3.0-8.0 3613 120 NA [177]
Penicillium janthinellum Cr{Vly 10-10 25 30 NA [134]
Phanerachaete chrysosporinm — Cd{If) 2.0-8.0 25+ 2 10-500 68.61 +2.47 1173]
Pine needles Cr(vVl} 1.0-10.0 30 20-1000 NA [135]
Populus tremuia Cull 4.5 25-580 30-200 NA 114]
Pseudomonas aeruginosa  Cr(Itl) NA 25 0-5 NA 77
CriVly
Quercus ithaburensis Crivl 20-60 24,45,60 100, 200, 300,400 NA |78}
Reed mat (Cannonois Vvirza- Crilll) 4.5-5.5 30 10-150 7.184 [70]
taj Crivly 1.662
Rice bran 2D 30-50 30 40-160 14.17 1178]
40 14.84
50 1831
Rhizopus arrhizus Phill) 2.0-30 20-45 5-15 2.642 [179]
Rhizopus arrhizus CriVl 1.3 30 50-200 NA [180]
Rhizopus arthizus Cr{Vl) 4.0 25 25-250 NA [181]
culln 25-300
Rhodococeus opacus Ph{In 50102 2811 15-200 94.185 19]
Crtth 60802 73.008
Coflly 6002 29.854
Sacchuromyces cerevisiae Criv) 1.0-60 NA 25-200 384.61 {182]
Saccharomyces cerevisiue Mn({Il} 20-11.0 NA 25-200 NA [157]
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Bioserbent Metal Operarting Conditions® oo img g} References
pH T°Ch Coimgl™i
Suctiaromyees cerevisiac Caiij 7.3 25 1.12-22.4 NA [183]
Saccharomyces cerevisiae Znill) 73 25 0.65-13 NA [183]
Sargassum glaucescons PH{IT 5.0 2012 1 NA 184}
Cd(n
Sphaeroplea Algae Nill) 4.0-6.0 33 50-500 2006 [81]
Cufll) 140.335
Sphaerotiius natans Coflhi 30-60 NA NA NA {185]
CdiIn
Spirulina platensis CriVly 1.0-55 25 25-250 NA [8]
Spirogyra insignis Cdin 1.0-6.0 NA 10-150 229 [125]
NI 175
Zniil} 21.1
Cullly 19.3
Phll} 51.5
Spirogyra sp Cu(ll) 25-50 NA 50-250 1333 [186]
Streptomyces rimosts Cu(ll} 5.0 25 100 NA 187
Zn{llj
CriVl
Tea factory waste Cr{Vl) 20-50 25, 45,60 50-400 54.65 [133)
Tea factory waste Ni{13} 20-50 NA 50-200 NA {188]
Tea waste Cu(il} 2.0-70 2212 25-200 NA [189]
Ph{ll}
Termitomyces civpeatus Cr{V) 3.0 30 10-1000 NA [85]
Trichodertna cdim 5.0 25 2,4.6.8 NA [1585]
NitIl)
Cr{ln)
Cuill)
Collly
Znillt
PhHilT)
Ulvalactuca Phill) 2.0-80 20-50 10-400 347 [131}
Caiill) 29.2
Water hyacinth (Pichornia  CrtHI) 4.5-55 30 10-150 £7.614 70]
crassipes) Crivl) 01342
Water lily flower {Nymphuea Crilll) 4.5-55 30 10-150 5112 {704
spl CriVI) 5.110

NA: Not available,

rogyra sp. [82]: Cr{lll) by Chiorella mindata [91]; Cu(Il), CA{Il), Pbillj, and
Znill) by Caulerpa lentillifera [57]; Cd(1L, Cutll), NiIIj, Pbilly and Zn{llj
by Cudinum vermilara, Spivogyra insigms, Asparagopsis armalta, Chondrus
erispus, Fucus spiralis and Ascophylhum nodesum [125] and also Pbil) and
Cdili) by Glta lactuca {131).

Anber and Matongq [128] looked at the pH effect on metal uptake
in the adsorption process of heavy metals using agricultural waste,
e.g. olive cake. Upon increasing the pH from 2 to 6, the removal efft-
ciency of CA(II) increased from 42 to 66%. Practically speaking, at
low pii, the concentradon of H ions was high, and hence, Cd{Il) ions
must compete with H ions in order to attach to the surface func-
tional groups of the olive cake. With the pH rise, fewer H™ lons exist,
and consequently, Cd ions have a better chance to bind to free bind-
ing sites. Later, whien the pH enters basic conditions {Egs. (6 - 8)), the
formation of CA{OH);” takes place due to the dissolution of CAOH):
and as a result, the adsorption rate decreases.

Cd™* + HO0 = CAUOH) + H'pK, =9 (6}
Cd’ + 2H,0 « » Cd{OH), + 2H" pK, = 19.1 {7}
Cd* +3H,0 - » CA{OH), + 3H' pK, = 30.3 {8)

© 2008 WILEY-VGH Verag GmbH & Co. KGaA, Weinheim

The removal of cadmiui by green coconut shell powder was also
shown to be pil dependent. At pH 4, the removal efficiency {s only
69%. By increasing the pH to 7, the percentage removal rises to 98%
[132]. The efficiency value then stays steady at pt 7 to 9 while higher
pil brings about the precipitation of CdtI} ions to CAOH); as indi-
cated by Eq. {7). Tea factory waste has also been utilized as a heavy
metal adsorbent by Malkoc and Nuhoglu [84, 133]. The maximuun
adsarption performance for Nifll) ions was found at a pH of 4 [84],
followed by a significant decrease after the pti value is adjusted to 2.

In contrast the opposite trend can also exist, e.g., in Cr{VI) adsorp-
tion on fungal biomass. Low ptl values favor this system {134}, In
acidic solution, i.e., pH range 2.0- 6.0, the chroinium ions exist in
the form of HCrO, and Cr:0- so that their equilibrium relations
can be written as Egs. (9)and {10):

H.Cr-0; -

S2H + Crn0f {9}

H:.Cr(. — H' + HCrO, {10}

However, in alkaline pH, the equilibrium relation differs as repre-
sented by Eqs. (11) and {12}
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Cr0: +OH™ — HCrO, + Cr0:” 11

HCrO, +OH™ — CrOf + H.O {12)

The most plausible answer behind the high adsorption capacity
at low pil values is the presence of excess H' Ions that are abie 1o
neutralize the negatively charged adsorbent surface, and thereby.
reduce the hindrance for diffusion of dichromate ions [134}. Similar
tendencies were also noticed in the adsorptien of chromium jons
from solutions by diverse biosorbents [54, 61, 68, 78, 79, 85, 98, 99,
114,132,133, 135, 136].

3.2 Influence of Temperature

Depending on the structure and surface functional groups of a bio-
sorbent, temperature has an impact on the adsorption capacity, toa
certain extent. It is well known that a temperature change allers the
adsorption equilibrium in a specific way determined by the exother-
mic or endothermic nature of a process. Quite a number of biosorp-
tion studies have been performed concerning the effect of tempera-
ture on isotherins, metal uptake and also with respect to biosorp-
tion thermodynarnics paramelers [14, 17,78, 82, 114, 122, 128,129,
133,136 143].

The impact of temperature on the adsorption isotherm of cupric
and cadinium ions by corncob particles at a certain pll was explored
by Shen and Duvnjak [138). They found that the uptake of ions
increased with higher temperature. A more enhanced level of
uprake in paralle] with a temperature rise resembles the nature of a
chemisorption mechanism {endothermic process). These trends
were also spotted by other research groups [114, 122, 133, 141, 142].
In contrast. Padmavathy [144] obtained the opposite behavior for
the temperature effect on adsorption capacity. In his study, higher
temperature leads to a lower adsorption capacity of baker's yeast.

For engineering practice, enthalpy, entropy and Gibbs free energy
factors generally need to be determined so that the spontaneity of
the process can be inferred [140, 141, 144). These thermodynarmnic
properties, e, enthalpy, entropy and Gibbs free energy of adsorp-
tion can be estimated using equilibrium constants as a function of
temperature [141]. The Gibbs free energy change, AG', which is nor-
mally considered as a spontaneity indicator of a chemical reaction
can also serve as a criterion for spontaneity in biosorption processes
[140]. The retation between Gibbs free energy change and tenpera-
ture, T, as well as biosorption equilibrium constant, K., is given by
Rq.(13)

AG" = -RI'InK, (13)

A negative Gibbs free energy value indicates the feasibility and
spontaneous nature of the biosorption process {2, 14, 79, 92, 100,
128,129,131, 133,136, 140, 145].

Likewise, the enthalpy, AH . and entropy, AS", changes for the bio-
sorption process can be estimated from biosorption equilibrium
constants as a function of temperature via the Van't Hoff equation,
Hq. {14}

n a

A positive AH- value signifies the endothernmicity of a process (2.
14, 62, 63, 79,92, 129, 136, 146|, while exothermic processes usually
has negative AH” value [100, 128]. On the other hand, a positive AS
valtie denotes the increased randomness at the solidsolution inter-
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face during the biosorption process [2, 79, 92, 128, 136, 140, 146[.
whereas negative AS- values represent the opposite phenomenon
{decreased randomness) [100}.

3.3 Effect of lonic Strength

Industrial wastewater often contains other than heavy metal ions.
e.g., Na', K, Mg™, and Ca*, which may interfere with heavy metal
101 uptake by biomass. The ionic strength as indicated by the pres-
ence of light metals in solution is an important variable that plays a
role in the aqueous phase equilibrium. Miscellaneous inorganic
chemicals, e.g., NaCl, NaNOs, KCl. MgCl, CaCls, etc,, have been
emploved 1o elucidate the effect of lonic strength on heavy metal
uptake. As a general trend, the metal uptake is found to decrease
witli increasing ionic strength of the aqueous solution as a result of
more electrostatic attraction and metal activity change [11. 62, 63,
72,76,102, 124, 129, 147 -150}.

3.4 Effect of Initial Concentration

The injtial heavy metal concentration can alter the metal removal
efficiency through a combination of factors, i.e., the availability of
specific surface functional groups and the ability of surface func-
tional groups to bind metal ions (especially at high concentrations).
The inirial concentration acts as a driving force to overcome mass
transfer resistance for metal ion transport between the solution
and the surface of the biomass. Several studies that sought to clarify
the effect of initial heavy metal concentration on metal uptake by
hiosorbent have been undertaken [2, 11, 13, 14, 19, 50, 79, 83, 92,
98-101,103,114, 129, 130, 133~ 136, 142, 148, 149, 151]. Taty-Cort-
ades et al. [101] found that the initial ion concentration exhibits
quite an interesting effect on the equilibrium sorption capaciry of
the Prmus sylvestris for Cd{il} and Pb{ll). At a fixed biosorbent dose, pH
and temperature, the equilibrium sorption capacity improved with
higher initial ion concentration. The ion removal was highly con-
centration dependent. The increase in the biosorbent's loading
capacity as a function of metal ion concentration was believed to he
due to a high driving force for mass transfer. In agreement with
this, a more concentrated solution should display better adsorption
performance. In their experiment, for most cases with low initial
ion concentration, the sorplion capacity or metal uplake was
enhanced with higher initial ion concenrrations. Iowever, the
opposite phenomenon occurred when starting with high initial ion
concentration. The authors argued that this opposite tendency was
caused by saturation of the available active sites on surface func-
tional groups, thus preventing further metal ion uptake.

3.5 Effect of Adsorbent Dosage

The amount of biomass in the solution also affects the specific metal
uptake. By increasing the adsorbent dose, the adsorption efficiency
increases even though the amount adsorbed per unit mass
decreases. In principle, with more adsorbent present. the available
adsorption sites or functional groups also increase. In turn, the
amount of adsorbed heavy metal lons 1s increased, which brought
about an nnproved adsorption efficiency §2, 11, 14, 19, 24, 58, 68,
79, 83, 98,99, 104, 125, 128-131. 240, 146, 147}.
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4 Biosorption Mechanism

Biosorption applications have derived their usefulness through the
metal binding capacities of various biological materials. Biosorp-
tion is made possible by thie ability of biological inaterials to accu-
mulate heavy metals from wastewater througl metabolically medi-
ared or physico<chemical uptake pathways. Due to the interaction
of several factors on specific biosorbents, it is almost impossible to
propose a general mechanism, Although several metal-binding
mechanisms have been put forward, e.g., chemisorption by ion
exchange, coordination and/or chelation, complexation, physical
adsorption, etc., the actual mechanism of metal biosorption is still
not fully understood [33].

4.1 Chemisorption Mechanism

Ion exchange is a reversible cheinical reaction where an ion within
a solution is replaced by a similarly charged ion attached onto an
immobile solid particle |91]. In general. the ion exchange mecha-
nism can be represented by Fq.{15})

M+ X(HY) - » XH" + MYy {15}
where ITY corresponds to the munnber of acid sites on the solid sur-
face, M* is metal ion, and MYy is the sorbed M. By considering Eq.
{15) as shown above, the ion-exchange equilibrium constant can be
determined by Eq. (16}

(16}

Romero et al. [145] claimed that cadmium biosorption en dealgi-
nated seaweed waste followed an ion exchange mechanism. They
investigated the cadmimn ion binding process using several techni-
ques such as potentiometric titration, FI-[R spectroscopy, calcium
displacement and esrerification. The resultant ion exchange con-
stant for the adsorption in their study was 0.329 - 10 '#|145].

Tan and Cheng {146} examined the mechanism involved for the
removal of five heavy metals, 1.e.. Cuofll), Ni{ll), Zn(ll), Pbil}, and
Cri(IIi), by Pemiciiliun chrysogenum using a series of batch experiments.
lon exchange was claimed as the dominant mechanism. Akar et 2l
[104] probed the interaction between Pb{ll) ions and the fungus
Asperyillus parasitus. They stated that this biosorption process could
be expressed by ion exchange or complexation. lon exchange was
later ruled out as the most plausible mechanisin by data for the
adsorption energy value, E, obtained from the DR isotherin moxdel.
The veast Rhodotorula glutinis was tested for its capability to remove
PB{II) from aqueous solution by Cho and Kim [147]. The Pb{li)
removal mechanism by R. glutinis involved direct biosorptive inter-
action with the biomass through ion exchange and precipitation by
phosphate released from the biomass. The interaction berween
Pbill} ions and the functional groups on the surface of the fungus
Aspergillus parasiticus's cell wall is also believed to occur by a combina-
tion of ion exchange and complexation processes |104].

Ofomaja and Ho [148] highlighted the role of ion exchange in the
bioserption of cadmium ions onto copra meal. They performed
their experiments at different initial cadmium concentrations and
pH values. [ncreasing the initial cadmium concentration leads to a
reduction of the final pf value. This phenomenon occurred due to
the replacement of IT" ions on functional groups by cadmium ions
in the bulk solution. They generated a plot of initial cadmium ion
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concentration vs, H ions, with the aim of obtaining the connection
between initial cadmium ion concentration and the amount of H”
ions released into solution. A simple correlation of Cy = 50.6 AH™ -
385 was derermined, from which the ion exchange rate with
respect 10 initial cadmium concentration was 50.6 mgig mM of pro-
ton concentration.

Ahmady-Asbehin et al. [69] noticed that in the biosorption of cop-
per ions on Fucus servatus, the bond between the copper lons and the
surface functional groups of the biomass formed as soon as calcium
ions were released from the surface. This lon exchange process is
one of the most well-known surface reactions, which represents a
great degree of complexity, primarily due to its multi-species
narure. By employing Eqgs. {15} and {16}, the authors proposed that
the ion-exchange reaction proceeds according to Fq. {17):

A 4 Cut

< satation” Es —Cu? M 17)

- soburion
while the apparent selectivity constant is believed to be given by Eg.
(18):

FS — Cu?+
FS - M~

M

K(_ir",\] T X .
Cu-~

{18}

The apparent selectivity constants obtained from their experi-
mental data were 3.37 +1.10 and 3.88 = 1.43 for calcium and magne-
sium, respectively. A slightly higher value for magnesium as com-
pared to calcinm denoted the fact that it was easier to substitute the
magnesium ions on the surface of Fucus servatus by Cufll) ion than
calcium ions.

Chien and Wang [110] investigated the interaction between zinc
and Succharomyces cerevisiage by empioying a combination of SEM-EDX
and XAFS methods. The existence of both covalent and ionic bonds
between Zn{ll} and the available functional groups on a yeast cell
surface was verified by displacement of H', K', Mg*'. Ca™, and Na*
ions during zinc uptake. The release of X', Mg, Ca™, and Na® from
the biosorbent during heavy meta! jon attachinent was raken as evi-
dence that jon exchange was the dominant mechanism. The exis
tence of an ion-exchange mechanisin during Ph{I), NYIT), Cwill), and
Cdill) biosorption by olive stone waste was reported by Fol et al.
{124]. They spotted a significant release of Ca™, Mg, and K’ from the
biosorbent iimmediately after the uptake of Phill), Nifll), Cu(ll), and
Cdill). lonexchange processes were also suggested as the main bio-
sorption mechanism hy other research groups [49, 71, 90, 101, 148,
155].

Metal sequestration during biosorption adheres to complex
mechanisms that mainly include ionic interactions, formation of
complexes between metal cations and ligands contained within the
cell wall biopolyiner structure and precipitation on the cell wall
matrix. Raize et al. [90] proposed biosorption mechanisins of differ-
ent heavy metals by brown marine macroalgae. In their study, CdlI)
ions were attached to chemical groups containing oxygen, carbon,
nitrogen and sulfur. in addition, the binding process did not alter
the magnesivm and calcium concentration in solution, which indi-
cates that ion exchange might not be the main mechanism for
Cd{Il) biosorption on the brown marine macroalgae Sargassum vulga-
is. A similar phenomcnon was also observed for lead, but in this
experiment, the hinding process was also accompanied by a signifi-
cant decrease in calcium and magnesium concentration, which
denotes the existence and major role of combined chelation and
lon-exchange mechanisims |90].

Another frequently encountered metal binding mechanisim is
chelation. Chelation can be properly defined as 2 finm binding of a

www Cclean-joumai.com



1:/3b2/ jobs/clean/2008/Heft12/167.3d

Clean 2008, 36(12), 0000 -0000

metal ion with an oerganic molecule {ligand) to form a ring struc-
ture. As mentioned before, various functional groups including car-
boxylate, hydroxyl, sulfate, phosphale amides, and amino groups
cait be considered respolsible for metal sorption. Among these
groups. the amino group is the most effective for removing heavy
metals, since it does not merely chelate cationic metal ions bur also
adsorbs anionic inetal species through electrostatic interaction or
hydrogen bonding {149|. In order to clarify the sorption mecha-
nisms of Criv!) anions on inodified Penicillium chryvsogenuin, Deng and
ling {149 studied Cr{VI) speciation and Pericillium chivsogeninn sur-
face properties at different pll values. At values of pH less than 10.4,
the amino groups on the surface of Penicillium chrvsogenumm are proto-
nated and adsorb anionic hexavalent chromium via electrostatic
attractions, asshown by Eq.{19).

=NH; +{HVCriM — NHs ... i(HVCriM - £19)
where {HVCrP™ represents anionic hexavalent chiromium. In addi-
tion. in the pHrange of 2.4 to 10.5, both Cr{VI) and Cr{III) are present
on the surface of the biomass, suggesting that anionic hexavalent
cliromium ions were reduced to Criill) during the sorption process.
In turn, the resultant Crillli species may tlien be chelated by the
amine groups [149).

Panda et al. [150] also reported the significant role of ainine
groups in Ni{ll} binding. The chelation of transition Nifilj took place
through dative bonds with the lone pair of electrons within nitro-
gen present in the - NH, groups of Lathyrus sativus. Figure 5 shows a
schiematic diagram of chelation and cation exchange mechanisim,
as proposed by Panda et al. [150]. Furthenmuore, the importance of
various functional groups on the surface of the biomass. e.g,
amino, phosphate, hydroxyl and carboxyl groups, was demon-
strated by chemical modification. A reduction in adsorption
capacity was observed upon modifying these chemical functional
groups. The contribution of amine groups in the Cu{ll) adsorption
by Mucor rouxii was verified by Majuimdar et al. [108]. Altun and Peh-
livan [151] revealed that chelation and ionexchange were mainly
behind Cufll) adsorption from aqueous solutions by walnut, hazel-
nut, and almond shells. These combination {chelation and ion
exchange) mechanisimg were also verified for Cr{V1) adsorption on
modified red pine saw dust {152].

Guo et al. [72] put forward a nonelectrostatic surface complexa-
tion model to describe the mechanism of biosorption of several
heavy metals on lignin. They used kgs. {20} to (23) to explain the
complexation of a metal ionwith lignin:

SIOH + M* = S,OM* + ' {20)

Their mode] was based on the formation of 1:1 and 1:2 complexcs
for each type of site, i.e., carboxylic and phenolic groups, to match
the experimental data for the adsorption of Pb{lli, Cutll}j Ni{Il),
Cd(11), and Zn{lI):

250H + MY = (S50),M + 21F 121}
S,0H + S,0H < (8,0){S:0)M + 2H* {22}
(SIOH) + M*' + 1,0 « S;OMOH + 2H" 123

At low pH, the metals predominantly exist as free ions in the
aqucous state. As the pH increases, the concentration of free metal
ions decreases and the carboxylictype sites contribute significantly
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Figure 5. Adsorption mechanism of Ni(ll} with HLS biomass: (a} Calion
exchange between Ca(ll} andg Ni(ll); (b) Chelation of Ni(if). (I} denotes cei-
lulosic moieties. (11} lignin moieties and (I1l} protein moieties of HLS bio-
mass (Taken from [150]).

to the binding actions by foriming monodentate complexes, ie.,
5 OM". Metal adsorption onto phenolictype sites is seen at higher
pH values. Concurrent with the constant pH increase, the concen-
tration of free metal tons in the agucous phase decreases, and mono-
dentate complexes, 1.e., 5.:0M", are converted into bidentate comn-
plexes,i.e, {S.0KS:0/M |72].

In the adsorption mechanism study of Hglll) on Aspergillus versi-
color biomass {127]. the effect of amino, carboxyl and hydroxyl
groups on the adsorption process were apparent. The coupling of
electrostatic and complexation reactions was evident. At low pH val-
ues, the binding of Hg{ll) ions with surface amino groups follows Eq.
{24}

R- NH. + Hg(I}X = R- NH:Hg(I)X (24

while carboxyl and hydroxyl groups proceed according to Fgs. (25)
and {26):

R'~0" + Hg(llX < R'- 0" HgihX (25]
R'-CO0 + HglliX — R'-CO0" Hg{IlX {26)

At low pH, the coulombic repulsion between Hgillj and the posi-
fively charged functional groups lead to a reduction of mercury
uptuke. Enhanced mercury adsorption beyond pH 3.5 was attrib-
uted to the formation of negatively charged carboxy! and hydroxyl
groups with strong atfinities for positively charged or neutral mer-
cury species (shown in Fys. {25) and {264 due to electrostatic interac-
tion 127}

4.2 Physical Adsorption Mechanism

In physical adsorption, a weak Van der Waals attraction is observed
hetween an adsorbate and a surface. From a thermodynamic point
of view, physical adsorption is spontaneocus (1egative Gibbs energy}
and exothermic (negative value of AH). Physical adsorption nor-
mally does not play an important part in biosorption processes.
However, in several rare biosorption cases, physical adsorption can
actually be domninant, c.g.. in Cd{Il] adsorption by olive cake {128}
and Cujll) adsorption on rubber leaf powder | 100].
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5 Competitive Metal Biosorption

In most cases, biosorption iy utilized for wastewater treatment
where more than one type of metal ion is encountered. The removal
of one metal ion may be influenced by the presence of other netal
ions [19, 141]. Chemnical interactions between different species and
with the biomass may take place, resulting in competition for the
adsorption sites on the surface [19]. As a result. the uptake of metal
ions in a competitive adsorption process would be less than that for
individual adsorption {103, 138, 157,

Shen and Duvnjak [138] conducted an investigation into comnpeti-
tive adsorption between copper and cadmium ions on corncob par-
ticles. Their results showed that the uptake of metal ions in the pres-
ence of other competing metal ions was only slightly lower than
their individual adsorption at simmilar operating conditions. In addi-
tion, the 1metal with the smalier lonic diameter, 1.e., copper ions,
can be adsorbed to a greater extent from the mixture than the ions
with larger ionic diameter, i.e.. cadmium ions. Since they have
lower molecular weight and ionic diameter, the cupric ions have a
higher diffusion velocity on the surface and a greater availability to
pores In corncob particles as compared to cadimmium ions. Further-
more, copper rons have one unpaired electron leading to better
attraction with the electric fleld originating from the adsorbent,
while the electrons in cadmium ions are paired [138].

The physicochemical properties of the metallic species have also
been shown to be tactors in the binding of metal ions on biomater:-
als [15]. Due to the chemical interactions between inetal ion species
in multicomponernt mixtures, the compornent that has higher affin-
ity will readily be adsorbed onto the available adsorption sites, e.g.,
in the cases of Pbill}, Cr{Ill). and Cu(llj biosorption by Rhodococcus opa-
cus, the metal removal increases with higher affinity, in decreasing
order according to Pb{ilj > Cuili) > CrfllI). A biosorption experiment
for a binary mixture showed that the presence of copper in the solu-
tion resulted in a significant suppression of lead uptake, while the
presence of chromium has a less significant effect on lead biosorp-
tion [19].

6 Control of Biomass Adsorption Capacity

Preireatment and modification of biomass using physical or cheini-
cal methods can be perforined with the aimn of enhancing the capa-
bility and cfficiency of biomass adsorption. The efTect of pretreat-
ments on the biosorption capability of biomass varies largely
according to the biomuass and heavy metal ions chosen {11, 53, 54,
71, 86, 87, 90, 92, 101, 103, 105, 116, 117, 130, 134, 155, 156, 158 -
160]. In the following paragraphs, the application of several aspects
of modification or pretreatment to control the adsorption capabil-
ity of biomass is discussed.

Surface chemistry modification on Surgassum biomass has been
carried out using an extraction method followed by soaking in
hiydrochloric acid solution, which leads to lower metal binding
capacities for several heavy metals [90]. In Surgassumn, the cell wall
comtains large amounts of alginic acid and sulfated polysaccharides.
High concentrations of carboxyl and sulfonate groups exist within
these polysaccharides, which are believed to be useful for the
uptake of inetal cations. During the extraction process, several parts
of these polysaccharides were removed, and as a resylt, the total
number of binding sites was lower. The presence of less binding
sites results in decreased metal uprake. Panda et al. [105] also
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reported a similar negative effect towards heavy metal uptake upon
surface modification.

Ieng et al. [153] carried out surface inedification on fungal bio-
mass, Penidlliuen chrysogenum, using polyethylenimine (PEI). This
process created long chains of PEL on the surface of the biomass,
which provided extra amine sites for metal adsorption, and thus,
enharnced the sorption capacity. The asinodified biosorbent was
shown 10 be promnising for Cr{VI) reinoval from aqueous solution
due o the protonation of the amino groups on the biomass' surface.
Afier modification with P, a 7.2 fold increase in sorption capacity
for {r{Vl) was observed [153]. An enhanced adsorption capadty as a
result of surface modification was also observed by other research
groups|53, 54. 71, 86, 87, 92, 95.116, 117, 130. 155].

7 Conclusions

Miscellaneous low-cost sources of biomass have been utilized as
effective biosorbents for heavy metal removal from wastewarer.
Diverse techniques exist for the characterization of biosorbents,
although a combination of these techniques is commonly required
to obtain a complete description of the structure and surface func-
tional groups. Several factors, e.g.. pH, temperature, ionic strength,
and initial concentration including biosorbent dose, affect the bio-
sorpiion to various extents. Depending on the interplay of these fac-
tors and to a greater extent, specific biosorbent characteristics,
diverse mnetal-binding mechanisms can take place during biosorp-
tion processes, e.g., chemisorption by ion exchange, coordination
and/or chelation, complexation, as well as physical adsorption. Fur-
thermore, with the presence of other competing metal ions, chemi-
cal interactions between the metals of inierest and thesa other mei-
als and biomass can occur, leading to a competition for the adsorp-
tion sites on the surface. As a final note, chemnical modification of
biosarbents has been applied successfully in some cases to improve
the adsorption capaciry and removal efficiency. To this end, further
work is required in this fieid.

Symbols used

K, [-]equilibrium constant
AG [k} mol™ ‘| Gibbs free energy
AH" [k] mel 7] enthalpy

K. |-]equilibrium constant

AS" ] ol entropy
R I Kmol | gas constant, {8.314 J K mol ]
T [K] temperature

K }-]ienexchange equilibrium constant
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