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APPENDIX A 

DETERMINATION OF MAXIMUM WAVELENGTH 

AND CHROMIUM STANDARD CURVE 

A.1. Detennination of Maximum Wavelength 

Maximum wavelength ofCr(VI) was determined by measuring the absorbance 

of the solution using survey scan of UV-Vis Genesys IOv spectrophotometer in the 

range of wavelength of300-400 nm 

Table A.I. 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.I, it can be ssen that the maximum wavelength for Cr(VI) 

solution is 352 nm. 

RClIIoval orChromilllll (T-7)ji"Oln Aqucous Solutions hy Durian Shelf 
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Figure A.1. Maximum Wavelength of Chromium (VI) Solution 

From Table A.I, it can be seen that the maximum wavelength for Cr(VJ) analysis is at 

352 nm. 

A.2. Preparation of Standard Curve 

Absorbance of all solution was measured usmg UV-Vis Genesys 10v 

spectrophotometer at maximum wavelength which has been obtained from step A.I. 

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 ofCr(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 ofCr(VI) 
Solution 

The linear regresion equation from figure A.2 is : 

y= 0.08 x + 0.188 

Where: y is the absorbance ofCr(VI) solution 

x is the concentration of Cr(VI) solution 
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APPENDIXB 

DATA ANALYSES 

B.l. Boehm Titration 

Assumptions used: 

1. NaHC03 only neutralizes carboxylic groups 

2. Na2C03 neutralizes carboxylic and lactonic groups 

3. NaOH neutralizes carboxylic, lactonic, and phenolic groups 

The results are shown below. 

Table B.1. Results of Boehm's titration 

mLHCI 
Sample 

NaHC03 Na2C03 NaOH 
Durian shell 9.1 7.8 

Below is the example of Boehm's titration calculation: 

N NaHC03 = 0.049607 N 
N Na2C03 = 0.049547 N 
N NaOH = 0.052657 N 
N HCl = 0.050237 N 

(i) Acidity analysis 

8 

N*V HCI + meq carboxylic groups =N*VNaHC03 

0.050237*9.1 + meq carboxylic groups = 0.049607*10 

meq carboxylic groups = 0.038918 

mLNaOH 
HCI 

8.6 

meq carboxylic groups/g AC = 0.038918/0.5 = 0.077835 meq/g = 77.835 j.!eq/g 

N*V HCI + meq carboxylic groups + meq lactonic groups = N*V Na2C03 

0.050237*7.8 + 0.038918 + meq lactonic groups = 0.049547*10 

meq lactonic groups = 0.0647034 

Rellloval OrChWlllill1ll (l7)/j'01ll Aqlleolls S'Ollitiol1S hy DlIl'iclI1 Shell 
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meg lactonic groups/g AC = 0.0647034/0.5 = 0.129416 meg/g = 129.416 fleg/g 

N*V HCl + meg carboxylic groups + meg lactonic groups + meg phenolic groups 

=N*VNaOH 

0.050237*8 + 0.038918 + 0.0647034 + meg phenolic groups = 0.052657* 10 

meg phenolic groups = 0.021051 

meg phenolic groups/g AC = 0.02105110.5 = 0.042102 meg/g = 42.102 fleg/g 

(ii) Basicity analysis 

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

0.052657*8.6 + meg basic groups = 0.050237*10 

meg basic groups = 0.049517 

meg basic groups/g AC = 0.049517/0.5 = 0.099033 meg/g = 99.033 fleg/g 

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

Removal o(Chromiflll1 (1)ji'01ll Aqueous Sollitions by Dlirian Shell 
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B.2. BET (Brunauer-Emmett-Teller) Method 

Make a plot of BET equation: 

-- ' -:-.-:--: = -
0_ •• '?~ .: 

I ':l " 
with the yaille of I ~ \ and from the nitrogen sorption data at relative pressure 

"?_ I 

between 0,05 - 0.25 
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Figure B.1. BET (Brenauer-Emmett-Teller) method plot 

Using Sigma Plot software, found the value of V m = 0.0567 cm3 g-I 

SBET calculated using equation: 

Where N is Avogadro's number, S is adsorption cross section (0.16 nm2 for nitrogen) 

and V is molar volume of nitrogen (6153 cm3 mor l at 77 K and 1 atm) 
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B.3. pH Drift 

From pH drift experiments by several pHinit, several pH final could be obtained as 

follows: 

Table B.2 pH Final of durian shell 

pH init pH linal 
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 

7.21 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 
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~ 
u: 6 

I 
a. 

4 

2 

pH initial = pH fin.ll = pH Pl<' 

O+-------.-------.-------.-------.-------r-----~ 

o 2 4 8 10 12 

Figure 8. pHpzc Detennination Using pH Drift 

Removal o{Chromiull1 (fl)/i"om Aqueolls ,)Ollltions by Durion Shell 
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B.4. Cr(VI) Adsorption 

B.4.1. Cr(VI) Equilibrium Time 

In 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 I hours. 

Table B.3. Experiment Data for the Determination ofCr(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 mgIL 

v = 0.05 L 

Co-Ce V q = --x e m 

= 20-8.2 x 0.05 
qe 0.9985 

qe = 0.5908 mg/g 

For the other variations are listed in table B.4 

Rcmoval o{Chromilltll (Vl)/i'otll Aqllcous Soilitions by Durian Sheff 
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Table B.4. Data Analyses of Adsorption Isotherm of durian shell at Different pH 

I Temperature Weight Absorbance Ce qe 
ipH (0e) (I!) (A) (ml!lL) (mVI!) 

\0.005 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 2.4 0.1775 
4.0081 0.420 2.9 0.2015 
2.9909 0.484 3.7 0.2725 
1.9971 0.596 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 0.1 188 

~-----'---

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 

2.5 
1.0040 0.668 6 O.~~ 

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 1.1 0.2489 
2.9926 0.292 1.3 0.3057 
1.9632 0.324 1.7 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 5 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 

Removal ujChromill1ll (T7Jji'om Aqlleolls 5;011lt1011S by DU/'Ic/11 Shell 
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4.9851 0.828 8 0.1197 
3.9911 0.916 9.1 0.1366 
3.0246 1.028 10.5 0.155~ 

2.0152 l.l88 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 4.3 0.1110 

40 
5.9771 0.58 4.9 0.1263 
5.0012 0.636 5.6 0.1440 
4.0537 0.708 6.5 0.1611 
3.0057 0.82 7.9 0.2013 
1.9784 0.988 10 0.2527 
1.0093 1.252 13.3 0.3303 

-
9.9992 0.372 2.3 0.0890 
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 4.9 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 0.110 1 
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 9 0.1055 
4.0329 0.996 10.1 0.1227 
2.9881 1.116 11.6 0.1399 
1.9942 1.268 

t--. 
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 

Removal o(Chromium (17)/i"om Aqueous Solutions hy Dlirian Shell 
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I 6.9659 0.564 4.7 
I 5.9480 0.612 5.3 

5.0166 0.668 6 
4.0072 0.748 7 
2.9948 0.86 8.4 
1.9769 1.028 10.5 
0.9932 1.292 13.8 

10.0411 0.38 2.4 
9.1734 0.396 2.6 
8.0957 0.42 2.9 
6.9631 0.452 3.3 

50 
6.0746 0.484 3.7 
5.0509 0.532 4.3 
4.0590 0.596 5.1 
3.0406 0.692 6.3 

~.9920 0.852 8.3 
1.0001 1.132 11.8 

10.0113 0.316 1.6 
8.9924 0.332 1.8 
8.0170 0.348 2 
7.0187 0.364 2.2 

60 
5.9899 0.396 2.6 
4.8987 0.436 3.1 
3.9774 0.484 3.7 
3.0440 0.556 4.6 
2.0035 0.692 6.3 
1.0039 0.964 9.7 

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

The example calculation: 

pH= 2.5 , T= 30°C 

Particle size = -30/+40 

Mass of durian shell = 25 gram 

Initial concentration (Co) = 20 mgIL 

v = 0.25 L 

- Co-Ct V 
qt - ---;;- X 

= 20-7.8 025 qe 25 X . 

qe = 0.122 mg/g 

Removul o(Chromium (T7) Fum Aqueous SoflltiOI1S by DlIriun Sheff 
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0.1098 
0.1236 
0.1355 
0.1622 
0.1937 
0.2398 
0.3020 
0.0855 
0.0948 
0.1007 
0.1199 
0.1341 
0.1554 
0.1811 
0.2253 
0.2905 
0.4100 
0.0901 
0.0998 
0.1123 
0.1211 
0.1452 
0.1725 
0.2049 
0.2530 
0.3419 
0.5105 
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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 
- ---._.-- ~-------~ 

Temperature Particle t 
Absorbance Ct eC) pH size (min) 

qt 

(mesh) 
(A) (mg/L) (mg/g) 

. 0 1.788 20 0.0000 
--~ .. -

5 0.812 7.8 0.1220 i 

I 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 0.1679 i 

45 0.4368 3.ll 0.1689 
50 0.4304 3.03 0.1697 
55 0.4248 2.96 0.1704 
60 0.4208 2.91 0.1709 I 

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 0.1660j 
35 0.447 3.24 0.1676 ! 

40 0.437 3.11 0.1689 I 

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 7.31 0.1269 

10 0.595 5.09 0.1491 i 

15 0.521 4.17 0.1583 
20 0.481 3.66 0.1634 
25 0.455 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 2.74 0.1726 
50 00401 2.67 0.1733 I 
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 0.803 7.69 0.1231 

.. _-----

10 0.621 5.41 0.1459 I 

Rell/uval (J/Chromiwl1 (r7}ji·om Aqueol/s Sull/tions hy Dllriun Shell 
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15 0.550 4.52 0.1548 
20 0.503 3.94 0.1606 
25 0.482 3.68 0.1632 
30 0.459 3.39 0.1661 
35 0.451 3.29 0.1671 
40 0.435 3.09 0.1691 ' 
45 0.429 3.01 0.1699 
50 0.421 2.91 0.1709 
55 0.419 2.89 0.1711 
60 0.411 2.79 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 4.38 0.1562 
20 0.492 3.80 0.1620 
25 0.470 3.52 

------~ 

0.1648 
2.5 -401+60 I 30 0.449 3.27 0.1673 

35 0.439 3.14 0.1686 
40 0.427 2.99 0.1701 

, 

45 0.418 2.88 0.1712 ! I 
, 50 0.413 2.81 0.1719 

55 0.409 2.76 0.1724 
60 0.404 2.69 0.1731 

0 1.788 20.00 0.0000 . 
5 0.763 7.19 0.1281 

10 0.581 4.92 0.1508 
15 0.497 3.86 0.1614 
20 0.471 3.54 0.1646 
25 0.442 3.17 0.1683 

---
2.5 -601+80 30 0.430 3.03 0.1697 i 

35 0.427 2.99 0.1701 
40 0.408 2.76 0.1724 
45 0.403 2.69 0.1731 
50 0.395 2.59 0.1741 
55 0.390 2.52 0.1748 
60 0.386 2.48 0.1752 

! 0 1.788 20.00 0.0000 
5 0.776 7.34 0.1266 

10 0.609 5.26 0.1474 
I 15 0.527 4.24 0.1576 
i 20 0.491 3.79 0.1621 

50 2.5 -301+40 
25 0.462 3.42 0.1658 
30 0.444 3.21 0.1679 

!~5 0.441 3.16 0.1684 
40 0.422 2.93 0.1707 
45 0.419 2.89 0.1 711 

i 50 0.408 2.75 0.1725 
i 55 0.405 2.71 0.1729 

RemovalofChromillm (T7)fi'olll A'JlleOiis :-;ollirtons hy Dlirian Shell 
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60 0.399 2.64 0.1736 
0 1.788 20.00 0.0000 
5 0.751 7.04 0.1296 

~~.-- .~~~ 

10 0.586 4.98 0.1502 I 

I 15 0.510 4.03 0.1597 
, 20 0.477 3.61 0.1639 i 

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 . 
i 40 0.413 2.81 0.1719 ! 

45 0.407 2.74 0.1726 
50 0.402 2.67 0.1733 
55 0.392 2.55 0.1745 i 

60 0.388 2.50 0.1750 ' 
I 0 1.788 20.00 0.0000 
i 5 0.731 6.79 0.1321 
i 10 0.557 4.61 0.1539 ' 

15 0.496 3.85 0.1615 
20 0.451 3.29 0.1671 

r 25 0.434 3.07 0.1693 I 
2.5 -60/+80 30 0.412 2.80 0.1720 

35 0.405 2.71 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 0.1772 

0 1.788 20.00 0.0000 
5 0.746 6.97 0.1303 

10 0.565 4.72 0.1528 
15 0.498 3.88 0.1612 
20 0.456 3.35 0.1665 
25 0.435 3.09 0.1691 

2.5 -30/+40 30 0.415 2.84 0.1716 ' 
, 35 0.406 2.72 0.1728 
i 40 0.393 2.57 0.1743 

. 

45 0.389 2.51 0.1749 i 

60 I 50 0.380 2.40 0.1760 
I 55 0.379 2.39 0.1761 

60 0.371 2.29 0.1771 
, 0 1.788 20.00 0.0000 ' 

5 0.725 6.71 0.1329 
. 10 0.550 4.53 0.1547 

2.5 -40/+60 
15 0.487 3.74 0.1626 
20 0.443 3.18 0.1682 
25 0.434 3.07 0.1693 
30 0.402 2.68 0.1732 

I 35 0.396 2.60 0.1740 

Removal o(Chromilim (H)/i'om Aqlleolls Sollltions hy Dlirion .)·hell 
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40 0.381 2.42 0.1758 
45 0.375 2.34 0.1766 
50 0.368 2.26 0.1774 ; 
55 0.364 2.20 0.1780 . 
60 0.360 2.15 0.1785 

0 1.788 20.00 0.0000 
5 0.701 6.41 0.1359 

10 0.530 4.28 0.1572 
15 0.470 3.52 0.1648 
20 0.426 2.97 0.1703 
25 0.398 2.63 0.1737 

2.5 -60/+80 30 0.387 2.49 0.1751 
35 0.382 2.42 0.1758 
40 0.367 2.24 0.1776 I 

45 0.364 2.20 0.1780 
50 0.354 2.08 0.1792 
55 0.352 2.05 0.1795 
60 0.346 1.97 0.1803 

0 1.788 20.00 0.0000 

: 5 0.866 8.48 0.1152 i 

10 0.685 6.21 0.1379 
15 0.603 5.19 0.1481 
20 0.564 4.70 0.1530 
25 0.532 4.30 0.1570 I 

6.6 -30/+40 30 0.516 4.10 0.1590 
35 0.498 3.88 0.1612 I 

40 0.491 3.79 0.1621 
45 0.479 3.64 0.1636 
50 0.477 3.61 0.1639 
55 0.469 3.51 0.1649 . 

i 60 0.462 3.42 0.1658 ' 
, 0 1.788 20.00 0.0000 

60 5 0.847 8.23 0.1177 , 
, 10 0.719 6.64 0.1336 

15 0.590 5.02 0.1498 
20 0.550 4.53 0.1547 

, 

25 0.525 4.21 0.1579 ' 
6.6 -40/+60 30 0.502 3.92 0.1608 

35 0.494 3.82 0.1618 
40 0.478 3.62 0.1638 
45 0.475 3.59 0.1641 
50 0.463 3.44 0.1656 
55 0.461 3.41 0.1659 , 

" --
60 0.453 3.31 0.1669 ' 

0 1.788 20.00 0.0000 

6.6 -60/+80 5 0.829 8.01 0.1199 
10 0.659 5.89 0.1411 

i 15 0.575 4.83 0.1517 

Removal o(Chromililn (T7) from Aqlleolls SO/litions hy [)lIrial1 .','hell 

r 
1: " 



Appendix B lUI 

20 0.542 4.42 0.1558 
25 0.507 3.99 0.1601 
30 0.492 3.80 0.1620 , 
35 0.475 3.59 0.1641 I 
40 0.470 3.53 0.1647 
45 0.457 3.37 0.1663 i 

50 0.454 3.32 0.1668 
55 0.448 3.25 0.1675 
60 0.441 3.16 0.1684 

i 0 l.788 20.00 0.0000 
5 0.896 8.84 0.1116 

10 0.708 6.49 0.1351 
I 15 0.629 5.51 0.1449 

20 0.580 4.90 0.1510 
25 0.554 4.58 0.1542 

7.2 -30/+40 , 30 0.531 4.29 0.1571 
35 0.518 4.12 0.1588 
40 0.505 3.96 0.1604 
45 0.496 3.85 0.1615 
50 0.491 3.79 0.1621 
55 0.483 3.68 0.1632 

, 60 0.477 3.62 0.1638 
• 0 l.788 20.00 0.0000 

5 0.878 8.62 0.1138' 
10 0.696 6.35 0.1365 
15 0.614 5.33 0.1467 
20 0.566 4.73 0.1527 
25 0.541 4.41 0.1559 

60 7.2 -40/+60 30 0.518 4.12 0. 1588 1 

35 0.508 4.00 0.1600 
40 0.492 3.80 O.l620J 

, 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 

I 0 1.788 20.00 0.0000 I 

5 0.853 8.31 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 0.1601 
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 3.31 0.1669 J 

Removal orChromil/m (r1)from Aql/eol/s 5'olllfions by Dllrion .)'hell 
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A significant number ofbiosorption studies on the removal of heavy metal from aque­
ons solutions have been conducted worldwide. Nearly all of them have been directed 
towards optimizing biosorption parameters to obtain the highest [Clll()Val efficiency 
while the rest ofthem are concerned "ith the biosorption mechanism. Combinations 
of FTIR. SFM-EVX. TEM as well as classical methods such as tilrations are extremely 
nscful in determining the main processes on the surfaces ofbiosorhents. Diverse func­
tional groups represented hy carboxyl. hydroxyl. sulfate and amino groups play sig­
nificant roles in the hiosorption process. Solution pII normally has a large impact on 
biosorption pcrtorn1ance. In brief, ion exchange and con1plexation can be pointed 
out as the most prevalent mechanisms for the biosorption of most heavy metals. 
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1 Introduction 

\Vater contamination b.y toxic organic chemicals and heavy metals 
from the miscellaneous inclustri<ll waste\vater d~scharges has 
become a \vorldwide environmental COllcern. Thus. heavy metal pol­
lUlion is uli1sidcrcd as a ll1djor problem of increasing magnitude. 
Heavy metab are persistent. and therefore. velY difficult to elimi­
nate naturdll.y fYUlll the environment, evell ;]t a presence l)f trace 
alIlounts. ~early all heavy metals are highly toxic, non-biodegrad­
able, non-thermodegradable and readily accumulate to toxic levels 
fj-3(. Heavy' metal removal from wastewater has progressed signifi­
cantly and can now be applied for the protection of the environ­
ment and human health. Table 1 provides a short summary of the 
negative effects of heavy metals on human llealt h H-11j. 

1"0 date, several treatment metbods for metal ion removal from 
dqueous solutions have been e~tab!ished, I.e., chemical precipita­
t.ion, cbemicdl oxidation and reduction, ion exchange, filtration, 
dectrochemical treatment, reverse osmosis, evaporative recovery 
and solvent extraction l12~141. Biosorption proccs.<.;(~s still retain 
quite a few advantages overt all of the other techniques mentioned. 
To begin wit11, it is selective, effective, clwdp and Vv"urks well at very 
low concentrations 1151. In addil ion, it is eco-friendly, since the bio­

sorption processes do nOT generate toxic sludge. which otfers fur-

and fermentdtion wastes dnd various kinus df microorganisms [20-

291· 
Ex"tensive studies have been undertaken in recent vears with the 

a::ns of finding alternative and economicdlly feasible adsorhents 
for wastewater a~ld water treatmencAt a large scale, economic sorb­
eats can be defined as materiais which are abundant in nature or 
can be found <lS d. by-product or 'waste from industry, and which nor­
mall.v do not require pre-processing. Recent studies on the removal 
of heavy metals using numerous types of biomass arc the subjc(1 of 
this re\lew. 

During the past ten years, some n'views have been published that 
mainly f()("used on different aspects of heavy metal biosorpt"ion 
pO-4H1. Shukla et a1. [30J empbdsized a summary oft.he functioning 
of sawdust for the removal of various pollutants from water while 
Romera ct al.l32] directed their review towards statistical methods 
for hea\'}' metal biosorption by utilizing algae. uu and uu 137 

recently published a review detailing the isothenl1S, kinetics and 
tlwnTIocl.,.'1.lamics involved in biosorption. The derivatlons of several 
popular equations for gas- and liqUid-phase adsorption including 
their a;1plication in biosorption systems were briefly featured in the 
papeI'. Sud et .11. PRJ also reviewed the prospective use of agricul­

tural waste to sequester heavy metal ions from aqueous solutions. 
In parallel with the increa~ing attractiveness of biosorption 

ther possibilities [or metal recovery and potential biosorbent rcgell- research. its pace of advance i.s also boosted. 
eration {16 -19]. Biosorption is an alternatjve tE'chnology for t1w At this stage, a requirement to encompass all the latest aC("(lll1-

rt'moval ofmet31 ions and organic pollutants from dilure aquevu~ plishments and studies is apparent. For that reason; this review is 
solutions by employing biomass as the adsorbent, e.g., agricultural intended to cover most studies published between 2000 and 2008 

Correspondence: Dr. S. Ismadji, \Vidya Mandala Surahaya Catholic l'ni­
versiL),. Kahjuuan 37. SUfdDaya 60 I 1·'-1, indonesia. 
E-maiJ; suryadiismadji@yahoo.com 
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t11a1. center(.'<i on the capabilities of biosorbcnts and the mecha­
nisms involved for the extraction or metal ions from solutions. As a 
starting b)(lint the review detalb the chaTacteristics of bios or bent:; 
followed by the presentation of biosorptinn mechanisms for the 

l WlUl 
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Table 1. The effects of heavy metais on human health. 

I IeaV)' metcll Toxicities Rt.'terenccs 

Cr(Vf) HCJdache, nausea, Sf'vere diarrhea, vomiting, epigastric pJin. hemorrhage, carcinogenic 
and has an adverse potential to modi(v thc DNA transcription process 

14,5,7,9[ 

Allergic skin reactions and cancer [61 Cnmi 
lnilli 
Cu!IIj 
(dill) 

Depression, lethargy, neurologic signs such dS seizures dnd dtdxia, dnd increased thirst 
Liver ddm,lgc. 'Nilson's diseJse, insomnia 

[4,51 
[4,5[ 
[4,5,101 Kidney damdge, H'nal disordl'f, rtai-ItJi (excruciating pain in the hone). hepatic damage. 

Cdncer. dnd hypertension 
Pb\lIi 
Ni (II) 

Fncephalophathy, seizures Jnd mental retardation, reduces haemoglobin production 
Dermdtilis. naused, chronic dsthma. coughing, bronchial hemorrhage, gastrointestindl 
distress. weakness and dinine.\s 

[7, 101 

[4-6,11[ 

removal of a variety of metals on diverse tY1)es of hi(lsorbcnts. The 

inI1ucnce of diiIerent process parameters, e.g .. pH. temperature 
;:md 1nit-1al concentration, on tte biosorbent capacity arc considered 
significant, and therefore, are al.so the subject of discussion. 

2 Biosorbents Characteristics and the 
Influence on the Metal Binding Process 

The physical and chemical chafdcteristics of hi os or bents are impor­
tant for understanding the metal binding mechanism on the bio­
ll1a.'-;s surface. Tll<.' cbaracterization of the structure and surrICe 

chemistry ofthe biosorbent is of considerable interest tor the devel­

opment of adsorption and separation processes. Depending on the 
nature of the biosorbents, a variet)' of techniques arc useful for this 
purpose, e.g., Fourier Transform Infra-Red (J-<TIR) spectroscopy, X-ray 
Photo Uectron Spectroscopy (XPS,I. Scanning Electron .\1ic1"Oscop).' 
(SE:\1). X-ray Diffraction fXRD), Energy Dispersive X-raytEDX) t1uores­
cence spectrophotometry, nitrogen sorption. etc. These methods 

are commonly utilized in together- to obtain.1 complete description 
ofthe structure, morphology and composition ofthe biosorbents. 

2.1 FTIR Spectroscopy 

One important characteristic of a biosorhent is the surface func­

tional groups present, 'which arc largely charactt'rl/.ed by the FfIR 
spectroscopy method. This technique is only capable of providing d 

qualitative description. Table 2 lists the typical functional groups 
present in bioso1'bents [1:1, 14. 19,49-85]. Specifically, 1I10S\ bio­
sorption studies utilize FTIRjusl 10 dt'lt'nnine the a\'aibbilit}r of Ct'T­

ta1:1 surface functional groups as part 0:' the structure of bios orb­

ents, although further probing the int1uence of these groups 
towards the metal binding process is also possible. Several research 

groups have provided good discussions about the metal binding 
mechanism on functional groups based on FflR results 153, 57,66, 

70,71, 86. 87[. 

Pavasant et al. [57) studied the relationship between functional 
groups on the dried marine green macroalga LtlU1t:rpoientillifera and 
its heavy metal adsorption capability. The authors ut ilized FTIR to 

analyze the functional groups in both fresh and dried marine green 
manoalga. The results indicate that carboxylic acid, amine, amide, 
amino, sulfonyl and sulfonate groups ;ue dominant in the CtlulelVli 

Ient1l!iJera structure. In addition, the transmission spectra shift at 
cer1ain \vavenumbers confirms that several surface functional 
groups are involved in the hinding ofCu(llj, Cd(ll;, Pb{llj and InHl}, 
As an example, the most plausible explanation hehind the shift in 

© 2008 WILEY-VCH Ver1ag GmbH& Co. KGaA, Welnheim 
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Figure 1. Infrared spectra of (a) Live Spirufina sp .. and treated with Cd-2 

Ions for different lengths of time, viz_ (b) 0.5 (c) i .5. (d) 2.5. (e), 3.5, and 
(f) > 12 h_ and (g} Dead Spirulina sp. after treatment With Cd-2 ions for> 
12 h. (Taken from [66]). 

terms of wavenumber for the -Oti bending groups' contained on 

the carboxylic acid was that these groups were included in the bind­
ing of heavy metals. In the case oftl1e amine groups, :\ - H stretching 
was found to he responsible for Cu{ll) and Pb{I1.) binding while C-:\ 

stretching was dete('"ted for all four metals. A.Hother observation 

revealed that for the amide group:.:, the (-0 bond played an impor­
tant role for all metal sorption, whereas ~ - H bending was largely 
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Table 2. Surface functional groups found in biomass obtained by the FTIR method. 

Biomas.:'. Type of Biomass 

Aerobic granules 

Aspergillu niger 

Surface Functional Groups 

- OH ,:lnU - NH slretching 
- CH~: asymmctr:c stretching 
- CH2 symmetric stretching 
C=O stretching 
c=o stretching. C- N lamidc I) 
C - N strerching. N - H deforma.Tion 
C=O deformation 
(-0-( stretching 
C-O bending , 
- OH stretching 
Bonded hydroxyl group:-. I,OIr - I 
C - H stretching 
NHc',NH,NH 
Amide I, NH, hen ding 
P-O alkvl 
N03 - .' 

\'Vavenumbef (em - ) Reference 

3200 - J600 
2928 
2850 
1725 
1648 
1520 

1261 
1130-1160 
10R2 
1056 

1491 

1501 

Fungal biomass by prelreatment Bonded hydroxy; groups lOll -). N - H 
stretching 

3425- :34:37 
2925~ 2926 
2:141 - 2361 
lfio:J-lfi19 
1036-1037 
851-862 
34:]() - 3400 1511 

Bucillus ccrcm Bdcteria 

Baker's yeast 

Bio-functional flldgnctic r.,:Tixture of fungus. T'e::;04 particle 
heads (contain Rh izop lIS [011- coating with alginate and PVA 
ml) 

Cassia fistula 

Caulcrpa lentilliicra Marine green illdc'oalga 

c: - H stretching 

C =C groups 
(:=0 amide. N - H bending, Imines and 
oximes 
N-Hbending 
(: - H bending( -CH]i 
Sulfamide bonds ISO) 
C -0 stretching ofC:OOH 
Amines (C- N stretching) 
C- H bending 

2930~ 2900, 
2850- 2850 
2200~ 2050 
1650-1640 
1550-1540 
1460-1450 
1380-1370 
1260-1230 
1317.74,1160-1150, 
1079, 1040~ 1030 
900 - 850.785 -750 

-lHI, -NlI :n06.48 1521 
~CH 

coo~ .C=O 
CoO 
COO , -C!=()I~NH~.C=O 
-CH 
C(){)~,C-N 

-(- N ~. p=O, S=O, COO­
C-N, P~O-C 
P-O 
(J-Il 
c: - N st retching 
CoO 
N - H stretching 
CH stretching 
lI:'o'droxyl group; N -}1 srretching 
c=e 
C-Hstretching 
NH,~. Nil', C=NH~ ~C=(J chelare s 

29:30.H4 
1728.68 
1655.19 
1544.20 
1453.60 
1381.11 
1291.09 
l1R4.29 
1055.95 
1071 
1240 
1652 
1541 
2928.7 
:1410 
:1020 
2920 
2350 

[retching; amide I band 1650 

- N=N - ofaromdtic compounds 1490 
=C- 0- C= ,C=5, C=O stretching. N - H of 1200 
J.liphalic compound 
=(-O-C= 10RO 
-'OH strt:'tching 
-CH stretch 
Carbonyl group stretching 
-NH band 
0- H slrt'lching 
(-0 strectching 
0- I I hending 
N - If stretching 
N-H bending 
C - N sl retching 
\=0 strctching 
S-OstretThiRg: 

'BOO- 2500 
2RS1.45 
1632-1623 
1443.12 
2922 
1244 
1414 
3408 
1544,1650 
1324 
]:J6fi 
90R 

[541 

[55.561 

[571 

3 
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Table 2. Continued. 

Biomass Type ot Biomass 

Cep/wiospori!lnl apllidicola FiLmelltous fungus 

011amydmnorws rcinhanitii Microalgae 

Ci!/orella miniuta Microdlgdl isolate 

Cicer drlentinum Agricultural,\'aSf€' 

Cladophora fascicularis Grecn alga 

CIa dfJp110ra fasciclilaris Green al,\:?;dl' 

Cotton ceUll.lnse Biomass material 

Dead Spimlina Algal bloom 

Dried activated sludge 

Lichhornia crassipes V\t'att:'r hY<Kinth 

FucllS serratus Brm'l>'TI algae 

© 2008 WILEY-VCH Venag GmbH & Co KGaA, We,nhe,m 

Surface runctional G rou ps 

- NH and bonded - OH gToup:-, 
-C.H,slrelching 
- CH2 strerching 
-cn, hending 
- CH] bending 
ClThonyl stretching 
c: - () srYE'1 ching 
C=N det(lrmdtion 
-SO] stfetching 
- OIl stretching, - NH stretching 
StfPlching band ofc3rboxyl groups 
c:-o stretch 
c: - II stretching vibrations 
N-B bending 
- CHe wagging 
c: -OH stretching vibrations 
C - N - C scissoring 
Amide I 
Amide II 
0- H stretching, N- H stretching 
C -II sTretching vibration 
C - II Slrl'tching deformation 
Symmt'tric vibrJ.tional COO­
P=O 
(-0 

OII groups­
C-H 
Amide 
CoO 
-OH,-NIl? 
CoO 
(-0, (-0-( 

C=O 
~ulfate 

OH stretching 
c:-o 
-OHgTOUp 
c=o group 
C-O-Cgroup 
0- H bending 
(-0 sTretching 
- OH and - NH stretching 
- (H asymmetric vibration 
C-O stretching 
- C:N strNe hing 
-Orland -C-OsTrt'tehing 
- COO stretching 
- C - 0 - C rind - OH 
l30ndcd hydroxyl 
c:=e 
Amide ~1l1d the stTelci1ingvibration orc­
N induded in peptidic bound of prole ins 
vihrJ.tions ofcifhoxvlate and cdrboxvlic 
acid groups" . 
vibration ofpolysdccharides (C - 0 -C and 
0- Hi 
Phosphate groups 
Sulfur group.s 

Clean 2008. 36(12). 0000-0000 

J~~68 [58] 
2x56 
2925 
1180 
1458 
1745 
11)50,1077 
1558 
12J9 
3400 - 3200 
11)52-1544 
12:32 
2924 
1544 
1:}98 
1061 
5:}0, 470 
1654 
1540 
3200-3500 

3000 - 2800 
nOD - 1471l 
1400 
1240,1076 
1000 dnd 3750 
2918.18 
1614.:14 
111557 
3:37fi.:39 
1660.12 
1(162.26 
1660.12 
1246.% 
:D70.39 
1062.26 and 1116.93 

[59[ 

[fiO[ 

[62[ 

163[ 

:)400 [64] 
1630 
1160 

3305 
1040 
3214 
2925 
l6S1 
1532 
1424 
1396 
1027 
3419 
1646 
1636 and 1540 

l1R4 dnd 1265 

1168 

629 
H25 

[65.66[ 

[69[ 

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

Biomass 

Green taro 

Lutr!)nIS sativlIs 

Lignin 

Lignin 

Live S'pimlina 
Mangrove leaves 

Ncurosporu cmssa 

Nutshells 

Olive solid residuE' 

Populus tremtllu 

Protonated scwae;e 
sludge ... 

Type of Biomass 

Aquaticweeds 

AgTicultural waste 

lignocellulosic hiomdsses 

algal bloom 
Aquatic weeds 

Fungal biomass 

Jjgnocell ulosic bioIndsSCS 

AgricuHural waste 

The liller ofnatur .. ll trembling 
poplar forest 

Various types ofdrit'd sludge 

© 2008 WILEY,VCH Venag GmbH & Co. KGaA, Weinheim 
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SurLlcc Functional Groups 

OH stretch 
CH cmtisym and as~'m stretch 
NH2 stretch 
Several hands from overtone and 
combination 
c=o stretch 
Ring stretch 
Antisym stretch 
C -0 stretch 
SO] 51 retc h 
(:-O-C stretch 
(">0 strt'tc11 
CH - CH:! in vinyl compounds 
C -co - C bend 
Overlapping of 0- Hand N - H 
stretching vibration 
c-(] 
(-N stietching 
C~O 

N - II strelching 
Stretching-vibrations ofdmmatic 
and aliphdtic OH groups 
C - H stretching 
Carboxyl and carhonyl.'.tiC'tching 
Aromdtic skelt't3l vibL-il ions 
Aromdlic methyl group vibrJ.fions 
c-o stretching 
Syringyl units 
-OH group 
C-O, c-c Jnd (-OH bonds 
C=-O strHching 
OIl stretch 
CH ;mlis)'m and dsym stretch 
Nl-h stretch 
C=( stretch 
Several band.'. from overtone and 
com bination 
C=O stretch 
Ring stretch 
Antisym stretch 
N0 2 anlisym strerch 
(-0 stretch 
~(h stretch 
(II - CI--h in vinyl compounds 
-OHand -NH~groups 
C- H groups 
(>0 groups 
NIl - groups 
Amid or sulfJmide groups 
-OH group 
(-0, (- C and (-OH bonds 
gIO-H, 
g(C-H) 
g(-NH) 
g(C=C) 
g(COO-,C=O) 
(:=0 or C=( stretching 
CarboxyLJte tunctl0nal group 
-C-(- group 
-ClH 
-COO 
N-Hbending 
C-N stTf"lChing 
P=O stretching" 
P - OIl stretChing 
? - 0 - c: stretchi ng 

vVdvellumber{cm - ) Reference 

1763 
3000 
2325 
1920 

1707,1624 
1487 
1404 
Ut51 

1184 
4 
1019 
903,R9B 

655 
3200 - 3600 

1033.8 
1332.7 
1660.6 
1631.7 
·1412 

2925.2849 
170:1.1648 
1600,1514,1425 
1463 
1329.1217 
1114.827 
3600 - 3000 
1000 -1300 
1740 
:nR9 
2929 
2308 
2114 
~907 

1706.1(122 
1493 
1375 
1342 
1250 
1192 
909 
3340 
2928 
1705 
1h47 
140R 
:1600 - 3000 
1000 - 1100 
3400 
2900 
1500 
1700 
1037 

1645 
13R7 
782 
3800 - 2500 
1384 
1662 
1238 
i 164 
941 
1047 

1701 

[711 

1721 

[66! 
[701 

1741 

[7:l! 

[131 

[14] 

[751 
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Table 2. Continued. 

Biomass 

Pseudomonas Ql'mgilHlsa 

PselHjumonas acmginosa 

Quercus H/wllllrensis 

Reed ll13.t 

RhofioCOCClLS OpllCUS 

Sal\'inia C!1l11!iata 

Sawdust from An111do 
dmwx 
Sawdust from Prosopis 
msc(R,/iu wood 
Seed hulls 

Sour orange fesid ue 

Sphaeroplea Algal' 

Type of Biomass 

Bactcri3 

AC.jUdlicweeds 

Waslt'wt'cd 

Lignocellulosic hiomdsscs 

Lignocellulmic biol1lasses 

Lignocellulosic bioDlasses 

agricultural waSTe 

Algae 

© 2008 WILEY-VCH Venag GmbH & Co. KGaA, Wenhelm 

Surface functional Groups 

- OH, - NIL and NH, 
(=0 stretching 
c-o strefch of - OH bends 
-OH and - NH stretching 
- (II stret('h 
C=O stretch 
- NH stretch 
C"'O stretch 
C=O stretch 
- SO] stIer-ching 
- eN stretching 
Bonded - OH grou p::. 
C- H stretching 
Coot) stre{c hing 
Secondary dminc group 
Carboxy'! groups 
-SO] stretching 
C -0 stretching ofcther groups 
-C-C- group 
NH 31retch 
CH antisym dnd asym srretch 
NI-I2 stretch 
CooC sTreIch 
Several bands from overtone and 
combination 
C=O strNch 
Ring strerch 
Antisym stretch 
C -0 stretch 
SO] stretch 
C-O-Csrretch 
c: - 0 3lretch 
CH-UI? in vin~rt compounds 
Bonded hydrox:yl group, - NH stretching 
C - H stretching 
C=() stretching 
Amide II hand 
1'=0 
- eN stretching 
H hond .... and OH groups 
Aliphdlic 
Cnsdturated c=c 
C-O stTetch 
C -0 stretch, Si - 0 stretch 
Amidebond 
Aromatic ell 
-OH group 
(-0, C-( and (-On bonds 
-OHgrol1p 
(-0, C-C and C-OH honds 
-OH group 
(-0, C - C and C -OH bonds 
-OH groups 
CH stretching 
c=o band 
c-o c,1rboxyl hdnd 
N - II sf retching 
C-Hsrrerching 
C=O stretching 
e-o stretching 
p=o stretching 
P-O stretchil;g 
Amide I 
Amide II 
C - N stretching 

Clean 2008.36(12).0000-0000 

vVavenumber (ern - ! Reference 

:uoo- J550 
1520-1090 
l02()-1100 
3430 
2938 
1660 
1551 
1468 
1414 
1246 
1080 
3413 
2914 
1729,1626 
1511 
1447.1367,132:1 
1242 
liSS, 1094 
1033,587 
3442 
2988 
2369 
2:20 
1898 

In7X.lf)24 
1510 
1350 
1298 
1146 
121 9 
1050 
l)j1,879 
3354 
2927,2854 
1655 
1541 
1240 
1076 
3350 
29:10 
U;:lO 

1420 
1020 
1560 
R80 
3600 - 3000 
1000-1:300 
3600 - 3000 
lOOO- BOO 
3600 - 3000 
1000 -1300 
3423 
2925.8R 
1631 
1257-1244 
3419 
2918 
1718.1687 
1040 
1143 
910 
1613 
1:548 
1225 

[75[ 

[77[ 

[7R] 

[70] 

[19] 

[79] 

[73[ 

[73] 

[80 

[81] 
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Table 2. Continued. 

Biomass 

Spirogyra sp. 

Sugarcdlll' bagasse 

Tamarina!!s indica 

Tea wdste 

Termitomyces clypearus 

Twigs from I1cx 
jlaraguaiensis 
\Valer hyacinth 

\,Valer lily 

Type of BiolDdSS \urface Functional Croups \VavcIlumbcfKffi ) Reference 

Green algae 0- JJ slrelz'h 1408 182] 
Cuboxylic/phcnolic stretching bands 
(=N, C=C dod (;=0 stretch 
N-Hbending 
-(H~ wagging 
C - OH stretChing 
C - N - S scissOTing 

Lignocellulosic biomasses - UH group 
C -0, C- C and C -OIl honds 

Agricultur;·:IJ wdste - OH or - NH groups 
(=0 stretching 
Bonded -OH groups 
Aliphdtic C - H g~·oup 
c=o slretching 
Secondary amine group 
Symmetric bending of CH j 

-SO] stretching 
C -0 stretching of ether gTOUpS 

-eN stTe-tehing 
hio1113.SS ofdiffert'lll moulds Jnd N - Hand 0- II stfelching 
yedsrs. Alkyl chdins 

(=0 strerching 
CoO 
N - H hending. (- N stretching 
COO-
p=() stretching 
P-O-C stretching 
P-OH stretching 

Lignf)cellulosic hiomdsses -OI-I group 
(-0, C-C and C-OH bonds 

..I\.qu.lticwt'eds NHstrelch 
OH stretch 
OJ antisym and dsym stretch 
NI L strc-tc h 
C>=C stretch 

2925 

1538 and 1442 
1353 
107R 
1028 
524 and 467 
:l600 - 3000 
1000 -1300 
3400 - 3550 
1730-1750 
3420 
2915.2848 
1631.1546 
1511,1448.1435 
1345 
1232 
1141 
634 
:3S00 - 3000 
2920 - 2850 
1745.5,1643.2 
1708.1 
1550 
1~41, 1413.7 
1150 
1050-970 
1040-910 
1600 - 3000 
1000-1300 
3403 
3738 
2997 
2310 
2122 

Several hands [rom overtone and combina-1911 

Aquatic wecds 

tion 1705. 1622 
C=Q stretch 
Ring stretch 
Antisym stretch 
N02 antisym stretch 
(-0 stretch 
SO] stretch 
C -0 stretch 
CI-J -elI;,. in vinyl compounds 
C-CO-Cbend 
NH stretch 
OH stretch 
CH cl11tisym ~md dsym stretch 
NH~ stretch 
c=c slfPtch 

1496 
1397 
1343 
1282 
1188 
1043 
903,849 
628 

3432 
3785 
2924 
2309 
2107 

Several bands from overfonc and combin,{-1907 
non 1704.16:16 
C=O stTelch 
Ring stretch 
Antisym stretch 
NO., antisym stretch 
(-0 stretch 
SO] stretch 
C -0 - ( stretch 
(-0 stretch 
(II -(:FJ~ in vinyl compounds 
C-CO-Cbend 

1489 
1353 
1334 
1235 
1180 
1230 
1046 
909. KS() 

549 

173[ 

183[ 

184! 

185[ 

173[ 

170 1 

[70[ 

7 
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Figure 2. SEM Dictures of Chlorelia min/ata: (a) Control cell without Cr{n.) treatment. and (b) Algae cell treated with 100 mg L - Cr(lll) at pH 4.5 for 24 h. 
(Taken from [91]). 

accountable for the attachment of only Znm). Likewise, another 

important bond within the binding oftllt'se four heavy metals \va~ 

s=o within sulfonyl and sulfonate groups. 
The fTIR spectroscopy technique was employed to ex-pose the 

sorption binding mechanism ofCd(llj by live and dead Spirulint1 166!_ 
Figure 1 shuws the FTIR spectra of live and dead Spimlind including 
its treated forms. The participation of phosphate, carboxylic and 
amide/amine in Cd(II) binding is evident. However, in live Spll"Ulil1{J, 
the amino group makes a more contribution for metal upt<lke than 

carboxylic and phosphate groups. 

Baker's yeast is an inexpensive biomass and is readily available. 

Numerous researchers have devoted their timc to veri(ving the 
dpplicability of this material for remcdiation of heavy metals 15:3, 86, 

88,89]. Yuet al.153], used FTIRresults to detertthe presence of various 
functional groups on the surface of modifi<.-'d baker's yeast, which 

explains its surface mechanism complexity. 'I'llI..' authors ohs{'rved 
t hat after metal adsorption, a significant shift of the ~ - H stretching 

vibration peaks take place, which verifies the chemical interactions 
between Cdm), Pb(l1; and the amide groups on the biomass surface. 
rhe alteration of several peaks due to hydroxyl- and carlxJxyl-groups 
after biosorption of the heavy metals, were also noticed. These phe­

nomena highlighted the fact that carboxyl, hydroxy!} and amide 

groups were all engaged in the adsorption of metals. 
rhe plant's cell wall has a very large number uf constituents that 

make the determination of its exact composition difficult. It con­

sists of a large number of complex organic comIXments, e. g" cellu­
los~, lignin, hcmicelluloses, proteins and lipids, as well as other 

inorganic materials such as Ca, K. Mg, etc. By employing FTIR spec­

tra, Yazici et al.187] made a comparison between the surface stnlC­
ture of Man1Jh'ium globosum, which was loaded or unloaded with 
Cu(lll, as \vell being treated or untreated. They claimed that the 

spc<.1:ral shift in terms of wavenumber was mainly due to chemical 
pretreatment, pH and metal binding. Furthermore, they also 

argued that the solution pH \vas not as reslxmsible for the radical 
structural change on the Man1Jhium glooosum surface as the cbemi­

cal pretreatment. The solution pI-! merely alters the -OH hands due 
to II' ions binding to t he functioIlal groups. 

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

© 2008 WILEY-VCH Venag GmbH & Co KGaA, Welnheim 

Li et a1. 154) developed a practic;'}l technique for the :::-ecoveIJl of 
Cr(vl) from wasTewater using bio-fuBctional magnetic beads. In 
their work, FflR results showed tl:at the - "\HJ<, - ::\HL, and >~H­

groups played an important role in the Cr(VI'I adsorption. Raize et 
,1.1901 studied the biosorption mechanism ofCd(lI), 'ii(ll) and Pb(ll) 

by brown marine macroalga. The main groups detected were car­
boxyl, amino, sulfhydryl, and sulfonate. DdS and Gulla 185] exam­
ined the biosorptioI1 ofCrlVlI onto fungal species. e.g., Tt'nnltom)Tcs 

dypeatus. They claimed that amino, carboxyl, hydroxyl. and phos­

phate groups formed chemical bonding with the chromate ion. 

.\1oreover. a report by Gupta and Rastogi [82] stated that the pres­
t'lKC' of amino, carboxyl, hydrox.v: and caTbonyl groups on the sur­
face oftbe green algae Spiro,~Jyra C{luld be accountahle for the bind­
ing of lead. 

2.2 Scanning Electron Microscopy 

In generaL the characterization of bios or bents by scanning electron 

microscopy {SE\1) offers topographical and elemental information 

of the solids with a yirtually' large depth of field, allowing different 
spe<.imcn parts to stay in focus at a time. SE'vl also has high resolu­

tion, making higher magnification possible for cioscly spaced mate­
rials. In addition to its capahility to produce an actual clear image, 
it is also useful for obtaining the topographical aspects of biosorb­
('IllS 182, 85, 90-93). However. the SF\1 technique also has limita­
t ions on its lowest detectable particle size and its inability to detect 
tr.1Cf' elements in a substance. 

In the mechanistic study of heavy metal removal by Sargassum vul­
gn/ls, Raize et al.190) utilized SF".\'{ to acquire the surface topology of 
unloaded and loaded biosorbent. Heavy metal-loaded biomass had 

different morphology to the unloaded samples. In the case ofloaded 

samples, the matrix t-tyers of the cell \vall were seen to sllTink and 
stick. This structural change was attributable to the strong cross­
linking of metal (Cd) and negatively charged chemical groups on 
the cell wall poly'mers 

The mechanism of metal biosorptioll varies according to the 
metal spt'cies and t.\'1)(' of biosorb('nt 191 i. SL\1 was one of several 

metiHxis used by Han et a1.191) 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(III,l biosorption by CI110rdlll minWLLl. Figure 2 sbows 

SEM pictures of the algal cell, before and after loading with Cr{lll, 

{91.1. The pristine algal cell had a plump shape with a transparent 
external layer on the outer cell surface. which become \vrinkled 
after the cell adsorbed Cr(IIIl. This observation indicates that the pri­

mary" Cr\llI) sequestering siks are on the cell wall surface instead of 
the intracellular sites. 

Yavuz et al.192] also used SE~ to characterize magnetically ',nodi­

fied yeast cells. The modified biomass was chosen to remove mer­
cuty ions from anificial wastewater. SFM examination revealed 
that the surface of the magnetically moditled yeast cells was quite 

rough, supplying a large exposed surface area for biosorption of 
mercury ions. Accordingly, they conduded that the magnetic yeast 
cells can effectively be utilized for specific removal of HglIli ions 

from aqueous solutions as they have high biosorption rate and 
capacity. 

The assessment of morphological changes as a result of chro­
mium accumulation within the hacterial strain, AciHfto~jacter ~p. ha.';; 

also been conducted using SF.\1 by Srivastava and Thakur 193]. Using 

SEM pictures, they claimed tbat chromium was unifonnly bound 

on the cell wall surface of the bacteria. A morphology transfonna­
tion due to the exposure of the cells to chromate WiiS also evident. 
Das and Guha 185) conducted another study using chromium as a 
heavy metal model. A cage-like structure was formed dming the 

interaction ofCrM) ions v.ith several functional groups on the sur­
[ace structure of lennitomyccs cl)]h'lltus as portrayed in Fig. 3 [85J. 

Ot her studies using SEMI hat contrasted the surface strucrun.' and 

morphology of biomass> before and after hedvy metal hio.sorpt1on, 
arc also available for consultation [65, 66, 94]. 

Gupta and Rastogi !R2] 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 

Sl'imb'J/nl. No comparison was shown with lead adsorbed biomass. 
Surface texture and morphology of the initial (pristine} biomass 
was also evidenced by using the SE.M technique by several research 

groups [95 -1001. 

Meanwhile, some researchers 119, 50, 71, 101-110] have also per­
formed surf<!ce morphology characterizatjoll of biomas.s with the 

assistance of SEM-EDX methods, e.g., Chen and ,",,'ang 1110] have 
investigated the interaction mechanism between zinc and S.lccharo· 

rnyu's cerevisiae using this technique. SFM pictures and U)X spectra 

o[the intact yeast cells, before and after zinc uptake, substantiated 
the existeJ1Ce of covalent illteTactions bcnveen ZnUi, and surface 

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA Welnheim 

groups of SacchGromycf5 Cerf\.iSlllf'. Gonzalez-Cl1avE'Z et al. 1102] pro­
vide another examplE' of the usefulness of the SE\1-EDX nnl1bina­
tinn. They scrutinized eu accumulation in the extraradical myce­
lium of three arbuscular mychorrhizal fungi. ~ore detail of the 
bonding fonnations was acquired, \v11ich showed that these fungi 

are capable of accumulating eu within their lIludlaginous outer 

hyphal \yall zone, cell wall as \\ell as inside the hypJJal cytoplasm. 
SF,\-l pictures and [])X spC'ctra taken. hefore and after Pb(II) biosorp­
tion onto heat inactivated Botl'yti5 cinert'll, dearly verified the exis­
tence of Pb panicles that looked like "billiard balls" in the biomass' 

,urrace 11 031· 

2.3 Transmission Electron Microscopy (TEM) 

The ability of transmission elecn'on microscopy iTEM) 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, 111. With regards to its subatomic resolution, this technique 

can offer clearer evidence on the internal structure of the biomass. 
However, since TIM is very costly, its utilization to probe the inter­
nal strU(1ure ofbiol11ass is UnCOlI11I1on. A well-featured TEM image 

(sec rig. 4), has been shown by f I,-m et a1. 1911 for erM) adsorption on 
ChlorellG minitltn. Figure 4a) demonstrates that the algae cell surface 
is transparent and the cell waL (an be easily distinguished. After 

loading with Cr ions, a film of electron dense matelial wa., recog­
nized on the cell wall surface, as depictt'J in Fig, 4b) f91]. 

2.4 X-ray Photoelectron Spectroscopy (XPS) 
Analysis 

X-ray photoelectron spectroscopy fXPS) is a special chemical analysis 
technique used to resolve the elemental composition, empirical for­
mulae. chemical and electronic states of the elements that exist 

within the surface region ofa sample. For each particular element, 

a certain characteristic binding energy can be associated with each 
core atomic orbital. This techn:que .is surface-specific due to the 

short range of photoelectrons excited from the solid. 
In the biosorption field, XPS has been used to scrutinize the sur­

Ltee chclI1ical structure of bios or bents f49, ,1, 86, 90, 96, 101, 112-

117). In the mechanism investigdtion of Cd(llj, :\i\IT), and Pb(I!) bio­
sorption by SWXIlss:um vldgmis, X}lS provided vdlu.3ble infonn.3tion 
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Extracellular site 

, 
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Figure 4. TEM pictures of ChIarella miniata' (a) Control cell without Cr(lll) treatment, and (b) Algae cell treated with 100 mg L -' Cr(lll) at pH 4.5 for 24 h 
(Taken from [91]). 

on heavy metal uptake by thi~ brown marine m3croalgae 1901. The 

resultant XPS spectra indicated that heary metal binding was 

accompanied by change::; in sulfur. nitrogen, oxygen. and carbon 
binding. Sulfur containing group~, e. g., thiol and sulfonate. as well 
as oxygen containing groups, e.g., carboxyl, were involved in c~id· 

miUlll and lead bimorption. On tbe other hand, nickel cations 
mainly attached to functional groups containing oxygen 190]. 

Sheng et al. [11 :31 deduced the chelating characteristics of metal 
coordination to the functional groups in the cell wdlls of brown 

algae from XPS spectra. The runctional groups participating in 
Pb(II,l. Cu(fl), Cd(H), Zn(II) and '\'i01\ biosorption comprise carboxyl, 

ether. alcoholic and amino groups. Sulfonate groups did not con­
tlibute substantially in the binding mechanism of bivalent metals 

lOBS. 

In another example to clarify tbe biosorption mechanism, XPS 
was employed to probe the surface structure change of baker's yeast 
grafted with polyamic acid prior and subsequent to CdW) and Pb{lH 
biosorption [1161. XPS results prove thClt the interaction of Pb(W 
with amide and hydroxyl groups on the biomass surface takes place 
via ion exchange or electrostatic interaction despite the fact that a 
coordination mechanism might also occur ben .... een the metal and 

carboxylate groups. 

2.5 Energy-Dispersive X-Ray Spectroscopy 

linergy dispersive X-ray spectroscopy I.EJ)X:~ is another useful tecl:ni­

que for elemental analysis or chemical characterization ofa sample. 
In biosorbent characterization, this method is routinely coupled 

with SEM analysis to achieve more complete results [19, 40, 71, 91, 

93,101, 103-110, 118]. EDX make use of X-rays emitted from the 
lower part of d sdmple's interaction volume during electron beam 

bombardment that carries a specific energy according to their 

molecular weight. 

Liu and Xu [107] studied the equilibrium. thennodynamics and 
mechanisms of Ni 2

+ biosorptioll by aerobic granules. EDX anal.ysis 
indicated that Ni 2

' ions could penetrate into the aerobic granule 
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core, and additionally on element mapping, the adsorbed Xi> distri­

bution within the aerobic granule was seen to be unifonn [107]. 

2.6 X-Ray Absorption Fine Structure Spectroscopy 
(XAFS) 

X-ray absorption fine structure spectroscopy (XAFS\ is a spectro­

scopic technique that utilizes X-rays to probe tile physical and chem­
ical structure of material at an atomic scale. XA.l·S is element-spe­
cific, 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 W'ang 1110] exploited XAFS to investigate the interac­

tion between zinc and S(JccfwromycL's ct'l'{.'visifle. hom the results, they 
found that the nearest neighboring atom of the attached zinc ion 

on the biomass is an oxygen atom. Moreover. adsorbed zinc ions on 

1 he intact cells of S. cITt'\-isiat' had a tetrahedron structure with a Zn -

o bond length of 1.97 A while the coordination number wa~ only 
·1.2. 

2.7 X-Ray Diffraction (XRD) Spectroscopy 

X-ray diffraction (XRD) is a IlOlHlestructivE' technique used to 1'ro­

\'idc detailed information on t he crystallographic structure of mate­
rials. This metllod oiTen: several advantages, e.g., non-<iestructive, 

high accuracy. capability to detect single crystals, polycrystalline or 
amorphous materials. :\1oreover. standards are readily accessible 
for thousands of material sys1l'n:.s. Due to its versatility, XRD has 

lwen widely employed to assist in the characterization of biosorh­
ents and:in the verinc.at:ion ofhe.a\'y meldl bjosorption mechanisms 

149, 96, 107, 119]. As an example, in Pb{l1J biosorption on cellulosej 

chitin heads 196J, the XRD pattern of the Pb-loaded cellulose/chitin 
b-eads exhibited distinct and complex peaks, denoting the deposi­
tion of crystallized lead, which is Lkely to be caused 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 hased on the acid­

base titration of carbon acidic or basic centers. This method gives a 

scmi-quantitative measure of surface funrtionalirjes. Tlw assess­
ment of the quantity of acidic groups is subject to the assumptions 

that :'\aOH neutralizes carboxylic, lactonic and phenolic groups. 

while Xa~C03 neutralizes carboxylic and lactonic groups, \vlwreas 
.'\aJ---lCO, neutralizes only carboxylic groups. In addition, the amount 
nfbasic siles can bt> dctenlllncd from the total HCl that reacts with 

the adsorbent [120]. This method is quite common for the character­
ization of activated carbons. Hmvever, in the biosorption field, only 

a small number of research groups have utilized Boehm's method 

12,121, 122], since this method only presents a semi-quantitative 
measure offunctional groups. As a rule, a description of d biosorp­
tion mechanism cannot be verified by semi-quantitative data. 

Another titration method that can resolve the nature of func­

tional groups on the biomass surface is potentiometric titration 169, 

72,76,77,1231. Kang ct aL 177] studied Cqlll) and Cr(VI) biosorption 

on Pseudomonas ael1JgilloSll. They utilized this method for suri".:lce 
characterization of bacteria cells. The results showed that the hio­

mass contains at least two main functional groups on its surface. 
Exploiting the chemical models that comprise reactions bet"\-veen 
diff('rent bacteria groups and protons in the solution, the equili­

brium constants pKa and pKb resembled those of carboxyl and 
hydroA)'l groups. fheir reactions models are written as !-:qs. (1) dnd 

(2) 

,\H ~ A - + H+, Ka = A H­
,All, 

BH . n- + H', Kb = 
B H­

Bll 

(1 ) 

(2) 

where IA -j, IB j, and [AH), fBII] represent the concentration of depro­
tonated dnd protonated surface groups, respectively and IH·] signi­

tles the proton activity in solution. 

Guo et a1. 172] used a llonelectrostatic surt:lCe complexation 
model to explain the potentiometric titration data. They 
approached the proton dissmiation from ligands on lignin surface 

using I':q. (3): 

SiOH , SiO (3) 

In addition, the complexation between a metal ion and lignin 

proceeds by Eq. (41: 

SiOH + '.1' , ,SiO\1' t- '.1+ [4} 

rhe resultant surface acidity' constants were log Ka. -= -5.57 to 
-5.20 and log Ka, = -7.51 to -7.23, resp{'ctivel)-', attributable to car­

boxylic- and phenolic-type surface groups. 
The characterization of acidic sites on Pst'udomOlHls biomass by 

Komy et al. 176J was also facilitated by potentiometric analysis. In 

their work. they assumed that Pst'udmnonns lle111,~rjllOStl contains three 
acidic sites, i.e., COOH (Sj, :--'-H! (52) and PO]- .md these acidic sites 

had the capability to hind protons Eqs. (1) to (3) as shmvn above 

VvTre also employed. 
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2.9 Surface Area Measurements 

The surt~lce area of a solid is another important feature required to 

fully undt'r~tand and interpret the ion sorption properties of the 
solid 169. 85J. In generaL the surface area was obtained byappl)."ing 

11w REr equation in the reJat:ve pressure range of 0.05-0.25 to 

nitrogen sorption data. Almost all previous studies have shown that 
biom.Jss has 1m\' BFr surface area as a result of either low porosity or 

surrace smoothness 169. 72. 82, 85. 97, 124J. For this reason, the 

physical sorption does not seem to playa significant role in biosorp­
tio11 processes, 

3 Influence of Biosorption Conditions on the 
removal of Heavy Metals 

The investigation of the factors affecting the efficien(y of heavy 
metal biosorption is of great interest for the industrial community. 
Tl1e eflicienC)· is strong;y influenced by thi:' physico-chemical char­
actelistics of the solutions, e.g., pH, temperature, initial concentra­

tion. etc. A large port ion ofbiosorption sludies has been devoted to 

investigating this relationship. Table 3 summarizes the findings of 
the key investigations. This section is intended to give a brief discus­
sion on the .... e paramelt'rs. 

3.1 Influence of pH 

The sol ution pH is a crucial factor in heavy' metals biosorption. The 
pH value significantly influences the dissociation site on the surface 

of the hiomass and the solution chemistry of the heavy' Illetals, e. g" 
hydrolysis. complexation by organic and/or 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 part icular pH range. most metal sorption is enhanced 

with pH, increasing to a certain value followed by a reduction on 
fun her 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 chelI:istl)' of the solution 11131. The pH 
value of the medium affects the equilibrium of the system 1125] in 
accordance with Eqs. (1 j or 1"2), so that the pH call be written as Eq. 

151: 

,'\H 
pH = pK<, - log~ is} 

When the pH vdlue is 10\0,.'('[ than the pKa. the equilibrium shifts 

to the left (refer to Eq. ! 1 H, protons are consumed and the pH rises 
until it!) value approaches the pKa. The oppo~ite trend happens if 

the pil value is higher than the pKa 112SJ. 

The investigation of Pb{II), CUiJIj, Cd(IJ), Znm), and .'<i(II! sorption 
by Sa1",'.;usswn sp. and JlatIina sp. (b:-own macroalgae), Ulva sp.la green 
macroalga,l. and Gnwllmill sp. (a red macroalga) was carried out in 

the pH range of 2.0-6.0113]. Tl1E' improved metal sorption with 
higher pH was attributable to the increase in t he amount ofligands 
tor meTal ion binding. \1.oreover, at low pH, competition occurs 
bet\veen protons and metal ions, leading to less metal uptake. Simi­

lar tendency were also recognized in heavy metal biosorption by 
algae, e.g_, biosorption of CrOW by the green algae SJ'lmgyra !'ip. 
1130]; CdlI!) by Comllina oJficirwl1s. Pcn}llJym co/wnbina and Codium Jnlg­

nt' 1731: CullII and .Pb{lI,l by' C1ddopiJom Jd5ciculmis 162, 63J; Pb(II) by Spi-

www.clean-joumal.com 



I :/3b2/ Jobsicleani2008IHeft 12/167.3d 4.11.2008 

12 V. O. Anef et al. 

Table 3. Data on the biosorption of heavy metals using different biosorbents. 

BiosorheI1t 

Acid treated Splraeroplea 
Algat' 
il.cindo/)(1ctcr sp 
Activdlt'd sludge 

Activ;lted sludge 

Aerobic granules 

Almond shells 

Altcmatia 

Area shell 

Arundo donax 

Ascophyllum nodosum 

Asparagpsis annuta 

ASl'l'rgiU!~s 

Aspergillus :.liger 
Aspergillus Niger 
AsprrgillllS \i,~t:r 

Aspngi11IlS niger 

AspergIllus ltig,Cf 

Aspergillus nigC1 
ASJllTgillus ~~\'doni 
Australian Marine <tlgac 
DP95Ca 

Ni{TIJ 
(U(ITI 
(r{VIi 
Cd~ Ii 1 

(Uln) 

NiiI!) 
PbiIfi 
ZniIl) 
Cdlll) 
cum, 
ZniII) 
Ni(1I) 
Cdlll) 
CuiII) 
NiiII) 
(rWTI 

Cd[I!, 
Nilll) 
Crnll 
CuiI1) 
com I 
Znill) 
Phl,:T, 
Pb(II) 

CUI III 
Ni(II) 
ConI) 
(s(ll 
(dlIl) 
NiiII) 
('dim 
NiilIl 
Zn(II) 
(u(lI) 
PblII) 
Cdill) 
NiIIl) 
znm, 
('u(IIi 

PbiIl) 
Cd(l!) 
NilIl) 
Crill) 
CUIII} 
COm! 
ZnOl! 
Pb{I!) 
erlVl) 
Mn(1Ii 
C01II'J 
PbllI) 
Cri\T! 

(rWI, 
(u(II) 
(rl\ll 
PbIIl) 

plJ 

4.0-6.0 

3.5. 7.9 
2.0 

4.0 

0.010.5 

1.0-10.0 

5.0 

1,0-7.0 

5.8 + 0,1 

1.0- 6.0 

1.0 - 6.0 

5.0 

1.0 - 10 
2.0-11.0 
1.0 - 6.0 

20- 8.0 

6.0 
2.0- 8.0 
:.0-10 
1.0 
2.0 
3.0 
4.0 
5.0 
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Operdting Conditions" 

T. ("C) C .I mgl '1 

:33 50- SOD 

:lO 2000 
25 10-150 

25 10-1000 

25 100 

:lO 20 - 1000 

25 2, ... L f), 8 

10- 500 

28 + 1 0.04- 0.09 

NA 10- 150 

NA 10 - 150 

25 2,4.6.8 

25 30 
NA 25 - 200 
20-35 25 - 250 

5+2 10 
15 + 2 
22 + 2 
:10 + 2 
:l() 500 
NA 10- 100 
25 30 
21 i 2 0.4-4.5 

Clean 2008. 36(12). 0000-0000 

244.85 
216.535 
NA 
28 
19.05 
8.85 
142.83 
15.6 
NA 

NA 

NA 

NA 

NA 

NA 

R7.7 
43.3 
42.0 
58.8 
178.0 
32.:1 
17.1 
21.6 
213 
6:5.7 
'JA 

NA 
Ni .. 
NA 

14.5 
15.2 
10.6 
1 1.1 
NA 
NA 
'lA 
4.14 
: 57.32 
267.01 
304.29 
l20.85 
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Table 3. Continued. 

Biosorbent rVfefdl Operating Conditions" lj"',' .... '-, I rng g ) References 

pI! T.I'·CI C,!mgL-

Ausrraliall Marine algae Cu(IIj 1.0 21 :± 2 0.4-4.5 2.54 1160j 
DP95Cl 2.0 11.43 

3.0 62.865 
4.0 75.H35 
5.0 82.55 

Australian Marine algal' Pbil]; 1.0 21 ± 2 0.4- 4.5 10.35 [1601 
ER95Ca 2.0 86.94 

3.0 204.93 
4.0 242.19 
5.0 260.82 

Australian Marine Jlgac CuilI) 1.0 2J ± 2 0.4- 4.5 4.445 11601 
I·R95Ca 2.0 2H.57S 

].0 60.]205 
4.0 67.31 
5.0 70.485 

Bucillus cercus PhOT) 5.5 25 5- 100 :16,71 'S2[ 
(wIT) 50.32 

Bacillusjfotgali ('dill! 4.0-7.0 25 35 37.3 [1611 
30 47.5 
35 :=;7.9 

Bncillllsjt'otgoii 7nml 4.0-7.0 25 75 105.2 [1611 
30 222.2 

Bacillus hcheniJonnis CrIVI) 2.0- 6.0 25,37, ')0 20 - 300 69.35 11621 
Bcrtholdtia cxcclsa (dim 5.8 + 0.1 28 + 1 0.04 - 0.09 NA 173 1 

NilIIi 
Brewery waste Pb!)n 4.0 ~n 33.1- 1656 85.49 [1101 

AgiO 17.3-Rfi4 42.77 
SriTH 14.1-704 72.29 
Cs(II 21.3-1064 10.11 

Cactus lE"dves (rl\ll 1.0-10.0 30 20-1000 NA [1551 
Cassia nstulu NiIIII '3.0- 8.0 30 25 - 800 188.40 [551 
Ccphaiosporium apllidicola Phi. II) 1.0-6.0 20-40 100-400 92.322 1581 
Cia dopho?"a fasck!<iuris CollI) 20-6.0 15.25.35,45 11.8-236 NA [1151 
Cl!lumydomonas t"t'iJlhanitii HgnIl 2.0-7.0 25 20 - 400 122.61 [591 

Cdlll) 77.625 
Pb,III 146.97 

Clrlordla milliuta C1'I\l, {)-4.0 25 50.100200 NA 1601 

Cll/ordid FIllguJis CollI I 4.0 - 5.0 2S 5 - :100 NA 11631 
Orlorclla vulgans CdiIl) 4.0 25 25 - 150 5RA [1641 

Ni(IIi 4.5 86.fi 
Ol/orel!a ruigaris Cr{\l) 1.0 - 5.5 25 25-250 NA [81 
ClwrulnJs crisp us Cdilll 1.() - 6.0 NA 10- 150 752 [1251 

NilTTl 37.2 
Zn~ II) 45.7 
CuID; 40.5 
Po(lIi 204.1 

ChroOCOCCllS sp. Cr{n) 1.0 - 5.0 26 5-20 213fi [135[ 
On:yst'mnonas II/tenIa TEM 05 Cr(\l) 6.0 25 1.92 NA 1165! 
cells Cdlll) 0.89 

Com) 1.69 
Clailonia rarlgifonnis Iw.tfin CUm! 2.0- 5.0 15 10- 1 00 7.6923 [1661 
Cladophora fascicuiaris Cum) 2.0-6.0 15- 45 12.7-254 NA [62 
Coconut copra meal Cdlll, 3.0 -7.0 20 10.5-201 4.92 [1401 

2R 4.68 
50 2.66 
fiO 2.01 

Coconut copra meal (d(IIi 3.5:1.4.06,4.52, 24 100-120 NA [148! 
5.04.5.53 

Codiumj"nJgi!p Cdilli 5.8 + 0.1 28 + 1 0.04-0.09 NA [711 
NiiIl! 
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Table 3. Continued. 

Biosorbenr MetaL OpefJting Conditions'\ lk.,_·/. i mg g ) References 

pH T,ICJ C.{mgL-

Codium vermil.-ira CdUIi 1.0 - 60 NA 10- 150 21.8 [125[ 
NillI) 13.2 
ZnilI) 23.8 
CulIll 16.9 
PhllI) 6:1.:3 

Corallina oJikinalis CdiTH 5.8 + 0.1 28 + 1 0.1l4-0.09 NA [731 
NiPI) 

Cotton cellulose BIIII) 6.0 NA 5- 500 6.8780 [641 
6.5 13.0550 
7.0 15.4080 
7.5 17.7940 
8.0 41.4940 

Crab shell (ullI) 3.5 - 6.0 NA 500 - 2000 243.9 [1671 
COlli) 322.6 

Cupriuvidll5 taiWQllnlSis PhllI, NA 37 100 - 1500 50m [168[ 
Culll) 19.0 
Cdill) 19.6 

Dried activated sludge Crill) 1.0-6.0 25 25-501l NA [1691 
NillIl 

Eichhomia crassipcs Cr(\,l) 1.0 25 10- 100 NA [68[ 
EnteromorpJw proiiferu Ni(II) 2.0- 5.0 20 50- 150 55.55 [143[ 

25 58.82 
30 t)S.J6 

Psc1lcriclria d)li Nilll) NA 35- 37 50 - 400 NA [171l[ 
(d(lI) 

Eucalyptus bark Cd!lI) 2.0 - 5.0 20 25-:100 20.58 [129[ 
30 22.52 
40 .~5.25 

50 29.67 
l:xhausted coffee Cu{II) 5.2 20.± 1 5 - .100 11.60 1171[ 

Nilll) 7.25 
fucus spiralis Cdllll 1.0-6.0 NA 10- 150 114.9 [125[ 

Ni(lI, 50.0 
Zn(Jl1 5:12 
CUm) 70.9 
Phlll) 204.1 

Fusarium Cd(ll) 5.0 25 2.4.6,8 NA [1561 
Nill:) 
Crilll 
CullI) 
CollI) 
Zn(lI) 
Pbl!:1 

l,'ungi from serpentine soil Co(ll) 2.0-9.0 30 0.5 - 4.0 NA [l72 
of And am an 
CeotridlUln Cdlll) 50 25 2,4.6,8 NA 115 61 

Nilll) 
Crill) 
Cu(1Ii 
Co(1I1 
Zn(I"!! 
Phllli 

Grape stalk CullIi 5.2 20 ± 1 5- 300 42.92 [171[ 
Nil II) 38.31 

Green coconut shell Crl\-l) 1.0-10.0 27 20 - 100 NA [1051 
As(V) 
Cdrll, 
Crllll) 

Green coconut shell powderCd(Ili 4.0 - 9.0 27 20 NA I J:l21 
GreE'l1 taro f,Colocasio ('sCltlcn- Cr(lll) 4.5-55 10 10-150 6.072 17O[ 
tal (r(VI) 1.418 
Hazelnut shell NiOIi 3.0- 8.0 20-40 15 - 200 NA [J:l71 
Hybrid biosorDcnt (dill) 2.0-S.0 25 ± 2 10 - 500 141.'32±3.25 [173[ 
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Table 3. Continued. 

Hiosorbenr MdLll OpefJting Conditions:! t]L,o_,-",(mgg I References 

pI! 1. ('e) C.!mgL-

Hydrilla verricillata CdiIIl 1. 3. 5. 7.9 25 -+ 2 1.10,100 15 /174/ 
I1ex pl1raguaieHsis Cd,Il( S.8 + 0.1 28 + 1 0.04-0.09 NA [73/ 

NilIli 
Lignin PblIlI 5.5 20 0.2 - 2.5 1293.75 172[ 

CU(m 22.86 
CdllI) 25.43 
Zm Il) 11.18 
Nillli 6.018 

Livl' dnd dead spimlirw Cdlll, 6.1l ± 0.5 :15- :38 2000- 20000 NA [66/ 
Maize bran Cr(vl, 1.4-R.O 20-40 20 - 300 NA \136] 
Mangrove leaves iRhizophora CT(ITT; 4.5- 5.5 30 10-150 6.544 f701 
mangle Lj (nVII 0.342 
:\farmlJiufrl g/obosum Com) 5.5 25 50 NA ,87/ 
Mimosa pudiw without inO(iI- Pb!IIi NA 37 100 - 1500 26.1 1168/ 
iaWion CUI.IIi 22.7 

(dill) 25.:1 
;\firavilisja/apa CdIIl, 5.R+O.l 28 + 1 0.04- 0.09 NA 1731 

Ni(Il) 
Modified yeast cell HgOIJ 2.0-7.0 4-35 25 - 200 114.6 [92/ 
Moringa ole~ft'ru Asl III I 2.0-12.5 NA 1-100 NA [97/ 

AsiVl 
NaOH treated Sour orange CudI! 4.5 28 300 5208 IKO 
residue 
NaOII entreated Sour Or- (lllll) 4.5 28 300 23.47 [801 
ange residue 
X fntSpora crassa Pb(lI, 4.0 ± 0.1 25 5-300 43.29 741 

CUIIII 5.0.1 D.1 555 
!\:ostoc ca1cico/n (r(VII 1.0 - 5.0 21i 5 - 20 12 .2:l [135/ 
Oil palm fiber Cr(\ 11 1.5- 5.0 28 ± 1 20 - 200 NA 199/ 
Olive cake Cr(Vli 1.0-100 30 20-1000 NA [15 51 
Olive Cdke c: d(lI, 2.0-11.0 2R 100 65359 [12 81 

35 60.606 
45 44.444 

Orange Ixel PhOn 1.0 - 7.0 NA 103.5-2070 NA [175[ 
PJ.lm treE' leaves ZnUIi 5.0 - 58 25 20- 300 14.7 [176/ 
PelliCllliurn Cdlll, 5.0 2S 2.4.6.8 NA [1561 

Ni,lI) 
Cr(Il) 
(uiIIl 
COl IIi 
ZnIII, 
PhllI, 

P dlm kempl tiber Pb{II) 3.0- 8.0 :H):± 3 120 NA [1771 
Penicillium janO!irld!um Cr(\l) 1.0-10 25 :10 NA (134/ 
P1WI1efllctJacte chrysnsporil!n1 UI!II) 2.0- 8.0 2512 10- 500 68.61 ± 2.47 11731 
Pine needles Cr{\l) 1.0-100 30 20-1000 NA [155/ 
Populus tremula Cu(IIi 4.5 25- 60 30 - 200 NA [141 
Pseudomonas aeruginosa C.r!III) NA 25 0- 5 NA [771 

(r!VI) 
Quercus itlitliJl!rclISis Cr(VIj 2.0 - 6.0 24.45,60 100,200,300.400 NA 178J 
Reed mat (Cannmnois Vl'irga- (r{III) 4.5 - 5.5 3D 10- 150 7.184 [70) 
tal CriVII 1.662 
Rice bran 7n(II) 3.0-5.0 30 40 -160 14.17 117H/ 

40 14.84 
50 18.31 

Rhizop!1s arrhizlls Pb(lll 2.0 - 5.0 20-45 5-15 2.643 [179/ 

Rllizopus arrlrizus Cr(VII 1.3 30 50 - 200 NA [1801 
RiJ izoplls arrhizus Cr(\l( 4.0 2S 2S - 250 NA [181/ 

Cu(II) 25 - 300 
R/rlxlococcus apaC!IS Pb(III 5.0 i 0.2 2R ± 1 15 - 200 94.185 [19/ 

(riIIII 6.0 l. 0.2 73.008 
(o!Il1 6.0 ± D.2 29.854 

Saojwrorn.'·ccs cercvisiae CrIVI) 1.0 - 6.0 NA 25 - 200 384.fi1 (182/ 
Sacdwromyct's ct':revi siae Mn{W 2.0-11.0 NA 25 - 200 NA 1157/ 
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Table 3. Continued. 

Biosorbenr Metal Operating Conditions" ReferencE'S 

pH T·lr) C:~,f mgL 

7.3 25 1.12-22.4 

7.3 25 0.65 - 13 
Sucdluromyo;'s ctTn lsir.1l' 

Sacc11aromyccs cCfcvisiae 
Surgussmn giallC(<;cr.:ns 

CdiTIl 
Znlll) 
Phllli 
Cdlll) 
Ni(lI) 
(ul.m 
CalH! 
Cdill, 
(r(ln~ 

Cdlll) 
Ni!II) 
Zn(IIi 
CutIll 
Pbill) 
cUlm 
Cu(ll) 
Zn{II) 
CI"I\l) 
(rl\ll 
NilIII 
Cu(lIl 
Pbl!!) 
Cr(\l) 
C.dlTlI 
Ni!Jl) 
Cr(lI) 
Cu(lI) 
COI,III 

5.0 2012 

NA 
NA 
NA 

1183[ 
[1831 
[1841 

Splwcmpka Algae 

Spfwt.'mtilus natans 

SpimiillL1 p/utcnsis 
Spirogyra IlISignis 

Spirogyru sp 
,Strcptoln)'ct's rimoslIs 

4.0 - 6.0 

3.0-6.0 

1.0 - 5.5 
1.0 - /i.0 

2.5 - 5.0 
5.0 

1:3 

NA 

25 
NA 

NA 
25 

50 - 500 

NA 

25-250 
10- 150 

50 - 250 
100 

200.6 
140.335 
NA 

CiA 
22.9 
17.5 
21.1 
19.3 
51.5 
133.3 
NA 

181[ 

1185J 

[81 

[1251 

(1861 

[187] 

Tea factory waste 
Tea flCfory waste 
Tea \vaste 

2.0- 5.0 25,45,60 50 - 400 54.65 
NA 
NA 

1
'

331 
[1881 
]1891 

2.0- 5.0 NA 50- 200 
2.0-7.0 2212 25 - 200 

1 't"fmitomrccs d:!]JCatu5 
Trichoderma 

ZnlIn 
PhilIl 

3.0 
5.0 

:10 10-1000 
25 2,4./i,8 

NA 
NA 

]85] 
[150] 

elva lacrueJ. PbiII) 2.0-8.0 20- 50 10- 400 :14.7 [1 31 1 

Cdill) 
Water hyacinth (i"icilOmia CrlIllI 4.5 - 5.5 10 
cmssipes) C:rl\l) 
Water lily flower (!'\ymprrueu CrilII) 4.5 - 55 30 
sp.l CTI\-l) 

NA: Not available. 

rogyru sp.1821: Cr(IlI) by Chlurellu m111wla 1911: CulIli. Cd(II), Pbillj, and 

Znlil) by Caulel]!a lenlilhfem [.571: Cdlll), CuIH), :\iiII), I'b01) and Zn(II) 

by Cudium t'ermijan7, SpimKV'1"I.1 im(\pns, A~lkJ?'ac~up5is 11nrwta, Chondrus 

crispus, FUCU5 spimlis and Asmphylluin I!odoswn [125] and also Pbfll) and 
Cdlll) by Ultll itnLllc(I \131]. 

Auber and .\1atouq /128J looked at the pH effect on metal uptake 

in the adsorptIoIl process of heavy llletais using agricultural waste. 
e.g. olive cake. Upon increa.sing the pH from 2 to G, the removal eftl.­

ciency of (d(II} increased from 42 to 66'\1. Practically speaking, at 
low pI!, the concentration ofH' lons \.-vas high, and hence, CdiIII ions 

must compete with H' ions ill order to attach to the surface func­

tional groups of the olive cake. \Vith the pH risc, fewer H' ions exist 

and consequently, Cd ions have d better chance to bind to frce bind­
ing sites. Later, when the pH enters basic conditions (Eqs. (6- 8)), the 
formation of Cd(OHb - takes place due to t he dissolution of Cd/OB}, 
and as a result, the adsorption ratc decreases. 

Cd" + II,O ~ CdIOH)' + H'pK, ~ 9 16) 

Cd" + 2H,0· ,Cd(OH), + 2H' pK, ~ 19.1 17) 

Cd>' + 311,0' ,Cd(Ollb + :lH' pK, ~ :10.3 18) 

© 2008 WILEY-VCH Venag GmbH & Co. KGaA, Welnhelm 

29.2 
10- 150 0.614 i70] 

0342 
10 -150 5.112 170 i 

5.110 

The removal of cadmium by green coconut shell powder was also 

shown to be plI dependent. At pH 4, the removal efficiency is only 
69%. B.Y increa.sing the pH to 7, the .tJercentage remov;:Il ri.se.s to 98~:1: 
1132]. The efficiency value then stays steady at pH 7 to 9 while higher 
pH brings about the precipitation of CdUI) ions to Cd(OHh as indi­

cated by Eq. (7.). Tea factory waste :us also been utilized as a heavy 

metal adsorbent" by ~alkoc and :\ uhoglu [S4, 133]. The maximum 
adsorption performance fur ..\;l(Tl) ions Wd.'\: found 3t .] pH of 4 /84j, 

followed by a significant decrease after the pH value is adjusted to 2. 

In contrast the opposite trend can also exist. e. g., in Cr(VI) adsorp­
tion on fungdl biomass. Low plI v,ilues favor this system \134]. In 

acidic solution, i.E'., pH range 2.0-6.0, the chromium ions exist in 

j he form of HCrO~ and Cr~O~ so that their equihbrium rclations 
can be written as Eqs. (9) and (10): 

19) 

110) 

However, in alkaline pH, the equilibrium relation differs as repre­

sented by Eqs.1J1) and 112): 

www.clean-joumal.com 
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Cr,Oi + OW ~ lICrO, + lrOc- Ill) 

lIerO., + Oil - - CrOc + II ,0 1121 

The most plausible answer behind the high adsorption cdpacity 
al low pIl values is the presence of ('xce.';s H' ions Ihdt arc .lble to 

neutralize the negatively d::.arged adsorbent surface, and thereby. 
reduce the hindrance for diffusion of dichromate ions [134). Similar 
tendencies were also noticed in the adsorption of chromium ions 

from solutions by diverse hiosorbents 154, 61, 68, 78, 79, 85. 98, 99, 

114,132,133,1.35,1361· 

3.2 Influence of Temperature 

Depending on the structure and surface functional groups ofa bio­
sorbcnt, temperature has an impac1 on the adsorption capacity, to a 

certain extent. It is well known that a temperature change alters the 
adsorption equilibrium in d specific way Jetennined by the exother­
mic Of cndothennic nature of a process. QUite a numbef ofbiosorp­
tion studies have been performed concerning the effect of tempera­

ture on isotherms, metal uptake and also with respect to biosorp­
tion thermodynamics parameters 114,17,78,82,114.122,128.129, 

133. B6-143]. 

The impact of temperature on 1 he adsorption isothenn of cupric 
and cadmium ions by corncob particles at a certain pH was explored 

by Shen and Duvnjak [13R1. They found that the uptake of ions 
increased with higher temperature. A more enhanced level of 

uptake in parallel with a temperature rise resembles the nature oLI. 
dH~ll1isorption mechanism (endothennic process). These trends 
were also spotted by other research groups f114, 122, 133, 141, 1421 

In contrast. Padmavathy [144] obtained the opposite beha .... ior 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 spontanei\y of 
the process can be inferred [140, 141, 144). These thermodynamic 

properties, i.e., enthalpy, entropy and Gibbs free energy of adsol1)­
tion can be estimated using equilibrium constants as d 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 

11401. The relation between Gibbs free energy change and tempera­
ture, T, as well as biosorption equilibrium constant, K" is given hy 

Eq.(13): 

~G ~ -RTlnK, (13) 

A negative Gibbs free energy value indicates the feasibility and 
spontaneous nature of the biosorplion process 12.14,79.92,100. 

128.129.131.133.136.140.14"1· 

Likewise. the enthalpy, /\H ,J.nd entropy, AS', changes t<)r the bio­

sorption process can be estimated from biosorption equilihrium 

constants as a function of temperature via the Van't Hoff equation, 
Lq.(14;: 

~,)~l AHo 
In K, ~ -R- - RJ' (14) 

i\ positive i'lH- value signiJles the endothennicity of a process [2, 
14,62,63,79.92,129,136,146]. while exothermic processes usually 
has ncgativeMf- value pOD. 128]. On the other hand, a positive AS 
\/;j]lle denotes the increased randomne5s at the solid.,..,olution bter-
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face during the biosorption process 12, 79, 92, 128, 136, 140, 146]. 

whereas negative .1S· values represent the opposite phenomenon 

(decreased randomness) [100]. 

3.3 Effect of IoniC Strength 

lndustrial \vastewater often contains other than heavy metal ions. 
c. g., \"f, K, .Mg>, and Ca:!-, wh:ch may interfere with heavy metal 

ion uptake by biomass. The ion:c strength as indicated by the pres­
ence of light metal.s in'solution is an important variable that plays a 
role in the aqueous phase equilibrium. \{iscellaneous inorganic 

chemicals, e.g .. ;';-aCl, :\a"\"O~. KCl, .\1gCh. CaCl" etc., have been 
employed to elucidate the effe(1 of ionic strength on heavy metal 

uptake. As a general trend. the metal uptake is found to decrease 
with increasing ionic strength ufthe aqueous solution all a result of 
more electrostatic attraction and metal activity change 111. 62, 63, 

72.76.102,124.129.147-150]. 

3.4 Effect of Initial Concentration 

The initial hedvy metal concentration can alter the metal removal 
efficiency through a combination of factors, i.e .. the availability of 

~pccific surface funet lunal grau}}s and the ability of surface func­

tional groups to bind metal ions (espe(ially at high concentrations). 
The initial concentration acts as a driving force to overcome mass 

tram fer resistance for meta1 ion transport between the solution 
and the ~urfac(' ofthe biomass. Several studies tilat sought to clarifY 
the effect of initial 11C'a ... y metal concentration on metal uptake by 
biosorbent have been undertaken [2, 11. 13, 14, 19, 50, 79, 83, 92, 

98-101.103.114.129,130.13]-136.142, 148.149. 1"1]. Taty-Cort­

odes et aL POl] found that the initial ion concentration exhibits 

quite an interesting effect on the equilibrium sorption capacity of 
the PirJJ~5 s:v/vestris for CdW,l and Pb(lll. At a fixed hiosorbent 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 biosorbcnt's loading 

capaci\y as a function of metal ion concentration was believed to he 
due to a high driving force for mass transfer. 1n agreement with 

this, a more concentrated solution should display better adsorption 
performance. In their experiment, for most cases with low initial 
ion concentration, the sorption capacity or metal uptake was 

enhanced 'With higher initial ion concentrations. Ilowever, 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 ofbiomdss in the solu tion also affects the specific metal 
uptake. By increasing the adsorbent dose, t he adsorption efficienc~y 
increases even though the amount adsorbed per unit mCJss 
decreases. In principle, w:ith more adsorbent present, the available 

adsorption sites or functional groups also increase. In tum, the 
amount of adsorbed hca\'Y metal ions ]::; increased, which brought 

allout an improved adsorption efficiency 12, 11, 14, 19, 24, SR, 68, 

79,83,98.99,104.125,128-131.140.146,1471· 
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4 Biosorption Mechanism 

Bio.'i{)rption applications have derived their usefulness through the 

metal binding capacities uf various biological materials. Biosorp­

tion is made possible by the ability of biological materials to ~-KCU­

mulate heavy metals [rom wastewater through metabolically medi­
ated or physico-chemical uptake pathways. Due to the interaction 
of several factors on ~pecific b;osorbents, it is almost impossible to 
propose a general mechanism. AJthough several metal-hinding 

mechanisms have been put fo:r.\iard, e.g., chemisorption hy ion 
exchange, coordination and/or chelation, complexation, physical 

adsorption, etc., the actual mechanism of metal biosorption is still 

not fully understood [331. 

4.1 Chemisorption Mechanism 

Ion exchange is a reversible chemical reaction where an ion \v1thin 
a solution is replaced by a :iimilarly charged ion attached onto an 
immobile solid particle 191). In generaL the ion exchange mecha­

nism can be represented by Fq. (151: 

:vi" + XIHY) .• XIr + '.iY, (151 

where IIY corresponds to the number of acid sites on the solid sur­
face, M X

' is metal ion, and ~x is the sorbed ~(\ .. By considering Eq. 

(15) as shown above, the ion-exchange equilibrium constant can be 
determined by Eq.(16): 

x· 
KH _ ~H~j '~MYx 

11-. - [Mx+i[H'{x 
(16) 

Romero et a1.114S] claimed that cadmium biosorption on dcalgi­
nated se::l\veed waste follow'ed an ion exchange mechanism. They 

investigated the cadmium ion binding process using several tedmi­

ques such as potentiometric titration, Fl'-IR spectroscopy, calcium 
displacement and esterificatjon. The resultant jon 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, i.e .. Cu(II), :\i(II), Zn{ll), PbUI), and 
CrUll), by Peuicilliwn chrysogel1urn using a series of batch experiments. 
J011 exchange was claimed as t1k' dominant mechanism .. Akar et.]1. 

1104) probed the interaction between PbOI) ions and the fungus 
Aspergillus pll1usitus. They stated that this biosorption process could 
be expressed by ion exchange or complexation. Ion exchange was 
later ruled out as the most plausible mechanism by data for the 

adsorption energy value. E, obtained from tJ)t.' D-R isotherm model. 

The yeast Rhodotorula gIutinis was tested for it.s capability to remove 

l'b(II) from aqueous solution by Cho and Kim 1147]. The PbiII) 
removal mechanism by R. g/utmis involved direct biosorptive inter­
action with the biomass throug11 ion exchange and precipitation hy 

phosphate released from the biomass. The intC'ractJon between 
Pb(I1) ions and the functional groups on the surface of the fungus 
Aspergillus pan1siticus's cell wall is also believed to occur by a combina­

tion ofion exchange and complexation processes 1104]. 

Ofomaja and Ho 1148) highlighted the role of ion exchange in tht.' 
biosorptlon of cadmium ions onto copra meal. They performed 

their experiments at different initial cadmium concentrations and 
pH values. Increasing the initial cadmium concentration leads to a 
reduction of the final pH value. This phenomenon occurred due to 

the replacement of II" ions on functional groups by cadmium ions 
in the bulk solution. They generated a plot of initial cadmium ion 
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C01Kcntration vs. H- ions, with t lw aim of obtaining the connection 
hehveen initial cadmium ion concentration and the amount of H~ 

ions released into solution. A simple correlation of Co = 50.6 AH- -

9.RS was detennined, [rom which the ion exchange rate with 

respect to initial cadmium concentration was 50.6 mg/g m.Yf of pro­

ton concentration. 
Ahmady-}\sbchin et a1.169] noticed that in the biosorption of cop­

per ions on Fucus $!'n',1tus, the bond between the copper ions and the 

surface functional groups of the b~omass formed as soon as calcium 
i{)ns \vel"e released ii-om the surface. This ion exchange process is 

one of the most well-known surface reactions, which represents a 
great degree of complexity, primarily due to its mUlti-species 

nature. By emplOying Eqs, OS) and (16" the authors proposed that 
the ion-exrhange reaction proceeds according to F.q. (17): 

(17 ) 

whih.' the apparent selectivity constant is believed to be given by Eq. 

(18): 

FS - Cu'+ 

FS - :vI2~ 

i:vl27 
x-.-'~--' 

Cu2-
(18) 

The apparent selectivity constants obtained from their experi­

mental data were 3.37 ± 1.:0 and 1.88 ± 1.43 for calcium and magne­

sium, respectively. A slightly· higher vaJue for magnesium as ("0111-

p;.Hed to calcium denoted the fact that it was easier to substitute tlJe 
magnesium ions on the surface of FUCU5 senutu5 by CuOI) ion than 

calcium ions. 
Chen and Wang 11101 invcstigdted the interaction between zinc 

and Stlccharomyct's certy'isiae by employing a combination ofSE!'v1-EDX 
;.md XAF'S methods. The ex.:istence of bot]) covaJent and ionic bonds 
beh,,'een Zn(II) and the available functional groups on a yeast cell 
surface \vas verified by displacenwnt of H·, K-, \.1g~'. Ca2-, and ~a~ 

ions during zinc uptake. The release ofK-, Mg>, Ca)-, and )ra- from 

the biosorbent during heav:y met d·: ion attachment was taken as evi­
UeJ1CC that Jon exchange was the uominaJlt lllechanism. The exis­
tence of an ion-cxchange mechani.'im during PbfIl), );i(II), Cu(lI), and 

edlll) hiosorption by olive stone waste was reported by Fiol et a1. 
11241. They spotted a :-;ignificant release Ofed?', ).1g."~, and K+from the 
hiosorhcnt immediately after the uptake ofPb(Il), I\i(II), Cu(lI), and 

Cd{l1). IOl1-{'xclldnge pnxe.~.ses were abo suggested as the main bio­
sorption mechanism by other research groups 149, 71, 90,101,148. 

155 1. 
Metal sequestration during b!osorption adheres to complex 

mechanisms tllat mainly include ionic interactions, fonnation of 

comple .. xes beh .... ccn metal cations and ligands contained within the 

cell \ .... all biopolymer structure and precipitation on the cell wall 

matrix. Raize et a1. 190) proposed biosorption mechanisms of differ­
ent heavy metals by brown marine :nacroalgae.ln their study. Cd(II) 
ions were attached to chemical groups containing oxygen, carhon, 

nitrogen and sulfur. ln addition, the binding process did not alter 
the magnesium and calcium concentration in solution, which indi­
cates that ion exchange might not be the main mechanism for 
Cd{ll) biosorption on the brown marine ma<.Toalgae Sargasslnn vulga· 
ris. A similar phenomenon was also observed for lead, but in tlus 
experiment, the binding process was also dccompanied by a signifi­

cant decrease in calcium and magnesium concentration, which 
denotes the existence and major role of combined chelation and 
ion-exchange me("hanisl11s 190]. 

Another frequently encountered metal hinding mechanism is 
chelation. Chelation cun be proper2y defined as a finn binding of.1 
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metal ion with an organic molecule (ligand) to form a ring struc­

ture. As mentioned before, various runctional groups including car­
boxylate, h.y·droxyl, 5ulfCltl', phosphdlt' amides, and <lmin() groups 

can be considered responsihle for metal sorption. :\mong these 

groups. the amino group is the most effective for remO\'ing heavy 
nwlals, since it does not merely chelate cationic metal ions but also 

adsorbs anionic metal species through electrostatic interaction or 
hydrogen bonding /1491. In order to clari(y the sorption mechJ­

ni51115 ofCrfVI) anions on modified Penicillium clnysogellwn. Deng and 
ring 1149J studied Cr{Vlj speciation and Perlirillium ci11ysogt'num sur­
face properties at difIerent pII values. At values of pH less than 10.4, 
the amino groups on t he surface of Pt-'nirillium Chl}'SOg"t'llUHl are proto~ 
natt'J and adsorb anionic hexdvalent chromium via electrostatic 
attractions, as s11O\vn by Eq.1l91: 

- NH; + (HVCr)~l --> \lH; ... IHVCrI'-'1 119) 

where (IIVCrtl- represents anionic hexavalent chromium. In addi­
tion. in the pH range of 2.4 to 10.5, both Cr(Vl) and Cr(III) are prt's('nt 
on the surface of the biomass, suggesting that .anionic hexavalent 

chromium ions were reduced to Cr!IIl) during the sorption process. 
In tum, the resultant CrOIli species may then be chela ted by the 
amine groups 11491. 

Panda et a1. 11501 also reported the significant role of amine 
gTOUps in !'\i(II) binding. The cheldlion oftTansition :\iUJI took place 
through dative bonds with the lone pair of electrons within nitro­
gt'T1 present in the - );II, groups of Lathyn.is sativus. Figure 5 shO\vs a 
schematic diagram of chelation and cation exchange mecllanism, 
as proposed by Panda et a1.1150I· Furthenl1(1re, 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 ('l1emical functional 
groups. The contTibution of amine groups in the Cu(II) adsorptl0n 
by Mucor rouxii was verified by .\1ajumdar et al. /1081. Altun and Peh­
livan II 51] revealed that chelation and ion-excl1ange were mainly 
behind Cu{lI) adsorption from aqueous solutioIL'> by \valnut, hazel­
nut, and almond shells. These combination (chelation and ion 
exchange) mechanisms were also verified for Cr(VI) adsorption on 
modified red pine .saw dust /152). 

Guo et a1.1721 put forward a nonelectrostatic surface complexa­
tion model to describe the mechanism of biosorption or several 
heavy metals on lignin. They used Eqs. (20) to (23) to explain the 
complexation ofa metal ion with lignin: 

1201 

Their model was based on the formation of 1:1 and 1:2 complexes 
for each type of site, i. e., carboxylic and phenolic groups, to match 
t he experimental data for the adsorption of Pb(llj, Cll{fJ), ~i{II), 

Cd(Il), and Zn(JI): 

121) 

S,OH + S,OH "" (S,OIlS,O)'-'1 + 211' (22) 

IS,OH) + M" + lLO "'" S,OMOH + 2H' 123) 

At low pH, the metals predominantly exist as free ions in the 
aqueous statc .. t\s the pH increases, the concentration of free metal 
ions decreases and the carboxylic-type sites contribute significantly 
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Figure 5. Adsorption mechanism of Ni(ll) With HLS biomass: (a) Cation 
exchange between Ca(ll) and Ni(II\: (b) Chelation of NI(II). (I) denotes cel­
lulosic moieties. (II) lignin moieties and (III) protein moieties of HLS bio­
mass (Taken from [150]). 

to the binding actions by fonning monodentate complexes, i.e., 
S O\1~. ~etal adsorption onto phenolic-type sites is seen at higher 
pH values. Concurrent with the constant pH increase, the concen­
tration of free metal ions in the d.qW . .-'OllS phase decreases, and mono­
dentate complexes, i.e., S.OYL are converted into bidentate com­
plexes, i.c_, ISO"S_OIM 1721_ 

In the adsorption mechanism study of HgfII) on A)pt'rgillu5 vt'rsl­

color biomass 11271. the efrect of amino, carboxyl and hydrox)'l 
groups on the adsorption process were apparcnt.. The coupling of 
electrostatic and complexation reactions was evident. At low pH vai­
ues, the binding oflIg(Il) ions with surface amino groups follows Eq. 

(24): 

R - \lH: + HgllI)X --> R - \llI:Hg(llIX 1241 

while carboxyl and hydroxyl groups proceed according to Fqs. (25) 
and (26,: 

R' -lY + HgilljX "" R' - 0- lIgllllX 1251 

R' - COO - + HgilliX '" R' - COO Hglll)X 126) 

At low pH, the coulombic repulsion between Hg{H) and the posi­
tively charged functional groups lead to a reduction of mercury 
uptake. Enh,mced mercury adsorption beyond pH 3.5 was attrib­
uted to the formation of negatively charged carbox)'l and hydroxyl 
groups with strong affinities for positively charged or neutral mer­
cuI)' species {shown in Fqs. (25) and (26)! due to electrostatic interac­
{ionl127J 

4.2 Physical Adsorption Mechanism 

In physical adsorption, a weak Van der Waals attrac'tion is observed 
bel ween an adsorbdtc and a surbce. from a thennodynamic point 
of view, physical adsorption is spontaneous (negative Gibbs energy) 
and exothenllic (negative value of LlH·). Physical adsorption nor­
mally does not play an important part in biosorption processes. 
However, in several rare hiosorption cases, physical adsorption can 
actually be dominant, e.g., in CdllIl adsorption by olive cake 1128J 
and CuW) adsorption on rubber leaf powder 1100]. 
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5 Competitive Metal Biosorption 

In most cases, biosorption is utilized for v/aste\vater treatment 

where more than one type of metal ion i~ encountered. The removal 
of one metal ion lIlay be intluenced by the presence of other metal 
ions fI9, 141J. Chemical interactions between difTcrent species and 
with the biomass may take place, resulting in competition for the 

adsorpti~lI1 sites on the surface /19]. As a result. the uptake ofmelal 
ions in a competitive adsorption process would be less than that for 

individual adsorption 11 03,138, 157J. 

Shell and Duvnj"ak 1138\ conducted an investigation into competi­

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 similar operating conditions. In addi­
tion, the metal 'with the smaLer ionic diameter, i.e .. copper ions. 
can be adsorbed to a great er extent from the mi..xture t han 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 surfice and a greater availability to 
pores in corncob particles as compared to cadmIum ions. rurther­

more. copper ions have one unpaired electron leading to better 

attraction with the electric field originating from the adsoriwnt. 
while the electrons in cadmium ions are paired 11381. 

The physico-chemical properties of the metallic species have also 
been shown to be factors in the hinding of metal ions on biomateri­

aIs [191. Due to t he chemical interactions between metal ion species 
in multicomponent mixtures. the component that has higher affin­

ity will readily be adsorbed onto the available adsorption sites. e.g., 
in the cases ofPb( 11). Cr(III). and Cu(ll) biosorption hy Rhodoco(cus OpG­

("us. the metal removal increases with higher aftlnity, in decreasing 

order according to PbOI) > Cuml > Cr(TIl). A biosorption experiment 
for a binary mixture showed that the presence of copper in the solu­
tion resulted in a significant suppression oflead uptake, while the 

presence of chromium has a less significant effect on lead biosoll-)­
tion [19J. 

6 Control of Biomass Adsorption Capacity 

Pretreatment and modification of biomass using physical or chemi­

cal methods can be perfonned with the aim of enhancing tbe capa­
hility and efficiency of biomass adsorption. The efTect of pretreat­
ments on the biosorption capability of biomass varies largely 
according to the biomass 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 Surgllssum biomass has been 
carried out using an extraction method followed by soaking in 
hydrochloric acid solution. which leads to lmver metal binding 
capacities for several heavy metals 190]. In Surgassu1rJ. the cell wall 

contains large amounts of algin~c acid and sulfated polysaccharides. 
High C(Jilcentrdtions of carboxyl and sulfonate groups ~xist within 
these polysaccharides, which are believed to be useful for the 

uptake of metal Col ions. During the extraction process. several parts 
of these polysaccharides were removed, and as a result. the total 
numher of binding sites wa~ lower. The presence of less binding 

sites results in decreased metal uplake. Panda et al. POS) also 
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reported a similar negative effect towards heavy metal uptake upon 

surface modification. 

j)eng ct a1. 1153J carried out surface modification on fungal bio­

mass, PelliLillil11n chr:.vsogr'lIwn. using polYl,thylenimine (PEl). This 

process created long chains of PEI on the surface of the biomass. 
whicb provided extra amine sites for metal adsorption. and thus. 
enhann_'{} the sorption capacity. The as-modified biosorbent was 

shown to be promising for rr{VI, removal from aqueous solution 

due to the protonation of the amino groups on the biomass' surface. 

After modification witb PEJ, a 7.2 fold increase in sorption capacity 
for Cr(VII\·vas obsenled [153]. An enhanced adsorption capacity as a 

result of surface modification \vas also obsen'ed by other research 
groups [53, 54, 71,86,87,92,95, 116,117, 130. 1 SSJ. 

7 Conclusions 

Misccllaneous 10w-("ost sources of biomass have been utilized as 

effective biosorbcnts for heavy· metal removal from wastewater. 
Diverse techniques exist for the characterization of biosorbents. 
<tltlwugh a combination of these ledmiques is commonly required 

to obtain a complete description of tile structure and surface func­

tional groups. Several factors, e.g .. pH, temperature. ionic strength. 
and initidl concentration including biosorbent dose, affect the bio­
sorption to various extents. Depending on the intel-play oftlIese fac­
tors and to a greater extent, specific biosorbent characteristics, 
diverse metal-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 intt:-rdcLiOl1s between the llletdh ofjnterest dono these otl1er lllet-

31s and biomass can occur, leading to a competition for the adsorp­

lion sites on the surface. k a final note, chemical modification of 
biosorbents has been applied successfully in some cases to improve 
the adS0l1)fjOTI capacity and re111O\'al efficiency. To this end. further 
work is required in tilis field. 

Symbols used 

K~ [-I equilibrium constant 

K" [-I equilibrium constant 

t.G JkJ mol ~ J Gibbs free energy 

ilH JkJ mol J ,'nthalpy 

t.S IJ mol ~J entropy 

R UK mol·:J gas constant. fR.314 J K mol-

T [K[ temperature 

K=~ I-I ion-exchange equilibrium constant 
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