CHAPTER 4
RESULTS AND DISCUSSION

41 Preliminary experiment

411 Solubility test

|t was often accepted that many biosorbents have high uptake capacities for heavy
metals at high pH because acidic condition at low pH usually causes competition between
proton (H1) and heavy metals (M2 at the binding site of biosorbents (Volesky, 1990:
Sungkhum, 2003). However, metal precipitation takes place at high pH and this would
interfere with the adsorption characteristics. Therefore it is important that a suitable pH for
the adsorption be identified and, in this research, the suitable pH was defined as the highest
pH that all four heavy metals were still dissolved but not precipitated. The test results were
compared with prediction from the MINEQL program and the calculation using the
solubility product values (K$) as shown in Figures 4.1.1 to 4.1.4. It is noted that these
solubility curves were obtained from experiments with an initial metal concentration of 100
mg/1. Hence, the maximum solubility obtained was limited at only 100 mg/1 whereas the
actual solubility might be higher than 100 mg/1. The pH where a drop of solubility was first
observed is summarized below:

JnLcavy Mmetal K MINEQL Experiment
Cu 6 53 5.94
Cd 8.4 8.35 6.27
Pb 75 58 702
Zn 69 65 >7

The results suggested that the pH of the solution be controlled at 5 £ 0.2 to ensure a
complete dissolution of all metals and this pH was maintained for all subsequent
experiments.
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412 Determination of the component in pure algae
The inorganic compositions of Caulerpa lentillifera determined by microwave

digester and following by ICP analysis were shown in Figure 4.2 and summarized in the
following tabulation.

Metal in alga (pmol metal c? alga&

Al B Ba Bi Ca r Cu Ga K

Average 023 45323 519 0% 014 L4 004 024 037 11381 016 4228

%RSD* B4 1062 1932 1606 482 065 016 28 55 806 1272 245
Li M% M Na N Pb S TI Zn
Average 15368 4lb 3633 39 083 004 07 00l 44
%RSD* 6719 694 43 4198 SB1 &3l 75 461 1216

* 0RSD = Percentage of Relative Standard Deviation

The results howed that main i norganic components comprised alkaline, alkaline
earth (calcium, potassium, lithium, magnesium, etc.) and some metal transitions (iron and
manganese). The main element observed in this test was aluminum, at about 450 pmol per
gram algae. A luminum might be One of the main ¢ onstituents o f this algal peciesorit
might be possible that the watersource which was the source of this alga contained large
quantity of Al Hence, this alga could have uptaken this metal species in large quality
before it was collected for this study. The main divalent metals were magnesium and
calcium. This was because this alga contained chlorophyll and the magnesium is a major
inorganic component in chlorophyll molecule and calcium may be a major component in
cell wall structure of this alga. These divalent m étais may be the important key for the
adsorption of heavy metals as they might play a significant role in the ion exchange
process. The alga was also found to have trace amounts of the four heavy metals of interest,
.. copper (0.37 pmolfg-algae), cadmium (0.04 pmol/g-algae), lead (0.04 pmol/g-algae),
and zinc (4.42 pmol/g-algae). Among these, zinc seemed to be the most abundant species.
However, they were only present in tiny amount conpound with the quantity adsorpbed into
the alga as will be discussed shortly.

4.2 Biosorption of single component heavy metal

421 Removal efficiency and isotherm

The removals for all heavy metals examined in this research were found to depend
inversely on their initial concentrations as illustrated in Figures 4.3.1 and 4.3.2. In Figures
4.3.2, the metal concentrations for the four metals were not in the same range. It is
reminded here that the range of metal concentrations was specified in “mass” unit where
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the ¢ oncentration Of e ach heavy métal varied from 0 - 100 mg/1. However the reported
units in this figure is in molar and the conversion of this “mass” to “molar” unit resulted in
an inequality of metal concentration range. Among the four metals, Cd exhibited the lowest
adsorption efficiency at high initial concentration. Figures 4.4.1 to 4.4.4 display the
isotherm of each heavy metal. The isotherm curve in Figure 4.4.5 also supports this finding
as Cd exhibited lowest adsorption capacity when compared with other heavy metals. Cu,
Ph, and Zn presented similar adsorption characteristics.

The parameters of Langmuir and Freundlich isotherm models for all metals
examined in this experiment can be summarized as follows:

II-\IAe&\g Langmuir isotherm Freundlich isotherm
Cu Qrax = 0.0852 mmolg* K =0.1642 mmol basis***
{or 541 mg/gi 6or 0.8848 mg basis****)
b = 10.87 Ummol (or0.171/mg) 1n=0.5943 unitless
2 =108789 r2 = 0.8457
Cd  Qmx = 00255 mmol/g* K =10.0570 mmol hasis***
(or 2.86 mg/gi*) éor07469m g basis****)
b = 4451 Ummol (or0.391/mg) n=0.4551 unitless
r2 = 08514 = 09114
P Qrax = 0.0296 mmollg™ K =0.1981_ mmol basis***
{or 6.13 mglg** (gor 1,7135 mg basis****)
b 46.94 Lmmol (or 0.71 Umg)  LUn= 0.5955 unitless
r =009588 r2 = 0.9072
Zn Qe = 0.0817 mmol/g™ = 0.1171 mmol hasis***
%or 5.34 mg/gi éor 0.8762 mg basis****)
b 0.96 L/mmol (or 0.17 Umg) n=0.5186 unitless
r2 =0.8978 r2 = 0.8877

* mmol-heavy metal/g-algae, ** mg-heavy metal/g-algae,

*** mmol basis is the unit of K obtained from the isotherm with g as a y-axis in a unit of mmol/g and Ccas an
Xx-axis in a unit of mmol/1. The actual unit of K in mmol basis is (mmol-metal)l L.1/7g-algae.

****mg basis is the unit of K obtained from the isotherm with q as ay-—axis in a unit of mg/g and Ceas an x-
axis in a unit of mg/1. The actual unit of K in mg basis is (mg-metal)1l .lU4Yg-algae.

The results showed that the adsorption’s equilibrium for these metals in the
concentration range employed in this work could well be described by both Langmuir and
Freundlich isotherms (r2 > 0.85). Langmuir isotherm suggested that maximum  sorption
capacity (qme) of copper was the greatest among the four metals. The order of gnaxcan be
prioritized from high to low as: Cu > Zn > Pb > Cd while the affinity constant (b) of Pb
was the greatest indicating that Pb was the most easily bonded component to the binding
sites of this algae. The maximum adsorption capacity, for Pb in Langmuir isotherm might
not be of great accuracy as the range of concentration employed in this work was rather
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narrow and did not cover the high concentration range. A higher range of concentration
was not considered here as it is not applicable to biosorpton technology. Hence, the
maximum adsorption capacity for Pb should not be used for further evaluation and only “b”
can be used with great confidence as it provided the information within the range of this
experiment. The “b” value indicated that Pb was the fastest adsorbed species. This agreed
with the comparison using parameters from Freundlich isotherm model (K and 1/n) where
the order of adsorption capacities from high to low was: Pb > Cu > Zn > Cd at high initial
concentration.

Note that the comparison using Freundlich parameters is rather complicated. While
the parameters obtained from Langmuir isotherm model (qna& and b)can be considered
individually a they are independent and refer to two adsorption characteristics, the two
parameters from Freundlich isotherm model are dependent function in the graph of
isotherm model. Thus the comparison must be considered simultaneously by plotting the
power graph (y = axb; ab is constant).

In addition, during the adsorption, the pH of solution tended to increase steadily
and pH adjustment was needed to maintain the pH at 5 + 0.2. This indicated that there was
a competition between H+and metal species in binding themselves onto the binding sites of
algae. As H+was adsorbed, the relative concentration of OH' increased and this resulted in
a higher pH level,

4.2.2  Relationship between functional groups and metal sorption

The functional group is one of the keys to understand the mechanism of metal
binding on the algal surface. FT-IR was used to analyze the functional groups in the pure
algae. The results of FT-IR transmission spectra are shown in Figures 4.5.1 to 4.5.5. Table
4.1 shows the dominant peak obtained from transmission spectra. There were several
functional groups found in the structure of Caulerpa lentillifera such as carboxylic acid,
aming, amide, amino, sulfonyl, and sulfonate groups.

In the comparison between spent algae with pure algae, it was observed that there
was a shift (more than 10 cm') in wave number of dominant peaks associated with the
loaded metal. This shift in the wavelength is generally known to indicate that there was a
metal binding process taking place on the surface of the alga (Matheickal, 1998).

The carboxylic group in this alga contains the following minor groups: O-H
stretching, O-H B ending, and ¢ -O tretching. The O-H Bending group  as observed lo
shift clearly at awave number of 1414 cm'Lfor all four heavy metals while the other groups
did not seem to have shifts of the wave number of the peak. These indicated that there was
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ahigh potential that O-H Bending groups from carboxylic acid involved with heavy metals
binding.

For amine group, there were changes in wave number for N-H stretching, in the Cu
and Cd sorptions. The C-N stretching was found to be a clear peak at 1324 ¢cm'1for the
sorptions ofCdandPb, hilethe orptionofCuandZnsawa large hifttothe ave
number of 1077 cm'L The N-H Bending group did not seem to change for all metals.
These can be interpreted that N-H stretching in amine group was employed for Cu and Cd
sorption and C-N stretching was for all four metal sorption while N-H Bending were
thought not to involve in the metal binding by this biomass.

The observation for amide group revealed that N-H stretching was shifted by Cd
sorption where the new peak occurred at awave number of 3440 cm'Land 3330 ¢cm'Lfor Cu
and P sorption, respectively. For this case, the new peak occurred while the old peak still
existed. This might lead to the conclusion that this N-H stretching was available in excess
quantity for the adsorption of Cu and Pb. The occupied N-H stretching band might show its
transmission peak at the new shifted wave number whereas the un-occupied was at the
normal wave number (the same as in the fresh algae). The C-0 stretching group in this
amide group did not show shift in wavelength which suggested that this was not involved
with the adsorption in this work.

On the other hand, C-0 in amino group seemed to play an important role for all
metal sorption a shift in the wavelength was always found. The N-H Bending in this amino
group, however, was not found to involve with the adsorption of Cu, Cd, and Ph but
involved for Zn.

The s=0 stretching in the sulfonyl and sulfonate groups involved with all four
metal sorption since the peak in sulfonate group at 1366 cm'Ldisappeared and occurred at
1384 em"Lin sulfonyl group. The S-0 stretching in sulfonate group was found to have a
new peak at 800 cm"Lin the sorption of Zn. This mean =0 stretching was employed for all
four metals sorption while S-0 stretching was employed for Zn sorption. This result agreed
with Matheickal’s work in 1998, for which he reported that sulfonate group had a strongly
acidic characteristic, which enabled the heavy metal adsorption even at low pH.

In shorts, the possible functional groups that may be employed for each metal
binding by Caulerpa lentillifera can be concluded in the following tabulation:
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C%m%ndmg * * * *

W W Setci . *
C N Stretmlng * * * *
W H Stretchlng * * *
* * * *
-H Bending *
Su{\‘on
= OY Stretching * * * *
Surfonate . . . .
sOSmmm .
5-0 Stretching

It should be noted that FT-IR resuts in this work did not rather provide quantitative
analysis nor the level of affinity to each metal of the functional group presented in the alga.
Hence, although there might be several potential functional groups for the metal binding,
this did not reflect the ability of the alga in sorping the heavy metals. They only presented
the possibility of the coupling between the metal species and the functional groups in the
ala.

4.3 Biosorption of binary components heavy metal.

The adsorption experiment for binary heavy metal mixtures was carried out in a
similar manner as the single metal experiment. Two heavy metals were selected from the
four heavy metals, i.e. Cu, Cd, Pb, and Zn, with the following combinations: Cu-Cd, Cu-
Pb, Cu-Zn, Cd-Cu, Cd-Ph, Cd-Zn, Pb-Cu, Pb-Cd, Po-Zn Zn-Cu, Zn-Cd, and Zn-Pb. The
mixture solution was then prepared with a primary heavy metal concentration varied from
10, 25, and 50 mgy1 and the secondary heavy metal concentration was fixed at 50 myL

431 Copper as primary metal

In this series, Cu was et as a primary component and Cd, Pb or Zn as secondary
components. Figure 4.6 display the isotherm of Cu in binary component system compared
with that in the single component system. The observation from the binary sorption
isotherm found that the adsorption capacity of the alga for Cu was only about 45.5% (with
Cd), 44.5% (with Pb), and 40.7% (with Zn) of the capacity obtained when the solution only
contained Cu ion, respectively. To compare the total adsorption capacity of the alga, all
metals adsorpbed onto the surface of the alga must be considered. This was achieved by
adding the total moles of primary and secondary metal species adsorbed onto the alga, and
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the results are summarized in the tabulation below. It is clear that the total adsorption
capacity for the heavy metals seemed to be lower in the hinary mixture cases than the
single component system. This indicates strongly that there was a competitive adsorption
of these four metals on the surface of the alga and the presence of one extra metal species
reduced the total adsorption capacity of the alga.

- . CU Cu secondary metal TotaI n bma
Mixture o smal ystem forblngry sys em ?orb?nary}s/ystem (q u+ seco

mmo metal) mmol
e W W W h
Cu with Zn 0.0680 0.0078 0.0355

The second column in the above tabulation illustrates the adsorption capacity for
the single component system whereas the last column represents the total combined
adsorption ¢ apacity for the binary sy stems. The comparison b etween these two ¢ olumns
illustrated that the removal efficiency at all copper concentrations for binary systems were
considerably less than that from a single component system. Zn at 50 mg/L seemed to be
most effective in reducing Cu adsorption capacity in the binary system. This may be
because Zn was present in the highest quantity (in molar concentration). The conversion of
concentration units from mass to mole revealed that 50 my1 of Zn was 0.76 mmol/1,
whereas 50 mg/L of Pb was 0.24 mmol/1, and Cd was 0.44 mmol/L. This high quantity of Zn
could then affect the adsorption in a greater extent than other metals. It is interesting to
note that, although Pb was present in a small quantity, it interfered more with the
adsorption of Cu than Cd. This indicated that Pb might be more easily adsorbed to the
binding site of algae than Cd.

432  Cadmium as primary metal

In this case, Cd was set as a primary component and Cu, Pb or Zn as secondary
components. Figure 4.7 display the isotherm of Cd in binary component compared with
that in the single component system. The results revealed that the adsorption capacity of
the alga for Cd in the binary system was only about 31.1% (with Cu), 22.6% (with Pb), and
24.8% (with Zn) of the capacity obtained when the solution only contained Cd ion. The
next tabulation displays total sorption capacities for Cd in binary mixtures along with the
single component adsorption and the adsorption for the secondary metal in each particular
case.
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- Cd Cd secondary metal n blna
Mixtre gy smale system for blngry o blnarynsl tem dﬁl + secon
%8 mmol § mm § meta?)mmo g
cung Joi i
Cd Wlth N 0.0318 0.0079 0.0128 0.0207

Again the total adsorption capacity for the heavy metals seemed to be lower in the
binary mixture cases than in the single component system. There was, however, one
exception for the adsorption Of ¢ d withc ~ here the total adsorption  as found tObe
higher than the adsorption for Cd alone. This indicated that the some of the binding sites
for Cd might not he the same as these for Cu. On the other hand, Section 4.3.1 showed that
Cd reduced Cu sorption capacity which indicated that there might exist some common
binding sites for Cd and Cu, and the adsorption of Cu was more favorable than Cd for those
binding sites. Considering the isotherm for Cd in the binary solution of Cd with Cu at 50
myL (0.78 mM), Pb at 50 mg/L (0.24 mM), and Zn at 50 myl (0.76 mM), the results
demonstrated that the presence of other metal tended to reduce Cd removal. Pb was found
to be the most effective in reducing Cd removal whereas Cu was found to have more effect
than Zn. This suggested again that Po might be more easily adsorbed to the binding site of
algae than Cu and Zn, respectively.

433 Lead as primary metal

In this section, Pb was set as a primary component and Cu, Cd or Zn as secondary
components. Figure 4.8 display the isotherm of Pb in binary component system compared
with that in the single component system. The results revealed that the adsorption capacity
of the alga for Pb was only about 28.5% (with Cu), 28.5% (with Cd), and 22.6% (with Zn)
of the capacity obtained when the solution only contained Pb ion. The next tabulation
displays total sorption capacities for Pb in binary mixtures along with the single component
adsorption and the adsorption for the secondary metal in this particular case.

- qPb sec ndary metal In binay
Mixture - gy sm%e system ~ for bina ry 7 stem  for b?naryry %1 01 Xry
m mmol mmo me a?)mmo 0
Pb with Cy 0 0116
Pb with Cd 407 0.0116 0.0188
Pb with Zn 0.0407 0.0092 0 0099 0.0191

Again the total adsorption capacity for the heavy metals seemed to be lower in the
binary mixture cases than in the single component system. There is, however, one
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exception for the adsorption of Pb with Cu where the total adsorption was found to be
higher than the adsorption for Pb alone. This indicated that the some of the hinding Sites for
Pb might not be the same as those for Cu. On the other hand, Section 4.3.1 showed that Pb
reduced Cu sorption capacity which indicated that there might exist some common hinding
sites for Pb and Cu. Considering the percentage for Pb in the binary solution of Pb with Cu
at 50 my/1 (0.78 raM) 5Cd at 50 my'1 (0.44 mM), and Zn at 50 mgy1 (0.76 mM), the results
demonstrated that the presence of other metal tended to reduce P removal. Zn was found
to be the most effective in reducing Pb removal whereas Cu and Cd were found to have
similar effect.

It is reminded here that, in the experiment for a single metal system, the adsorption
of Pb did not reach its maximum adsorption capacity. The isotherm for the binary
component system emphasized here again that this Pb adsorption was not at the Saturation
paint. This might be the reason why Pb adsorption capacity was lower than Cu.

434 Zinc as primary metal

In this part, Zn was set as a primary component and Cd, Pb or Zn as secondary
components. Figure 4.9 display the isotherm of Zn in binary component system compared
with that in the single component system. The observation from the binary sorption
isotherm found that the adsorption capacity of the alga for Zn was only about 11.8% (with
Cu), 19.4% (with Cd), and 15.0% (with Pb) of the capacity obtained from the solution only
contained Zn ion, respectively. The next tabulation displays total sorption capacities for Zn
in binary mixtures along with the single component adsorption and the adsorption for the
secondary metal for this case.

- N secondary metal  Total g in binar
Mixture gy sm&F e System forbmgry7 Stem ?orbmary)slstem (qZ n+%| secr Xry
mmollg I mmol/ mea?)mmo 0
Znwit CH 8828 0.00 0.02
Zn with G 009 0.0128 0.0079 0.0207
Zn witn Po 0.0659 0.0099 0.0092 0.0191

The results illustrated that the sorption capacity for binary systems were
considerably less than that from a single component system. Cu at 50 mg/L seemed to be
most effective in reducing Zn adsorption capacity in binary system. This may be because
Cu was present in the highest quantity (in molar concentration). The conversion of
concentration units from mass to mole revealed that 50 my1 of Cu, Cd, and Pb was 0.78
mmol/1, 0.44 mmol/L, and 0.24 mmol/L, respectively. This high quantity of Cu could then
affect the adsorption in a greater extent than other metals. It is interesting to note that,
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although Pb was present in a small quantity, it interfered more with the adsorption of Zn
than Cd. This indicated that Ph could be more easily adsorbed to the hinding site of algae
than Cd. This agrees with the result in Section 4.3.1.

435  Adsorption of binary mixture heavy metal solution.

To investigate the effect of the secondary component on the overall adsorption
capacities of the alga, the experiment was set to have the overall initial concentration of all
heavy metals at 50 mg/L. The data on adsorption capacities are summarized below:

Mixture qof]ﬂ metal  qof M metal q0f2 rdmetal 2rdm
(I¢metal  at 1 at(% rrg%/l tCi = (%
forsn% syse for binary 7sem orsm st bnaryssem

2- I/9) (mmol/g) ol/g (mmiol g?
Cu with Cd 0 049 0.031 0.021 0.009
Cu with B 0.0497 0.0303 0.0199 0.0116
CH wit ZB 0.0497 0.0271 0.0445 0.0073
el dp o MR W
Pb wﬂp n 0.0199 0.0092 0.0445 0.0099

The results showed that the sorption capacitiy of each metal in binary mixture
decreased when compared with that of the single component. These indicated that all of
metals were mainly bonded on the same of binding sites and this agrees with the results
from the determination of functional groups for metal binding in Section 4.2.2. The
capability of metal to bond with these binding sites was believed to depend on the affinity
of each metal to those hinding sites. However, there must be same other binding sites for
each specific metal species, but might be at lesser quantity than this main site.

43,6 Concluding remarks for binary sorption.
From the results above, the effect of secondary metal species on reducing the
adsorption capacity for the primary metal could be summarized as:

Primary heavy metal  Effect of secondary metal on reducmﬁ;
adsorption capa% Eodr primary meta

EH Cannot concﬁjde the %r(%er of the effact

Pb seemed to be the component with the highest affinity to the binding sites of
algae since it dominated in the binary sorption and it was always the most easily adsorbed
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component than other metals. This result agreed well with the isotherm model from
previous section that Pb was with the greatest affinity constant ( ) in the Langmuir model
and also the greatest for K and 1/n from the Freundlich model. The order of affinity to the
binding site of this alga observed from the binary sorption systems might then be finalized
as follows: Pb > Cu > Zn > Cd according to the order obtained from Freundlich model in
Section 4.2.1. All results in binary sorption systems were statistically proven by t-test to
check for the accuracy of the results. Testing results indicated that experimental findings
were accepted at the level of significance was 0.05 (a = 0.05).

4.4 Biosorption of ternary component heavy metals

The adsorption experiment for ternary heavy metal mixtures was carried out in a
similar fashion with single and binary metal cases. Three heavy metals were selected from
the four heavy metals: Cu, Cd , Pb, and Zn with the following combinations: Cu-Cd-Pb,
Cu-Cd-Zn, Cu-Pb-Zn, Cd-Ph-Zn. The mixture solution was then prepared with equimolar
heavy metals at 0.1, 0.2 , and 0.3 mmol/L.

441 Cu-Cd-Pb Series

Figures 4.10.1 and 4.10.2 illustrate isotherms of ternary component adsorption
system and the relationship between the removal percentage and initial concentration for
the three components: Cu, Cd, and Pb. The detail can be summarized as follows:

Initial cone Cu Cd Pb
(mM)  %Removal  SD %Removal  SD %Removal  SD
0.1 92.86 1.86 80.74 153 100 0
0.2 88.39 0.70 67.62 580 100 0
0.3 84.93 1.68 55.35 342 100 0

The results showed that Pb was totally adsorbed (100%) while Cu could be
adsorbed in a lower extent but still more than Cd. The total sorption capacities for ternary

component system were compared with those of single component systems and the results
are;

Single component system Ternary component system,
qof Cu qof Cd qof Pb qofCu qofCd _gofPb Total g
CG-03mM 3=03mM @j=03mM  Ci= OlmM Cl=01mM Ci=01mM
(mmollg) ~ (mmollg)  (mmollg) (mmolfg) ~ (mmol/g)  (mmollg)  (mmollg)
0.0148 0.0134 0.0174 0.0056 0.0048 0.0060 0.0164
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The result revealed that the total sorption capacity of the three metals in ternary
component solution was always more than that of the single component system but there
was only one exception for the Pb case where the sorption capacity in the single sorption
system was higher than that in the ternary system. This implied that there was a difference
in binding site for each heavy metal and the quantity of binding site for Pb might be higher
than Cu and Cd. Interestingly, Pb had the highest sorption capacity in single and ternary
component systems. This ensured that Pb was the most favorable for the binding site of this
alga compared with Cu and Cd.

Note that the concentration range for the ternary component experiment was still in
the low concentration range where the isotherm did not reach the maximum capacity level.
In this range, the relationship between adsorption capacity and the equilibrium
concentration was still first order. Experiments at high concentration range might give
different results, as the adsorption capacity might be zero order with equilibrium
concentration.

442 Cu-Cd-Zn Series

Figures 4.11.1 and 4.11.2 illustrate isotherm of ternary component and the
relationship between the removal percentage and initial concentration for the ternary
mixture sorption of Cu, Cd, and Ph. The detail can be summarized as follows:

Initial cone Cu Cd n
(mM)  %Removal  SD %Removal ~ SD %Removal  SD
0.1 9275 0.37 84.8 1.18 90.95 1.37
0.2 88.44 0.85 76.8 1.03 72.38 1.18
0.3 86.04 0.19 60.96 0.72 B5.T7 0.52

The results showed that Cu was adsorbed more than Cd and Zn at each initial
concentration. The total sorption capacities for ternary component system were compared
with those of single component systems and the results are;

Smgle component system Ternary component system.

qof C qofCu q onn Total g
:03ml\/|(3j 03mM(31—03mM Gi=

mmolig)  (nmollg)  (mmolly) (01|r/n)mcl( “E”“)” et (ol
mmo mmo mmo mo mmo mmo mmo
G T L A ! ] g

m
0.005 0.005 0.005 0.0161

G
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Again the result revealed that the total sorption capacity of three metals in ternary
component solution is always more than that of the single component system. This implied
that there was a different binding site for each heavy metal. However, the adsorption
capacity for Zn in the single and ternary componnent systems were generally found to have
the lowest sorption capacity compared with Cu and Cd. It was possible that Zn had the
least affinity for this alga and therefore the capacity of Zn was quite low at the range of
concentration employed in this work.

443  Cu-Pb-Zn series

Figures 4.12.1 and 4.12.2 illustrate isotherm of ternary component and the
relationship between the removal percentage and initial concentration for the ternary
mixture sorption of Cu, Ph, and Zn. The detail can be summarized as follows:

Initial cone Cu Pb Zn
(mM)  %Removal  SD %Removal ~ SD %Removal
0.1 90.41 151 100 0 85.64 6.87
0.2 8.49 211 99.93 0.11 B5.72 1.83
0.3 84.37 2.08 97.36 0.74 41.26 1.54

The results showed that Pb were the greatest adsorbed species (96 - 100%)
followed by Cu and Zn accordingly. The total sorption capacities for ternary component
system were compared with those of single component systems and the results are:

Single component system Ternary component system.

~qof Cuqof Pb qgof Zn ~qofCu _ qofPb qofZn Total g
g=03mM {@=03mM C=03mM  Ci=01mM C=01mM C=0.1mM
(mmollg) ~ (mmollg)  (mmollg) (mmollg) ~ (mmollg)  (mmollg)  (mmollg)
0.0148 0.0174 0.0100 0.0054 0.0060 0.0051 0.0165

The result revealed that the total sorption capacity of three metals in ternary
component system was always more than that of the single component system. There was,
again, one exception for the Ph case where the sorption capacity for Pb alone was found to
be higher than the total sorption capacity for ternary sorption system. Moreover, Ph had the
highest sorption capacity in single and ternary component systems. This emphasized the
conclusion that Pb had the highest quantity of binding site in the alga and had the most
affinity to the binding site of this alga compared with the other metals, while Zn was the
|east adsorbed species (lowest affinity) on this alga in the range of low metal concentration.
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444  Cd-Pb-Zn series

Figures 4.13.1 and 4.13.2 illustrate isotherm of ternary component and the
relationship between the removal percentage and initial concentration for the ternary
mixture sorption of Cd, Pb, and Zn. The detail can be summarized as follows:

Initial cone Cd Ph n

(mM)  %Removal  SD %Removal  SD %Removal  SD
0.1 79.98 2.09 100 0 80.86 113
0.2 72.06 1.85 100 0 66.97 354
0.3 59.10 1.82 99.00 0.49 58.81 2.67

The results showed that again Pb were best adsorbed by the alga at removal
percentage about 99 - 100 while the Cd and Zn had similar adsorption capacity. The total
sorption capacities for ternary component system were compared with those of single
component systems and the results are:

Single component system Ternary component system,

cqof Cd  qof Pb_ qof Zn gofCd . qofPh ~gofZn Total g

C=03mM @—03mM G=03mM  Ci=01mM C=01mM Ci=01mM

(mmollg)  (mmollg) ~(mmollg) (mmol/lg) ~ (mmollg)  (mmollg)  (mmollg)
0.0134 0.0174 0.0100 0.0048 0.0060 0.0048 0.0156

The result revealed that the total sorption capacity of the three metals in the ternary
component solution was always more than that of the single component system but there
are exception for Pb where the sorption capacity for Pb alone was found to higher than that
in ternary sorption system. Furthermore, Pb had the highest sorption capacity both in single
and ternary sorption systems. This, again, concluded that there was a difference in binding
site responsible for the binding of each heavy metal and the binding site for Pb seemed to
be present in the largest quantity and the affinity for Pb was also the most active.

445  Concluding remarks for ternary sorption.

It can be observed from these experimental results that the removal efficiencies for
all heavy metals examined in this research decreased with an increase in initial
concentration like that obtained from the single component system. The order of metal
affinity to the binding site of algae for each series can be summarized as follows:
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Series Order of metal affinity

Cu-Cd-Ph Ph > Cu> Cd
Cu-Cd-Zn Cu> Cd.> Zn.
Cu-Pb-Zn Pb > Cu> Zn.
Cd-Pb-Zn Ph>Cd=2Zn

These results indicated the affinity for each heavy metals by this alga Caulerpa
lentillifera could be ordered from high to low as: Pb > Cu > Cd > Zn. This result was in
contrast with that obtained from the single component system where Cd exhibited the
lowest adsorption characteristics. It was possible that, in this experiment, the range of
concentration was rather low and fell in the region where Cd adsorption was better than Zn.
In a single component experiment, the concentration range was rather high and, in this
region, Zn adsorption was better than Cd. All results in ternary sorption systems were
statistically proven by t-test to check for the accuracy of the results. Testing results
indicated that experimental findings were accepted at the level o f significance was 0.05
(a=0.05).

4.5 Biosorption of four-components heavy metals

The adsorption experiment for four heavy metal mixtures was carried out in a
similar fashion with the ternary component where each heavy metal was prepared at the
same concentrations of 0.1, 0.2, and 0.3 mmol/L.

451 Removal percentage and total sorption capacities of four component mixtures

Figures 4.14.1 and 4.14.2 illustrate the isotherm of the four components and the
relationship between removal percentage and initial concentration for four-component
mixture orption of ¢ ,c d, Ph,andz , respecrively. The detail can be summarized as
follows:

Initial Cu Cd Pb Zn

Cone YoRemoval sD %Removal %Removal  SD 9%6Removal

01 w17 18 8Lod 1% 0 857 315
07 8% 220 6597 147 10 0 %o 4!
03 8527 049 5146 115 994 055 AT10 126

The results showed that the increae in initial concentration resulted in a decrease of
removal percentage, similar finding as in the single component, binary component, and
ternary component systems. The preferentia order of heavy metals to the binding site of
algal surface was: Pb > Cu > Cd > Zn. This agrees with results in ternary component
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system. The total sorption capacities for the four-component system were compared with
those of single component systems and the results are:

Single component system Four-component system.
&ofCu %Iof &ofP &onn &ofCu &ode &obe of Zn

01 Total

mM mM mM mM |

(mmol/oq) %mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmol/g) (mmollg) (mmol/g)
0.020 0172 0.0231° 0.0135 0005 0005 0006 0004 0.021

The result revealed that the total sorption capacity of three metals in four
component system was always more than that of the single component system. There was,
again, one exception for the Pb case where the sorption capacity for Pb alone was found to
be higher than the total sorption capacity for the ternary sorption system. Moreover, Pb had
the highest sorption capacity in single and ternary component systems. This confirmed the
conclusion that Pb had the highest quantity of binding site in the alga and had the most
affinity to the binding site of this alga compared with the other metals. Nevertheless Zn
was found to have the lowest sorption capacity both in single and in four component
systems. This confirmed the conclusion that Zn was the least adsorbed species (lowest
affinity) on this alga in the range of low metal concentration. Again, all results in four
component system had already statistically proven by t-test to check for the accuracy of the
results. Testing results indicated that experimwntal findings were accepted at the level of
significance was 0.05 (a = 0.05).

4.6 Concluding remarks

The removal efficiencies for all heavy metals examined in this research decreased
with an increase in initial concentration. The results from ternary and four component
systems upported the conclusion of the order for algae’s affinity for each heavy metal.
Specifically, the affinity could be ordered from high to low as: Po > Cu > Cd > Zn at low
concentration range and Pb > Cu > Zn > Cd at high concentration range. The total sorption
capacity seemed to lower than those of single systems but except for Zn.
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Table 4.1: wave number of dominant peak obtained from transmission spectra.

Pure algae  Algae with Algae with Algae with Algae with
Cu Cd Pb Zn
Carboxylic Acid
0-H Stretching 2922 2922 2924 2922 2924
¢=0 Stretching : : : : :
C-0 Stretching 1244 1244 1242 1242 1244
0-H Bending 1414 : : : :
Amine
N-H Stretching 3408 3440 3398 3412 3408
N-H Bending 1650 1650 1648 1648 1648
C-N Stretching 1324 1076 : : 1078
Amide
N-H Stretching 3408 3414 3398 3412 3408
3440
3330
C-0 Stretching 1650 1650 1648 1648 1648
Amino : :
N-H Stretching 2922 2922 2924 2922 2924
C-0 1544 1542 1536 1536 1534
1414 1458 : : :
N-H Bending 1544 1542 1536 1536 1534
Sulfonyl
s=0 Stretching . 1384 1384 1384 1384
Sulfonate
s=0 Stretching 1366 : . : :
S-0 Stretching 908 908 908 908 908

800
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