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ABSTRACT 

This study investigated the potential utility of poly (sodium N-undecanoyl-L-leucyl-valinate) (poly-L-SULV), poly (so-
dium N-undecanoyl-L-leucyl-alanate) (poly-L-SULA), and poly (sodium N-undecanoyl-glycinate) (poly-SUG) mo-
lecular micelles (MMs) as chelators for heavy metal (Cd, Cr, Cu, Co, and Ni) ion remediation of kaolinite clay using 
D-optimum experimental design. D-optimum experimental design was employed to simultaneously investigate the in-
fluence of design variables such as the buffer pH, chelator concentration, and centrifuge speed to evaluate the optimum 
conditions and to reduce the time and cost of metal ion remediation. The partition coefficients of the metal ion concen-
trations between the kaolinite clay and chelator equilibrium were also evaluated. In addition, the influence of metal ion 
concentrations on the remediation capability of the chelators was evaluated by conducting remediation studies at four 
different (10 ppm, 40 ppm, 60 ppm, and 80 ppm) metal ion concentrations. In general, the results of the remediation 
efficiency and partition coefficients obtained in this study are highly metal ion dependent and also dependent upon the 
chelator used for the remediation. Specifically, the remediation efficiency of the molecular micelles was found to be 
comparable to or better than the corresponding remediation efficiency obtained when SDS or EDTA was used for the 
remediation. However, at optimum conditions, poly-SULV and poly-L-SULA molecular micelle chelators demon-
strated superior remediation efficiencies for Cr, with remediation efficiency of 99.9 ± 8.7% and 99.1 ± 0.7%, respec-
tively.  
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1. Introduction 

The development of efficient and environmentally fri- 
endly chelating agents for potential remediation of heavy 
metal ions (HMIs) [1-8] from contaminated soils con- 
tinues to be of active environmental research study. In 
general, soil HMI remediation strategies often involve 
the immobilization, desorption, removal, or extraction of 
HMIs from the contaminated soil. The use of several 
extracting agents and chelators including surfactants, 
phosphoric acids, sulphate, polyvinyl alcohol, EDTA, 
diethylenetriaminepentaacetic acid, and humic materials 
has been strategically employed for metal ion remedia- 
tion in various environmental studies [9-14]. The poten- 

tial utility of biomass and various plant materials for 
biosorption and bioremediation of heavy metals from 
polluted soils has also been investigated [15-17]. Many 
studies have primarily focused on the removal of a single 
metal ion; however, others studies have investigated 
competitive and simultaneous desorption of several metal 
ions from soil. Undoubtedly, most of the previous metal 
ion remediation techniques and chelators have proven 
useful and efficient for the remediation of some metal 
ions. For example, phosphoric acid, SDS and EDTA are 
commercially available at affordable prices and are non- 
toxic, with high remediation efficacy. However, some 
currently available chelators have inherent short-comings 
including, poor selectivity, and poor solubility in aqueous 
and organic solvents, limiting their practical application *Corresponding author. 
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for metal ion remediation. In addition, some metal ion 
chelators are relatively dangerous to handle and may not 
be environmentally friendly. Besides the shortcomings of 
the metal ion chelators, most of the previously reported 
metal ion remediation studies have often involved the 
investigation of one experimental variable at a time, re-
sulting in many experiments, lengthy analysis time, and 
high cost of analysis. 

In this study, we hypothesized that poly (sodium N-u 
ndecanoyl-L-leucyl-valinate) (poly-L-SULV), poly (so- 
dium N-undecanoyl-L-leucyl-alanate) (poly-L-SULA), 
and poly (sodium N-undecanoyl-glycinate) (poly-SUG) 
molecular micelles (MMs) can be utilized as chelators 
for simultaneous HMI (Cd, Cr, Cu, Co, and Ni) remedia- 
tion from kaolinite clay. We also proposed that, a modern 
D-optimum experimental design can be used to simulta- 
neously optimize and investigate experimental conditions 
such as, the buffer pH, chelator concentration, and cen- 
trifuge speed to achieve the global optimum extraction 
conditions for metal ion remediation from kaolinite clay. 
The MMs used in this study were made from amino acids, 
the building blocks of proteins, hence, are non toxic and 
are more environmentally friendly. In addition, MMs 
have high solubility both in the aqueous and organic sol- 
vents, further increasing their practical application for 
metal ion remediation of diverse environmental sample 
matrixes. Additionally, compared with monomeric sur- 
factants, MMs have no critical micelle concentration; 
therefore, MMs can be used across a wider concentration 
range. Furthermore, MMs are polymers of enhanced sta- 
bility and large surface areas with potential strong bind- 
ing sites for metal ions. Moreover, the amine head 
groups of MMs can be readily modified and tailored to 
achieve metal ion remediation selectivity. Besides, the 
use of D-optimum experimental design strategy used in 
this study is preferable to the traditional analysis of one 
variable at a time because the number and order of ex- 
periments to be conducted is known in advance [18-22]. 
Also, only a few experiments are required to establish the 
optimum heavy metal ion condition using D-optimum 
experimental design, ultimately reducing both the time 
and cost of analysis. We have previously demonstrated 
advantages of modern experimental design over tradi- 
tional analysis of one variable at a time in chroma- 
tographic separation [22,23] and in nanoparticle synthe- 
sis [24]. Studies from other laboratories have also show- 
ed the benefits of modern experimental design strategies 
over the analysis of one variable at a time [19-22,25,26]. 

2. Materials and Methods 

2.1. Chemicals and Materials 

A commercial kaolinite clay, sodium phosphate dibasic, 

sodium phosphate monobasic, tris (hydroxymethyl) ami- 
nomethane (tris), sodium tetraborate decahydrate (borate), 
analytical grade metal free nitric acid (99.999%) and 
Whatman (ashless) filter paper were purchased from 
Sigma-Aldrich. Cd, Cr, Cu, Co, and Ni standards and 
centrifuge tubes were purchased from Fisher Scientific. 
The chemical structures of the MMs chelators used for 
the metal ions remediation are shown in Figure 1. A de- 
tailed synthetic procedure for the MMs has been previ- 
ously reported elsewhere [27,28]. 

2.2. AAS Instrumentation and Heavy Metal  
Analysis 

Heavy metal analysis was performed using a flame 
atomic absorption spectrophotometer (Shimadzu, AA- 
6300) using a pre-mixed burner air-acetylene flame. The 
flow rates of the fuel and oxidant gas were always care- 
fully optimized for each metal analysis. Other routine 
instrumental checks and calibrations were always per- 
formed on the spectrometer before use to ensure the ac- 
curacy, reliability, and performance of the spectrometer. 

2.3. D-Optimum Experimental Design 

The initial metal ion remediation study involved the 
screening of experimental factors including, the amount 
of kaolinite clay required to ensure complete adsorption 
and binding of the metal ions. In addition, the time to 
achieve complete binding of metal ions on kaolinite clay 
and the orbital shaker speed were investigated. Once the 
amount of kaolinite clay, the time taken for complete ad- 
sorption of metal ions, and the speed of orbital shaker 
were established, the chelator concentration, the buffer 
pH, and centrifuge speed were then optimized to achieve 
optimum remediation of metal ions from kaolinite using 
D-optimum experimental design. The chelator concentra- 
tion, buffer pH, and centrifuge speed were investigated at 
three levels. The buffer pH was investigated at acidic 
(pH 5.5), physiological (pH 7.4), and basic conditions 
(pH 10.0) to simulate the typical soil pH ranges. The 
chelator concentration was investigated at low (0.1 
%w/v), medium (0.5 %w/v, and high concentration (1.0 
%w/v). Additionally, the centrifuge speed was investi- 
gated at low (2000 rpm), medium (4000 rpm) and high 
(6000 rpm) speeds. The D-optimum design resulted in a 
total of sixteen experimental runs performed for each 
chelator under different experimental conditions (Table 
1). The D-optimum experimental design and data analy- 
sis was performed using chemometric software (The 
Unscrambler, CAMO Inc., 9.6). Detailed statistical and 
mathematical procedure for the D-optimum experimental 
design is beyond the scope of this study and interested 
readers may find the design method in various books and  
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Figure 1. Structure of: (a) Molecular micelles; (b) Conventional chelators EDTA and SDS. 
 

tion was added to the metal ion spiked kaolinite clay 
mixture and shaken on the orbital shaker for 72 hours to 
guarantee adequate equilibration and partitioning of met- 
als between the kaolinite and the chelator solution. This 
was followed by centrifuging the solution at the appro- 
priate centrifuge speed. Once centrifuged, the solution 
was decanted into a digestion flask. Approximately 5 mL 
of 6M nitric acid was added to the solutions which were 
then digested for 2 hrs on a hot plate. The nitric acid di- 
gested solution was cooled to the room temperature, fil- 
tered into a 25 mL standard volumetric flask, and diluted 
to the mark with concentrated nitric acid solution.  

monographs [18]. 

2.4. Sample Preparation 

The buffer solutions (pH 5.5 and pH 7.4) were prepared 
by weighing appropriate amounts of sodium phosphate 
dibasic and sodium phosphate monobasic salts and made 
it up to the mark with deionized water in a 1L standard 
volumetric flask. The buffer pH 10 solution was similarly 
prepared from tris and the borate salt. The solution was 
then adjusted to the appropriate pH using 0.1 M HCl or 
0.1 M NaOH. The initial study evaluating the optimum 
conditions for metal ion remediation for each chelator 
was performed by spiking 1 gram of kaolinite clay in a 
nitric acid-prewashed centrifuge tube with 20 ppm of Cd, 
Cr, Cu, Co, and Ni. The spiked kaolinite clay metal ion 
samples were placed on an orbital shaker for one week to 
ensure effective binding of heavy metal ions with the 
kaolinite clay. After one week, 15 mL of chelator solu- 

The solutions were then analyzed for Cd, Cr, Cu, Co, 
and Ni metal using an atomic absorption spectrometer 
(AA-6300, Shimadzu). Each metal analysis was per- 
formed in triplicate and the average of the results was 
reported. All necessary precautions were also observed to 
ensure the accuracy of the results of this study. First, the  
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Table 1. D-optimum experimental design conditions. 

Experiment # 
Extracting agent  

concentration % (w/v ) 
pH 

Centrifuge  
speed (rpm) 

1 0.5 10.0 4000 

2 0.1 5.5 2000 

3 1.0 5.5 2000 

4 0.1 10.0 2000 

5 1.0 10.0 2000 

6 0.1 5.5 6000 

7 1.0 5.5 6000 

8 0.1 10.0 6000 

9 1.0 10.0 6000 

10 0.1 5.5 4000 

11 0.1 7.4 2000 

12 0.1 7.4 6000 

13 0.55 5.5 2000 

14 0.55 5.5 6000 

15 1.0 7.4 4000 

16 0.55 7.4 2000 

 
highest purity HNO3 acid (purity, 99.999%) was used for 
the study. Second, all glassware including the centrifuge 
test tubes, digestion bottles, and volumetric flasks were 
pre-soaked in 6 M nitric acid for three days and thor- 
oughly rinsed with deionized water before use to re- 
move impurities and contaminants. Additionally, all metal 
sample analyses were blank subtracted. The study was 
also performed in triplicate, and the average of the tripli- 
cate analyses was used for the remediation efficiency 
calculation. 

3. Results and Discussions 

3.1. Remediation of Heavy Metal Ions 

The optimum experimental conditions where the best 
metal ion remediation efficiency was achieved for MMs, 
SDS, and EDTA chelators are shown in Table 2. The 
overall summary of the result of the metal ions remedia- 
tion analysis obtained for each chelator at optimum con- 
dition is shown in Table 3. The optimum remediation 
condition of metal ions from kaolinite clay was highly 
dependent on the type of chelator used, chelator concen- 
tration, buffer pH, and on centrifuge speed. SDS has the 
highest extraction and remediation efficiency at pH 7.4, 
at the high centrifuge speed of 6000 rpm, and at low SDS 
concentration (0.1%w/v). The remediation efficiencies of 
SDS for metal ions ranged between 41.4 ± 0.4% for Cr 
and 97.0 ± 0.2% for Cu. Remediation ability and effi- 
ciency of MMs from kaolinite clay was also metal ion 
and pH dependent. For instance, high remediation effi- 

Table 2. Optimum experiment # for metal remediation. 

Heavy Metal Extracting 
Agent Cd Cr Cu Co Ni 

Poly-SULV (10) (9) (10) (13) (12) 

Poly-SULA (14) (1) (2) (12) (11) 

Poly-SUG (2) (2) (7) (12) (12) 

SDS (12) (12) (12) (7) (12) 

EDTA (12) (9) (9) (4) (9) 

 
Table 3. Percentage remediation efficiency of heavy metal 
at optimum condition. 

Heavy Metal 
Chelator 

Cd Cr Cu Co Ni 

Poly-SULV 52.6 ± 0.1 99.9 ± 8.7 51.3 ± 0.1 76.9 ± 0.8 87.3 ± 0.9

Poly-SULA 53.7 ± 0.2 99.1 ± 0.7 46.8 ± 0.1 62.9 ± 0.1 85.5 ± 0.3

Poly-SUG 51.9 ± 0.3 62.5 ± 0.2 38.7 ± 0.3 58.6 ± 1.1 84.9 ± 0.7

SDS 57.9 ± 0.4 41.4 ± 0.4 97.0 ± 0.2 55.5 ± 1.2 79.3 ± 0.9

EDTA 55.3 ± 0.1 51.6 ± 0.6 98.6 ± 0.4 54.7 ±1.7 88.9 ± 0.7

 
ciencies were obtained for some MMs at pH 5.5 while 
better remediation efficiencies were achieved only at pH 
10.0 for some metal ions. However, some MMs demon- 
strate better metal ion remediation efficiency at physio- 
logical pH 7.4. Molecular micelles therefore demonstrate 
some degree of metal ion remediation selectivity accord- 
ing to pH. In general, the remediation efficiencies of 
MMs for metals ranged between 38.7 ± 0.3% and 99.9 ± 
8.7%. It is of considerable interest to note that SDS can 
mainly be used for metal ion remediation only at low 
SDS concentration (0.1%w/v). The observed poor reme- 
diation at high SDS concentration was due to poor SDS 
solubility. In contrast, MMs show high remediation effi- 
ciency for some metal ions at low (0.1%w/v), medium 
(0.55% w/v), or high (1%w/v) concentration. In addition, 
the typical dynamic equilibrium between SDS micelles in 
solution significantly hindered the binding of metal ions 
with SDS, resulting in low remediation efficiency. 
Unlike SDS, which is a monomeric surfactant, MMs are 
large polymeric surfactants molecules. Therefore, MMs 
polymers are inherently more stable than the SDS 
monomer and tend to have higher binding affinities with 
metals, ultimately resulting in better remediation effi- 
ciency of metal ions from kaolinite clay. 

While MMs generally demonstrate better remediation 
efficiency than SDS, differences in remediation effi- 
ciency were also observed among various MMs. In par- 
ticular, metal ion remediation efficiency obtained for 
poly-SULV and poly-SULA dipeptide MMs are com- 
paratively better than the remediation efficiency obtained 
for poly-SUG single peptide MM. The remediation effi- 
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ciency obtained for poly-SULV ranged between 51.3 ± 
0.1% and 99.9 ± 8.7% while the remediation efficiencies 
obtained for poly-SULA ranged between 46.8 ± 0.1% 
and 99.1 ± 0.7%. In contrast, remediation efficiency ob- 
tained for poly-SUG ranged between 38.7 ± 0.3% and 
84.9 ± 0.7%. Unlike poly-SUG with a single amino acid 
(glycine) head group, poly-SULV and poly-SULA both 
contain two amino acid head groups (leucine and valine) 
and (leucine and alanine), respectively. Differences in the 
observed remediation efficiencies for dipetide and single 
amino acid MMs may therefore be associated with the in- 
crease in the surface area of the second amino acid head 
group, increasing the effective number of the binding 
sites of poly-SULA and poly-SULV with metal ions. 

High metal ions remediation efficiency can only be 
achieved with EDTA as a chelator when using a basic 
medium (pH 10.0) and a high centrifuge speed (6000 
rpm). Compared with SDS and MMs, EDTA demon- 
strates better remediation ability for Cu with % remedia- 
tion efficiency of 98.6 ± 0.4%. However, MMs were 
found to have comparable remediation ability with ED- 
TA for Cd and Ni ions. Interestingly, MMs remarkably 
demonstrate superior remediation capability compared 
with EDTA or SDS for Cr and Co ions. For example, 
poly-SULV and poyly-SULA have % remediation effi- 
ciencies of 99.9 ± 8.7% and 99.1 ± 0.7%, respectively for 
Cr ion. These values are significantly higher than the 
51.6 ± 0.6% remediation efficiency obtained when 
EDTA was used as the chelator. Similarly, % remedia- 
tion efficiencies of 76.9 ± 0.8% and 62.9 ± 0.1%, ob- 
tained for Co ion remediation with poly-SULV and 
poly-SULA, respectively, were significantly larger than 
the 54.7 ± 1.7% remediation efficiency obtained for Co 
ion when EDTA was used as a chelating agent. 

The chemical and structural characteristics of chelators 
used for the remediation study allows for competitive 
binding of metal ions from kaolinite clay, ultimately re- 
sulting in desorption of metal ions from kaolinite clay. 
For instance, the SDS surfactant has a sulphate (SO4

−2) 
head group which may be used to bind metal ions. The 
EDTA chelator also potentially has six binding sites, 
leading to remediation of metal ions from kaolinite clay. 
The binding of metal ions with MMs chelators could be 
also achieved and facilitated through direct binding of 
metal ions with the amino acid polar head groups of 
MMs. The binding/adsorption mechanism of metals with 
kaolinite clay is generally believed to involve an ion ex- 
change process and hydrogen bonding formation be- 
tween the silanol groups on the surface of the kaolinite 
clay particles [29]. While several factors may influence 
the extent of adsorption/desorption of metal ions on kao- 
linite clay, the pH of the medium, charge/size ratio of the 
metal ion, hydrolysis of the metal ion, metal ion concen- 

tration, and chelator concentration are the most promi- 
nent factors [13,14,30,31]. The extent of desorption or 
removal of metal ions from kaolinite clay by a chelator is 
therefore highly dependent on the competitive binding or 
affinity of the metal ion with kaolinite clay or the chela- 
tor. In general, better desorption or removal of metal ion 
is expected when the affinity between the metal ion and 
the chelator is stronger than the affinity between the 
metal ion and kaolinite clay. 

3.2. Partition Coefficient of Heavy Metal Ion  
Concentration between Kaolinite Clay and  
Chelators 

The partition coefficient of the metal ion concentration 
between the kaolinite clay and SDS, EDTA, and MMs 
chelators of equilibrium were calculated to further the 
degree of metal ions desorption or transfer from kaolinite 
clay to the chelators. Table 4 shows the summary of the 
calculated partition coefficients obtained for each metal 
ion with various chelators. Once again, the values of the 
partition coefficients were found to be metal ion and che- 
lator dependent. In general, the partition coefficients of 
the metal ion concentration between the kaolinite clay 
/MMs chelators are comparable to the partition coeffi- 
cient value for clay/SDS chelator or kaolinite clay/ 
EDTA chelator equilibrium. However, the calculated 
values of the partition coefficients between the kaolinite 
clay/Poly-L-SULV and kaolinite clay/Poly-L-SULA che- 
lators for Cr were considerably larger than the corre- 
sponding partition coefficient obtained for other kaolinite 
clay-chelator equilibria, suggesting stronger affinity of 
Poly-L-SULV and Poly-L-SULA chelators for Cr ion. 

3.3. Remediation at Different Heavy Metal Ion  
Concentrations 

To evaluate the influence of metal ion concentrations on 
the remediation capability of the chelators, further stud- 
ies were conducted at four different metal ion concentra- 
tions. The concentration study was conducted by spiking 
kaolinite clay with 10 ppm, 40 ppm, 60 ppm, and 80 ppm  
 
Table 4. Partition coefficient of metal ion concentration 
between kaolinite clay and chelators equilibrium. 

Heavy Metal 
Chelator 

Cd Cr Cu Co Ni 

Poly-SULV 1.11 999 1.05 3.33 6.87 

Poly-SULA 1.20 110 0.90 1.74 5.90 

Poly-SUG 1.10 1.67 0.63 1.42 5.62 

SDS 1.38 0.71 32.3 1.30 3.83 

EDTA 1.24 1.10 70.4 1.20 8.00 
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of each metal ion. The remediation procedure and analy- 
sis was then performed for each chelator at the optimum 
condition established in Table 4 as reported earlier in the 
remediation study. In general, the remediation efficiency 
of each chelator at 10 ppm, 40, 60, and 80 ppm follow a 
similar trend obtained for the remediation of metal ions 
at 20 ppm. Interestingly, there was no significant differ- 
ence between the % remediation efficiency calculated for 
chelators at 20 ppm compared to other concentrations. 
Insignificant differences in % remediation efficiencies of 
metal ions observed for the chelators were due to the ef- 
fectiveness of D-optimum experimental design for the 
optimization of experimental conditions to achieve a global 
optimum remediation condition. The optimum condition 
established at 20 ppm of metal ions can therefore be used 
for efficient remediation of metal ions over a wider range 
of concentration. 

4. Conclusion 

In conclusion, the potential utility of molecular micelles 
as chelators for metal ion remediation from kaolinite clay 
was investigated using the D-optimum experimental de- 
sign strategy. In general, the remediation efficiency of 
chelators was found to be dependent on the type of che- 
lator used for the remediation and the chelator concentra- 
tion. In addition, the experimental conditions including 
buffer pH, and centrifuge speed were observed to sig- 
nificantly influence the remediation ability of the chela- 
tor from kaolinite clay. In general, the result of the study 
indicated that molecular micelles have better metal ion 
remediation efficiency than the SDS surfactant and have 
comparable remediation ability with EDTA for most 
metal ions. However, compared with SDS and EDTA, 
MMs notably demonstrated better remediation efficien- 
cies for Cr and Cu ions. Furthermore, the use of D-op- 
timum experimental design employed for the optimiza- 
tion of experimental remediation conditions in this study 
is advantageous, allowing for the establishment of global 
optimum metal ion remediation conditions for chelators 
with fewer experiments, reducing the cost and time of 
analysis. Overall, the use of molecular micelles as poten- 
tial chelators for metal ion remediation is promising. 
Considering several advantages of molecular micelles, 
with further development and more study, MMs can po- 
tentially be used as alternative chelators for metal ion 
remediation in various analytical and environmental 
studies. 
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