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Abstract In this study, Nostoc muscorum, a native cyanobacterial species isolated from a coal
mining site, was employed to remove Cu(Il), Zn(II), Pb(Il) and Cd(II) from aqueous solution
containing these metals in the mixture. In this multicomponent study, carried out as per the
statistically valid Plackett-Burman design of experiments, the results revealed a maximum
removal of both Pb(II) (96.3 %) and Cu(II) (96.42 %) followed by Cd(II) (80.04 %) and Zn(II)
(71.3 %) at the end of the 60-h culture period. Further, the removal of these metals was
attributed to both passive biosorption and accumulation by the actively growing N. muscorum
biomass. Besides, the specific removal rate of these metals by N. muscorum was negatively
correlated to its specific growth rate. For a better understanding of the effect of these metals on
each other’s removal by the cyanobacteria, the results were statistically analyzed in the form of
analysis of variance (ANOVA) and Student’s 7 test. ANOVA of the metal bioremoval revealed
that the main (individual) effect due to the metals was highly significant (P value <0.05) on
each other’s removal. Student’s ¢ test results revealed that both Zn(Il) and Pb(Il) strongly
inhibited both Cu(Il) removal (P value <0.01) and Cd(II) removal (P value <0.02). All these
results not only demonstrated a very good potential of the cyanobacteria in the bioremoval of
these metals but also the effect of individual metals on each other’s removal in the multicom-
ponent system.
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Introduction

Contamination of the surface water is mainly due to the discharge of untreated industrial and
agricultural effluents that ultimately find their way into the receiving water bodies. This raises
a very high probability of heavy metal contamination in surface water that affects all living
organisms by entering the food chain. This is particularly problematic because heavy metals
are enduring and non-biodegradable in nature, and it tends to accumulate in various life forms
[1]. Therefore, there is a constant search for economical, effective and environment-friendly
sequestration technique for removing heavy metals from wastewater, which would ensure their
presence in the environment below permissible limits [2].

Conventional treatment methods include chemical precipitation, ion exchange, electrochem-
ical removal, etc. However, due to ineffectiveness, high costs or secondary sludge generation
associated with these techniques, these methods are not preferred. Hence, there is an increased
focus on the more effective biological methods for heavy metal removal [3]. Particularly, live or
dead biomass of various organisms is increasingly being studied as these are ecologically
sound, effective and technically feasible [4].

Several studies have examined the use of actively growing biomass like bacteria [5],
bacterial consortium [6], fungi [7], etc. for heavy metal removal. However, the need for an
additional organic carbon source severely limits their application potential [8]. On the contrary,
photosynthetic blue green algae (cyanobacteria) require very low nutritional input. These
organisms can also survive under stressed environmental conditions, thus making them ideal
for bioremoval of heavy metals [9]. Extensive interest has been laid on cyanobacteria as they
have been reported to efficiently scavenge heavy metals owing to their large surface area [10, 11].
Their greater mucilage volume as well facilitates more functional groups with high metal-binding
affinity [12].

Pollutants such as heavy metals never occur singly in wastewater; it rather coexists with
other cations and anions. This is important considering that microorganisms are selective in
removing these metals from the mixture, which often results in reduced removal of the other
metals in the mixture. Moreover, there could be a synergistic or antagonistic effect on the
removal of each other’s metals in the mixture depending upon their interaction with microor-
ganisms. Hence, it is of utmost importance that metal removal from multicomponent system be
examined and analyzed in detail. Despite the numerous reports on single metal removal from
aqueous solutions by biosorption and bioaccumulation using cyanobacteria [13, 14], metal
removal from multicomponent system has not seen addresses so far in the literature.

Hence, the current study was aimed at investigating the bioremoval of heavy metals from
multicomponent system by Nostoc muscorum, which has been previously studied for its very
high removal of Cu(Il), Pb(Il), Zn(II) and Cd(IT) from single metal solution [15]. In this
multicomponent study, experiments were planned as per the statistically valid Plackett-Burman
design of experiments to better understand the metal bioremoval from the mixture.

Conventional screening techniques involve varying factor levels while maintaining the
other factors at an unspecified constant level. In these methods, the combined effect of the
factors is generally neglected; moreover, they are time-consuming and require a sufficiently
larger number of experimental runs. These limitations of a conventional method can be
eliminated by screening all the factors collectively encompassing statistical design of exper-
iments and analysis. Plackett-Burman design is an efficient statistical experimental design that
is employed mainly for investigating the individual main effects of factors on a given response
[16]. These designs are highly useful for economically detecting large main effects by
assuming that all interactions are negligible when compared with a few important main effects.
Interpretation of the results is achieved through analysis of variance (ANOVA) and Student’s ¢
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test. In the present study, combination of low and high concentration levels of the four heavy
metals Cu(I), Zn(IT), Pb(IT) and Cd(II) in the mixture was chosen employing the Plackett-
Burman screening design. ANOVA and Student’s ¢ test were then employed for statistical
analysis of the results to understand the significance and effect of these metals on each other’s
removal in the multicomponent system.

Materials and Methods
N. muscorum and Growth Conditions

The cyanobacterium N. muscorum was initially isolated from a heavy metal-contaminated site in
Meghalaya, India [15]. The strain was grown in liquid blue green BG11, media using Erlenmeyer
flasks with alternate light and dark periods of 16 and 8 h, respectively. Temperature and light
intensity for the cyanobacteria growth were maintained at 25-30 °C and 3000-3500 Ix (cool
white light), respectively. Composition of the BG11, medium was (g/L): K;HPO43H,0, 40;
MgSO0,4-7H,0, 75; CaCl,, 36; citric acid, 6; ferric ammonium citrate, 6; EDTA, 1; and Na,CO3, 2.
The medium was supplemented with 1 ml/L trace metal solution containing (g/L) H3BO3, 2.86;
MnCl,-4H,0, 1.81; Na,MoO,42H,0, 0.390; ZnSO47H,0, 0.222; CuSO45H,0, 0.079; and
Co(NO3),"6H,0, 0.0494. The culture was regularly maintained by subculturing and washing
with BG11, medium every 20 days.

Chemicals

All chemicals and reagents used in this study were of analytical grade and were obtained from
either Merck India Ltd. or Himedia India Ltd.

Heavy Metal Removal from Multicomponent System by N. muscorum

A Plackett-Burman design comprising of 12 experimental runs with different combination of
levels of Cu(Il), Zn(Il), Pb(Il) and Cd(II) was employed to study their removal from multi-
component system by N. muscorum (Table S1). The low and high concentration levels of each
of these metals were chosen based on our earlier study [15]. The stock solution (1000 mg/L) of
each of these metals was prepared by dissolving 2.68 g of CuCl,'2H,0, 4.40 g of
ZnS047H20, 2.29 g of CdSO43H,0 and 1.60 g of Pb(NO3), respectively in 1000 ml of
deionized water. These stock solutions were initially diluted with BG11, medium to achieve a
desired concentration of the heavy metals in each experimental run (Table S1). All the
experiments in this multicomponent study were performed using 250 ml Erlenmeyer flask
with 50 ml working volume. Following inoculation, the flasks were incubated at 27 °C
temperature and under ambient light conditions, as mentioned earlier. During the experiment,
2 ml sample was drawn every 12 h for the analyses of residual metal concentration and
biomass. Results were expressed as % metal removal as given in Eq. 1, where C, and C, are
the initial and final metal concentrations in solution (mg/L), respectively.

(Co B Ce)

[§]

% Metalremoval = x 100 (1)

For determining the amount of metals internalized or bioaccumulated by N. muscorum, the
biomass was collected at the end of the experiment by centrifugation at 5000xg for 5 min,
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washed with EDTA and digested using concentrated HNOj3 at 85 °C until the solution turned
colourless [16]. For statistical analysis of the results, the statistical software Minitab (version
16, PA, USA) was used.

Heavy Metal Removal Kinetics

To account for the heavy metal removal by biosorption process, which generally precedes its
bioaccumulation by the cyanobacterium N. muscorum, the removal kinetics of Cu(Il), Zn(II),
Cd(II) and Pb(IT) was examined at the initial concentration of the metals used in the multicompo-
nent system. The concentrations were chosen based on tolerance and removal of these heavy
metals by N. muscorum in our previous single component system study [15]. For studying the
heavy metal removal kinetics by N. muscorum, the metal removal data was fitted to the first- and
second-order kinetic models reported in the literature. The kinetics of metal removal by the actively
growing N. muscorum biomass was also compared with that due to the resting N. muscorum
biomass. One of the earliest and most widely used kinetic equations so far for the sorption of a
solute from liquid solution is Lagergren’s pseudo first-order equation, given as follows:

Kt
2.303 (2)

Log(Q, — 0,) = LogQ, —

where k; is the rate constant of pseudo first-order model (min ') and Qe and Q¢ denote the
amounts of metal ions sorbed at equilibrium and at time ¢ (mg g '), respectively. A plot of log
(Qe—Q¥) versus ¢ will give a straight line to confirm the applicability of this kinetic model. In a
true first-order process, log (Qe) should be equal to the intercept of a plot of log (Qe—Q¥) against ¢.
The pseudo second-order rate expression is used to describe chemisorption involving valency
forces through the sharing or exchange of electrons between the adsorbent and adsorbate as
covalent forces and ion exchange. A pseudo second-order equation is given by the following
form:

t 1 1

Qt 1<2Qe2 * Qet (3)
where k» (g mg ' min™) is the rate constant of the pseudo second-order sorption. A plot of #Q,
versus ¢ should give a linear relationship for second-order kinetics. The values of the first- and
second-order kinetic rate constants (k; and k) and the coefficients of determination (R?) due to
these models were calculated from the corresponding plots of the respectively linearized model
equations.

For correlating the heavy metal removal kinetics by N. muscorum with its growth, the

specific growth rate and specific heavy metal uptake rate by N. muscorum were estimated as
per the following Egs. (4 and 5):

1 dx
- 4
p=sa (4)

1dC
=-= 5
qm Y dt ()

where 1 is the specific growth rate (h™"), gy is the specific metal removal rate (h '), x and C
are the concentrations (mg/L) of biomass and heavy metals (mg/L) corresponding to the time ¢
(h) in the multicomponent system.
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Analytical Methods

For determining the concentration of heavy metals, samples were centrifuged at 4000xg for 5 min,
and the resultant supernatant was analyzed using an Atomic Absorption Spectrophotometer
(AAS) (VARIAN, AA 240, Australia). The range of detection limits of the AAS for the different
heavy metals was: Cu(I) 0.2-2 mg/L, Zn(II) 0.03-2 mg/L, Cd(II) 0.02-3 mg/L and Pb(II) 0.1—
15 mg/L. For the analysis of the cyanobacterial biomass, a gravimetric method, as reported in
our earlier study [15], was followed.

Results
Heavy Metal Removal from Multicomponent System

Figure S1(a—d) shows the removal of Cu(Il), Zn(Il), Pb(I) and Cd(Il) by N. muscorum in the
multicomponent system, which reveals that the metal removal efficiency varied depending
upon the combination level of these metals in the respective mixtures. A maximum removal of
both Pb(Il) (96.3 %) and Cu(Il) (96.42 %) was achieved followed by Cd(II) (80.04 %) and
Zn(Il) (71.3 %) at the end of the 60-h incubation period. The removal of Cu(II), Pb(II) and
Cd(IT) was maximum at a low concentration combination (5 mg/L) of these metals, except for
Cu(Il) which showed a high removal at its high initial level (10 mg/L) in the mixture
(Table S1). Zn(Il) removal, on the contrary, was maximum when all the four heavy metals
were set at their respective low levels (5 mg/L) (Table S1). These results clearly indicate
dependence of metal bioremoval by N. muscorum on the metals and their concentration
combination in the mixture. An overall removal efficiency of more than 70 % for each metal
was achieved in the multicomponent system.

Figure S2 depicts the N. muscorum biomass versus time profile in all the 12
experimental runs. These profiles are similar to the heavy metal removal patterns in the
respective runs. The figure also shows that a maximum biomass amount of 212.5 mg/L
was achieved in the experimental run no. 5, whereas the heavy metal removal results
were better in the experimental runs 3 and 10 compared to those obtained in the other
experimental runs.

The amount of heavy metals internalized or accumulated by N. muscorum biomass was
analyzed in all the experimental runs following the 72-h contact period and is shown in
Fig. 1. It can be clearly seen that bioaccumulation of the different heavy metals in the
different experimental runs was similar to that of their total removal pattern. Maximum
internalization was observed in the experimental run 3 in the case of Pb(I) (1.19 mg/g of
biomass). The Pb(Il) accumulation value is also higher than the other three metals in the
multicomponent system.

Heavy Metal Removal Kinetics and Its Modelling

Figure S1 shows that a maximum removal of the metals in the mixture took place within the
first 24-30 h. Although some variation in percentage removal of the heavy metals was
observed, the pattern of heavy metal removal by N. muscorum is observed to be initial and
quick biosorption followed by their bioaccumulation. For a better understanding of the heavy
metal sorption kinetics by N. muscorum, the experimental results were fitted to two kinetic
models found in the literature, i.e. Lagregen’s first-order and Ho’s second-order kinetics [17].
The values of the estimated kinetic model parameters and the coefficient of determination (R?)
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Fig. 1 Accumulation of heavy metals by N. muscorum in the multicomponent system

due to these models, obtained using both actively growing and resting biomass of
N. muscorum, are presented in Table 1. These results reveal that, in general, the heavy metal
removal by N. muscorum followed the pseudo second-order kinetics more accurately than
the pseudo first-order kinetics (Table 1), which is in agreement with the literature [12,
13]. Further, the pseudo second-order kinetic constant (K,) values were found highest for
Pb(Il) at both 5 and 10 mg/L initial concentrations in the multicomponent system.
Furthermore, the values were slightly lower than those obtained using the actively
growing cells (Table 1). These results, therefore, indicate that passive biosorption and
active bioaccumulation by living cells of N. muscorum were involved in the heavy metal
removal process. Moreover, the value of ¢,, which is the amount of metal ions removed
per unit weight of the biomass, indicates a good removal of Pb(Il) and Zn(Il) by
N. muscorum. The removal efficiency of these metals is also high for their low initial
concentration as revealed by the value of the estimated pseudo second-order kinetic
parameters (Table 1).

The removal of the four heavy metals by N. muscorum was correlated to its biomass growth
in the multicomponent system by comparing the estimated specific growth rate and specific
metal removal rate in the different experimental runs, as shown in Fig. 2. A maximum specific
growth rate of 0.0134 h™' was observed in the experimental run no. 7, which also showed the
least specific removal rate value of all the metals in the multicomponent system (Fig. 2).
Furthermore, the N. muscorum-specific growth rate decreased with an increase in the specific
metal removal rate, particularly due to that of Cu(Il) (experimental run nos. 1, 3 and 10 in
Fig. 2). Thus, it could be posited that uptake of these metals in the multicomponent system
delayed the N. muscorum biomass growth [13].
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Table 1 Estimated kinetic model parameters of heavy metal removal by N. muscorum

Cu(Il) Zn(ID) Pb(I) Cd(I)

S5mg/L 10mg/L 5mg/l 10mgL 5mgLl 10mgL 5mgL 10 mgL

Actively growing biomass
Pseudo first-order

K, (min™") 0.0010  0.0006  0.0009 0.0007  0.0005 0.0004  0.0008 0.0005
0.(mgg) 04356 0.1861  1.1247 0.0208 09309 0.5608  0.6608 0.3372
R 0.8991 09648  0.9522 0.9474  0.8968 0.8019  0.9064 0.9246

Pseudo second-order
K> (gmg 'min") 1.4351 09236 09913 1.1747 1.896 1.1767 1.5831 1.3489
0. (mgg™h 0.0155 0.2881 0.0169 0.0188 0.0308  0.0399 0.0117  0.0355
R? 0.9498  0.9843 0.9383  0.8831 0.9309 0.9333 0.9565 0.9754
Resting biomass
Pseudo first-order

K (min ") 0.0021 0.0012  0.0022 0.00218 0.0014 0.0009  0.0018 0.0012
0. (mgg™ 1.5302  2.0204  2.2279  2.1509 2.3441  3.0639 22748 3.0438
R 0.926 0.8272  0.7948  0.8945 0.8368 0.8752  0.8984 0.7878

Pseudo second-order
K, (gmg 'min") 12484 14815  0.8483 0.9521 0.6751 0.6026  0.5704 0.6847
0. (mgg™h 0.0019  0.0069  0.0015 0.0011 0.0066 0.0108  0.0076  0.0032
R? 0.9737 0.9457  0.9208 0.9318  0.9613 0.9448  0.9549 0.9792

Statistical Analysis

For a better understanding and evaluation of the relative significance of each heavy metal in
the multicomponent system, the metal removal results were analyzed statistically in the form
of analysis of variance (ANOVA) and Student’s ¢ test. Table 2 presents ANOVA of metal
removal in the multicomponent system in which a high Fisher’s /" value and a low probability
P value of the regression model indicate its accuracy in explaining the variations in the results.
The values of the statistical parameters, namely Fisher’s P, S, R* and adjusted R?, collectively

0.16 - - 0.016

0.14 0.014

0.12 >K>K>K>K X o012 #g-Cu(ll)
0.1 >K>K S 0.01 ~ | wg-Pb(I)
= >K <
= 0.08 >K X o 08% | Eq-zndl)
¥ 0.06 0.006 Eq-Cd(D)

0.04 - 0.004 Xu

0.02 “h ““ ““h& 0.002

o o ol o Bl W,

2 3 45 6 78 9101112
Experimental run no.

Fig. 2 Estimated specific heavy metal removal rate and N. muscorum biomass-specific growth rate values in the
different experimental runs obtained using data shown in Figs. S1 and S2, respectively

@ Springer



3870 Appl Biochem Biotechnol (2015) 175:3863-3874

describe if the level means are significantly different from each other or not. These parameter
values also indicate goodness of fit of the regression model used to describe the experimental
results [17, 18]. The parameter S is known as both the standard error of the regression model
and the standard error of the estimate. It is expressed in the same units as that of the response
variable and represents the standard distance between the experimental and the model predict-
ed values. Thus, a lower value of S indicates a better accuracy of the model in predicting the
experimental data. On the other hand, R* and adjusted R describe the amount of variation in
the observed response values that is explained by the predictors. Thus, a minimum S value and
a maximum R value indicate an accurate prediction ability of the model.

Accuracy and precision of the models, in the form of determination coefficient (R?),
adjusted R?, standard deviation (S) and predicted residual error sum of squares (PRESS),
shown in Table 2, also suggest that the models were highly efficient in predicting the
experimental results. Further, the results suggest that the individual effect of these metals on
each other’s removal in the multicomponent system was statistically significant (Table 2).

To further understand which of the individual heavy metals in the multicomponent system
played a significant role on their removal, Student’s ¢ test was performed, which is used as a
tool to check the significance of the regression coefficient of the parameters. The estimated
coefficients of individual effect of these metals are presented in Table S2 in which the
associated ¢ and P values were used to indicate their significance. Thus, Pb(I) exhibits a
highly significant negative effect with a P value less than 0.01 on its own removal (Table S2).
Zn(I) also showed a significant inhibitory effect on its own removal in the mixture, which was
smaller than the effect due to Pb(Il) (P<0.001). Similarly, in the case of Cu(Il) removal, the
influence due to Zn(Il) and Pb(Il) was strong, with P values less than 0.01 each (Table S2).
Both Zn(Il) and Pb(II) again showed significant negative effect on Cd(II) removal with a
P value of <0.02 each. All these observations on the effect of different heavy metals on
each other’s removal in the multicomponent system are better depicted in the form of
Pareto charts, as illustrated in Fig. 3a—d. Horizontal bars in these charts represent the
effects due to the individual metals, and the effects which extend past the reference line
(vertical line on the chart) denote the significant ones («=0.05). Overall, it can be seen
that an increase in Pb(I) and Zn(II) concentration level in the mixture inhibited not only their
own removal by N. muscorum but also the removal of other metals in the multicomponent
system, except in the case of Pb(II) removal, for which no significant inhibitory effect due to
Zn(1T) was observed.

Discussion

Mechanism of metal removal in a multicomponent system is complex and unique which
depends on the concentration combination of the metals as well as the uptake capacity of the
microbial strain involved in the process. Therefore, single component study involving these
same metals and microorganism cannot predict for their removal in the multicomponent
system [6] which aptly correlates in the current study.

In the removal of heavy metals by living cells, different factors, such as metals, their
concentration and the type of organism involved, play a critical role [19-22]. The metal
removal by N. muscorum in this study involves initially quick sorption onto the cell surface
followed by a successive slow uptake of the metals inside the cells (Fig. S1). Thus, both
biosorption and bioaccumulation seem to play a role on metal bioremoval by N. muscorum
[22, 23]. However, uptake of the metals depended upon their concentration combination in the
mixture (Table S1), and the order of removal of metals is observed to be: Pb(Il)>Cu(I)>
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Table 2 Analysis of variance of heavy metal removal by N. muscorum in the multicomponent system

Source DF SS Adj MS Fisher (F) value P value

Cu(I1y*
Main effects 4 2325.71 581.43 11.43 0.003
Cu 1 33.57 33.57 0.66 0.443
Zn 1 1115.35 1115.35 21.92 0.002
Pb 1 1168.41 1168.41 22.96 0.002
Cd 1 8.38 8.38 0.16 0.697
Residual Error 7 356.23 50.89
Total 11 2681.94

Zn(ID)°
Main effects 4 792.474 198.119 15.69 0.001
Cu 1 68.445 68.445 5.42 0.053
Zn 1 116.071 116.071 9.19 0.019
Pb 1 606.469 606.469 48.02 0.000
Cd 1 1.489 1.489 0.12 0.741
Residual error 7 88.406 12.629
Total 11 880.880

Pb(ID)°
Main effects 4 590.90 147.72 8.66 0.008
Cu 1 52.06 52.06 3.05 0.124
Zn 1 12.45 12.45 0.73 0.421
Pb 1 475.46 475.46 27.87 0.001
Cd 1 50.92 50.92 2.99 0.128
Residual error 7 119.41 17.06
Total 11 710.30

cddn?
Main effects 4 803.06 200.765 5.48 0.025
Cu 1 2.56 2.561 0.07 0.799
Zn 1 367.59 367.590 10.03 0.016
Pb 1 431.95 431.952 11.79 0.011
Cd 1 0.95 0.954 0.03 0.876
Residual error 7 256.46 36.637
Total 11 1059.52

(8$=7.13370, PRESS=1046.87, R> =86.72 %, R* (adj)=79.13 %)
©($=3.55379, PRESS=259.805, R* =89.96 %, R* (adj)=84.23 %))
©(S=4.13015, PRESS=350.910, R* =83.19 %, R* (adj)=73.58 %)
4(8=6.05287, PRESS=753.680, R* =75.79 %, R* (adj)=61.96 %)

Cd(D)>Zn(II). Pb(Il) showed better removal compared with the other three metals in this
mixture study. In addition, its removal was unaffected due to the presence of the other metals
(Table S2 and Fig. 2). A similar high removal efficiency of Pb(II) compared with other metals
was observed in our previous single component study [15]. On the contrary, Pb(I) showed a
strong negative effect on the removal of all other metals in the mixture (Table S2 and Fig. 2).
This could be explained based on its strong interaction with surface functional groups on the
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Fig. 3 Pareto chart showing the effect of different heavy metals on each other’s removal by N. muscorum in the
multicomponent system: a Cu(Il) removal, b Zn(II) removal, ¢ Pb(II) removal and d Cd(II) removal (vertical line
shows significance cutoff at P value less than 0.05)

biomass compared with the interaction due to other metals in the mixture. The presence
of more non-specific binding sites for Pb(Il) on N. muscorum cell surface can also be
attributed to its negative effect on the removal of other metals in the multicomponent
system. Hydrated ionic radius of metals is another important parameter to consider for its
binding as the smaller the hydrated radius, the higher is the affinity of its binding. It has
been reported that Pb(Il) has the smallest radius among the four metals examined in this
study, which is 4.01 A compared with 6.0, 4.19 and 4.26 A of Zn(Il), Cu(Il) and Cd(ID),
respectively [24]. Besides, stereochemical hindrance, difference in metal class behaviour,
etc. can be attributed to the negative effect of Pb(I) on the removal of other metals in the
mixture [25].

The metal sorption kinetics followed the pseudo second-order kinetic model (Table 1),
suggesting that the initial metal sorption by N. muscorum is reaction controlled, involving
chemisorption, i.e. binding of heavy metals to surface functional group on N. muscorum [26].
The estimated model parameter value of Q,, which is the amount of metal ions removed per
unit weight of the biomass, indicated a high removal of these metals by N. muscorum. The
estimated kinetic parameters of heavy metal removal using both actively growing and resting
biomass of N. muscorum (Table 1) indicated that both passive biosorption and active bioac-
cumulation by living cells of N. muscorum were involved in the heavy metal removal process.
Thus, it could be well said that N. muscorum is highly efficient in the removal of metals,
particularly Pb(II) and Cu(II), from constituent wastewater.
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Conclusions

Among the different heavy metals examined for their bioremoval by N. muscorum in this
multicomponent study, Pb(Il) was removed with a high efficiency followed by Cu(II), Cd(II)
and Zn(II). Pb(Il) also showed a strong inhibitory effect on the removal of other metals by
N. muscorum, which was attributed to its small hydrated ionic radius compared with these
metals. Analysis of the metal removal data showed that the initial quick sorption onto
N. muscorum followed the chemisorption-based pseudo second-order kinetics. The estimated
sorption capacity values obtained for all these metals proved a very good potential of the
cyanbocaterial biomass for their removal from contaminated wastewater.
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