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Abstract

The removal of Ni2+ and Cd?2+ ions by Eupenicillium ludwigii biomass was studied in a batch system.
The optimum pH for the biosorption was 6 for Niz* and 5 for Cd?*. Temperature changes in the
range from 15°C to 40°C affected the biosorption capacity, and the nature of the reaction was found
to be endothermic for both metal ions. HCl was the best desorbing agent for the desorption of both
metals. Chemical modifications of the biomass demonstrated that carboxyl and amine groups
played an important role in Ni2* and Cd?* biosorption. Ion exchange mechanism was also sug-
gested in the biosorption process.
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1. Introduction

Heavy metals pose a significant threat to the environment and public health because of their toxicity, accumula-
tion in the food chain, and persistence in nature [1]. Nickel (Ni) and cadmium (Cd) are of major concern because
of their higher usage in developing countries and potential pollution impact. These metals are released into the
environment by many processes such as electroplating, metal finishing, mining, leather tanning, wood preserva-
tion, pulp processing, steel manufacturing, and so on [1] [2]. The exposure to Ni and Cd leads to adverse health
effects to human, so their removal from industrial effluents is an extremely significant step in the protection of
the environment and human health. Conventional methods for removing heavy metals from polluted effluents
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are ineffective or extremely expensive especially when the metals in solution are in the range of 1 - 100 mg-L ™,
and often restricted because of secondary problems with metal-bearing sludge, which are extremely difficult to
be disposed [1] [3] [4]. The ability of inactive, dead microbial biomasses to remove metal ions has received con-
siderable attention for the development of an efficient, clean, and cheap technology for wastewater treatment at
metal concentrations as low as 1 mg-L™* [5]. This technology is called biosorption, which is an innovative,
eco-friendly, and low cost effective method for the removal of toxic heavy metals from wastewaters. Among bi-
ological materials, fungal biomasses are widely used in biosorption technology, as they are able to remove
heavy metals from aqueous solutions in substantial quantities, abundantly available from industrial fermenta-
tions, and they show biosorption efficiency and affinity for more metal ions [6]. The potential of fungi for bio-
sorption of heavy metals from aqueous solutions is well documented [7]-[9]. In general, the fungal cell wall has
many potential binding sites, including amino, carboxyl, phosphate, sulfhydryl, and other functional groups [10].
The aim of the present study is to determine the potential of the dead biomass of Eupenicillium ludwigii (Eup.
ludwigii) to remove Ni** and Cd* ions in a batch mode and the function of many environmental factors such as
pH, time contact, initial metal ions concentration, temperature, biomass dose, and shaking rate. The effect of
pretreatment on biosorption capacity of the biomass is also investigated.

2. Materials and Methods
2.1. Fungus and Growth Conditions

Fungal isolate (Eup. ludwigii) was isolated from a soil located in Shebein El-koom, Menoufia Governorate,
Egypt, and identified by Regional Center for Mycology and Biotechnology (Al-Azhar University, Cairo, Egypt).
The medium used for the growth of fungus was Potato Dextrose (PD) medium (Oxoid, England). For production
of the biomass, the fungus was cultivated on a rotary shaker (Jeio Tech SI-900 R, Korea) at 125 rpm and 28°C
for 3 days in 500 ml Erlenmeyer flask containing 250 ml of PD medium.

2.2. Preparation of Fungal Biomass for Biosorption Studies

After 3 days of growth, the fungal biomass was harvested using a plastic sieve, followed by washing with ge-
nerous amounts of double distilled water (ddH,O) to remove residual growth medium, and drained to remove
excess water by gentle pressing through Whatman filter paper No. 1. This biomass will be referred to as un-
treated biomass.

2.3. NaOH Treatment

According to Gharieb et al. [9] with some modifications, NaOH treatment was performed by boiling viable fun-
gal biomass in 0.5 N NaOH (1:10, w/v) for 15 min. The resulting biomass was washed extensively with ddH,O
until the pH of the washing solution was close to neutral range (6.8 - 7.2). This biomass will be referred to as
treated biomass. Both untreated and NaOH-treated biomasses were dried in an oven for 24 h at 60°C. Then,
dried biomasses were powdered in a mortar with a pestle, sieved through a sieve with 125 pm openings, and
stored in a desiccator for future use.

2.4. Preparation of Metal Solution

All chemicals used in the present study were of analytical grade. Stock metal solutions of Ni** and Cd** (1000
mg-L ™) were prepared separately by dissolving NiSO,.6H,0 and 3CdSO,-8H,0, respectively in ddH,O. For
experiments with various metal concentrations, the stock solutions were diluted further with ddH,O. The pH
value of each test metal solution was adjusted to desirable value with 0.1 M HCI or 0.1 M NaOH.

2.5. Biosorption Experiments

The biosorption of Ni** and Cd** from aqueous solutions were carried out in batch systems. 0.04 g of dried fun-
gal biomass (untreated or NaOH-treated) was added to 100 ml Erlenmeyer flasks containing 20 ml metal solu-
tion with concentration of 50 mg-L*, and agitated in an orbital shaker (Jeio Tech SI-900 R, Korea) for 120 min
at 125 rpm and 25°C. The effect of initial pH (1 - 8), time contact (15 - 120 min), initial metal ion concentration
(50 - 400 mg-L ), temperature (15 - 40°C), biomass dose (0.5 - 5 g-L ™), and shaking rate (0 - 200 rpm) on the
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metals biosorption were studied. After the end of each experiment, the mixtures were centrifuged (for 5 min at
10000 rpm) and metal ion concentrations in the supernatant were determined. All biosorption experiments were
done in triplicate and the mean values were reported. The amount of adsorbed metal ions is estimated as the
amount of metal (mg) per unit of biomass dry weight (g) using the following equation:
v(c -c)
— 7 1
q v 1)
where V is the volume of metal solution (L), C; is the initial metal concentration (mg-L ™), C; is the final/residual
concentration (mg-L ™) and M is the amount of biomass (g). The percent biosorption of metal ion was calculated
as follows:

C -C
Biosorption (%) =[ IC fjxloo 2

2.6. Desorption and Reuse of the Biosorbent

Following the metal biosorption experiments, metal-loaded biomasses were separated by centrifugation, washed,
and contacted with 20 ml of various elutants (at solid/liquid ratio 0.1 g 20 ml™%) for 20 min on an orbital rotary
shaker set at 125 rpm at 25°C + 1°C. The elutants used were 0.1 M HCI, 0.1 M CaCl,, 0.1 M Na,CO3, 0.1 M
EDTA, and ddH,0. The biomass was separated from elutants by filtering the reaction mixture through 0.45 um
filter paper and the filtrate was analyzed for metal concentration to investigate the desorption efficiency. The
desorption efficiency was calculated from the amount of metal ions adsorbed on the biomass and the final metal
ion concentration in the biosorption medium using the following equation:

©)

Desorption efficiency (%) = (amount of metal ions desorbedj 0

amount of metal ions adsorbed

For the regeneration of biomass eluted using the most efficient elutant, a generous amount of ddH,O was used
to rinse the regenerated biomass till pH in the solution reached the range of 6.8 to 7.2. Then, biomasses were
dried at 60°C for 48 h, and then re-suspended in metal containing solutions for the next biosorption cycle and
this biosorption-desorption cycle was repeated five times.

2.7. Study of Mechanisms Involved in Biosorption

2.7.1. Chemical Modification of the Biomass
Chemical modifications of the fungal biomass were performed to determine which functional group/groups on
the fungal biomass may be involved in binding of Ni** and Cd®* ions. These modifications include:

i. Esterification of the carboxylic groups

According to Drake et al. [11], 2 g of dried NaOH-treated biomass was added to 130 ml of methanol with 1.2
ml of HCI added to the suspension. The mixture was shaken on an orbital rotary shaker for 6 h at 125 rpm. The
treatment of biomass with methanol results in esterification of carboxylic acids present on the cell wall of bio-
mass and the reaction occurs as follows:

RCOOH + CH,OH—""RCOOCH, +H,0

where R denotes the organic network of biomass molecules. Because of the esterification, metal binding capaci-
ty of carboxyl groups will be reduced. The biomass residue obtained was referred as chemical modification 1
(CM1).

ii. Methylation of amino groups

According to Loudon, [12], 2 g of dried NaOH-treated biomass was contacted with 40 ml of formaldehyde
(HCHO) and 80 ml of formic acid (HCOOH). The mixture was also shaken at 125 rpm for 6 h and the resulting
reaction takes place as follows:

RCH,NH, —*“0H%1 5 RCH,N(CH;, ), + CO, +H,0

Because of the methylation of amino groups, their participation in metal biosorption is expected to be inhi-
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bited, resulting in the reduction in metal biosorption capacity on residual biomass. The obtained biomass residue
was referred to as chemical modification 2 (CM2).

iii. Esterification of the phosphate groups

According to Tobin et al. [13], 2 g of dried NaOH-treated biomass was heated under reflux and stirring condi-
tions with 80 ml of triethylphosphite and 60 ml of nitromethane for 6 h. The obtained biomass residue was re-
ferred to as chemical modification 3 (CM3).

iv. Extraction of Lipids

According to Tobin et al. [13], 2 g of dried NaOH-treated biomass was heated separately with 150 ml of ace-
tone and benzene under reflux and stirring conditions. The treatment will extract the lipid fraction from the bio-
mass. The obtained biomass residues were referred to as chemical modifications 4 (CM4) and 5 (CM5).

After chemical modification, all biomass samples were washed with ddH,O, dried at 60°C for 48 h, and stored
until use.

2.7.2.1on Exchange Study

This experiment was carried out to evaluate the involvement of ion exchange process in Ni** and Cd?* biosorp-
tion. In this experiment, 0.04 g of NaOH-treated biomass was adequately added into 20 ml of metal solutions
containing 50 mg-L* with desired pH. After being shaken at 125 rpm and 25°C * 1°C for 2 h, the reaction mix-
tures were centrifuged and the supernatants were measured for metal concentrations. Release of Na*, K*, Ca**,
and Mg®* from biomass as a result of biosorption of metal ions was studied. Appropriate control samples with-
out metal ions added into ddH,O were set up to compare the release of monovalent and divalent ions from pre-
treated biomass in ddH,O. All experiments were conducted three times and the mean values were reported.

2.8. Analysis of Metal Ions

The concentrations of Ni**, Cd**, Ca®*, and Mg®* ions in the supernatant of biosorption medium were deter-
mined by using an atomic absorption spectrophotometer (AAS) (Unicam 929, Philips Company, UK) with an
air-acetylene flame. The instrument calibration was checked periodically by using standard metal solutions. The
concentrations of Na" and K* ions in each sample filtrate from the experiments for ion exchange study were de-
termined by using a flame photometer (JENWAY, UK) with reference to appropriate standard solutions.

2.9. Biosorption Isotherms

Several mathematical models have been developed to quantitatively express the relationship between the extent
of adsorption and the residual solute concentration. The most widely used models are the Langmuir and Freun-
dlich adsorption isotherm models [14]. To determine the adsorptive capacity of Eup. ludwigii for Ni** and Cd*
ions, the initial metal concentration varied from 50 - 400 mg-L*; while the biosorbent was constant at 0.04 g 20
ml™*. A Langmuir isotherm was then obtained by plotting the values of biosorption capacity (q) versus the resi-
dual metal concentration (Cy) in solution. The classical Langmuir equation is given as follows [15]:

qmax bCf

= 4
1+bC, @

Qe
where,
0. = metal adsorbed on the biosorbent (mg-g ) at equilibrium;
Omax = Maximum possible amount of metal adsorbed per unit weight of biosorbent;
C; = residual concentration of metal (mg-L ) in the solution;
b = equilibrium constant related to the affinity of the binding sites for the metals.
Equation (4) can be linearized as follows:

1 1 1 1
q—[qb]ﬂc—”q—] ©

When 1/q. is plotted against 1/C;, a straight line with slope 1/gqax b is obtained and the intercept is corres-
ponding to 1/qmax. AlS0, gmax and b were determined. The classical Freundlich equation is given as follows [15]:
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q. =K C; (6)

where,
g. = metal adsorbed on the biosorbent (mg-g ) at equilibrium;
C; = residual concentration of metal (mg-L ") in the solution;
Kt = an empirical constant that provides an indication of the intensity of adsorption;
n = Freundlich adsorption constant.
This equation can be linearized by taking natural logarithm of both sides of the equation, which can be given

as follows:

logq, =(1/n)logC; +log K, @)
when the values of log Cs are plotted against the values of log ge, the adsorption constants (K; and n) were ob-
tained.

2.10. Statistical Analysis

The values presented in the study were means of three replicates and expressed as means * standard error (SE).
Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS) 9.05 for Windows
where it was possible to evaluate whether the effect and the interaction among the investigated factors were sig-
nificant with respect to the standard error.

3. Results and Discussion
3.1. NaOH Treatment

In order to generate anionic sites without significant modification of the fungal cell wall structure, the biomass
of Eup. ludwigii was treated with NaOH. Figure 1 shows the metal biosorption values obtained by untreated and
NaOH-treated biomasses. As seen in Figure 1, the treatment of Eup. ludwigii with NaOH significantly enhanced
the biosorption capacity from 5.24 + 0.19 to 12.11 + 0.28 mg-g * for Ni** and from 13.34 + 0.31 to 22.15 + 0.39
mg-g ! for Cd**. An enhanced biosorption capacity as a result of NaOH treatment was also observed by many
researchers [9] [16]-[20]. Opposite result was reported by Li and Yuan [21]. They found that pretreatment with
NaOH decreased the cadmium biosorption by Rhodotorula sp. Y11. Enhancement of biosorption capacity after
NaOH treatment may be due to the exposing of active metal-binding sites embedded in the cell wall and causing
availability of more anionic sites [17]. Also, alkaline treatment can activate the hydroxyl groups in fungal myce-
lium and therefore the epichlorohydrin will be easily introduced [22].
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Figure 1. Ni** and Cd?* biosorption (mg'g 1) by NaOH-treated and un-
treated biomasses of Eup. ludwigii. The data are the mean values of 3 rep-
licates, and the bars indicate the standard error of the mean.
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3.2. Effect of pH on Metal Biosorption

pH of the aqueous solution plays a vital role in the biosorption process, because it affects the chemistry of met-
als, and the surface charge and ionization of the functional groups on the fungal cell wall during reaction [23].
The effect of pH solution on Ni?* and Cd* ions biosorption was carried out in the range of pH 1 - 8 at 50 mg-L™*
of metal ions concentration. From the results illustrated in Figure 2, it was found that the biosorption capacities
of Ni?* and Cd** ions were lower at low pH and started to increase as the pH solution increased. The optimum
pH values for Ni** and Cd?* biosorption were 6 and 5, at which the Ni?* and Cd** biosorption values were 12.50
+0.68 and 21.97 + 0.64 mg-g *, respectively. This is in agreement with the character of metal cations biosorp-
tion. Successful biosorption of base metal cations usually takes place in the range of pH 3 - 7 and is extremely
pH dependent [24]. An increase or decrease in the pH from these optimum pH values resulted in a reduction in
the biosorption of these metal ions. At low pH values, protons in solution compete effectively with metals in
binding to functional groups. pH effect may be further explained in relation to the competition effect between
the hydronium ions (H;0") and metal ions [25]. As initial pH increases, the active sites are being deprotonated
and strengthened the charge attraction, thus leading to significant increase in Ni** and Cd** biosorption. The de-
crease in biosorption of Ni** and Cd®* ions above pH 6 is due to precipitation of both metals as insoluble hy-
droxides or hydrated oxides [22] [26] [27].

3.3. Effect of Contact Time

The effect of contact time (15 to 120 min) on the equilibrium uptake of Ni?* or Cd** ions onto Eup. ludwigii for
an initial metal ion concentration of 50 mg-L™" is shown in Figure 3. The biosorption capacity increased with
increasing contact time and a large amount of metal ions was removed in the first 30 min. Equilibrium was
reached in 45 and 75 min for Ni** and Cd**, where the biosorption values reached 12.04 + 0.71 and 22.23 + 0.58
mg-g *, respectively. After these equilibrium periods, either in Ni** or Cd** biosorption, the amount of adsorbed
metal ions was not significantly changed with contact time. This rapid initial uptake was similar to the previous
reports on the biosorption of these metals by different biosorbents. Akar and Tunali [28] observed that Cd**
biosorption by Botrytis cinerea was fast and equilibrium was reached in 60 min. A contact time of 120 min was
required to reach equilibrium in the biosorption of Cd** by Rhizopus cohnii [29]. Pahlavanzadeh et al. [1] noted
that approximately 60% of Ni** ions were removed by the brown algae (Cystoseria indica, Nizmuddinia zanar-
dini, Sargassum glaucescens, and Padina australis) in the first 20 min of contact, and equilibrium was reached

25
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15 A

q(mgg™)

10 1

Figure 2. Ni?* and Cd*" biosorption (mg-g *) by NaOH-treated Eup. ludwigii at different pH values.
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in a contact time of 120 min. This observed rapid biosorption of metals is among desirable parameters for suc-
cessful deployment of the biosorbents for practical application [30].

3.4. Effect of Initial Metal Ion Concentration

The initial metal ion concentration remarkably influenced the equilibrium metal uptake and biosorption yield.
The effect of initial metal (Ni** and Cd?*) ion concentration was investigated in the range of 50 - 400 mg-L™*
under the determined optimum pH values and contact time. From the results presented in Figure 4, it was noted

30
O—Ni o Cd
25
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| : 60 " 120
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Figure 3. Ni?* and Cd*" biosorption (mg-g %) by NaOH-treated Eup. ludwigii at different time intervals (min).
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Figure 4. Ni?* and Cd?" biosorption (mg'g %) by NaOH-treated Eup. ludwigii at different metal concentra-

tions (mg'LY).
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that initial concentration increased the sorption of Ni** and Cd** ions, and then reached a saturation values at
about 200 mg-L * for Ni?* and 300 mg-L* for Cd**. At these concentrations, the biosorbed Ni?* and Cd** reached
26.23 +0.61 and 53.37 + 0.84 mg-g *, respectively. Then the values did not significantly change with the initial
metal ion concentration. This increase in uptake capacity of both metals with increasing initial metals concentra-
tion is due to higher availability of metal ions for the sorption. Moreover, higher initial concentration provides
increased driving force to overcome mass transfer resistance between the biosorbent and biosorption medium
[31].

3.5. Effect of Temperature

The effects of temperature on biosorption of Ni** and Cd®* onto Eup. ludwigii were carried out by varying a se-
ries of temperature from 15°C to 40°C. From the results presented in Figure 5, it was shown that the uptake
amount of both metal ions increased with increasing temperature. So, the biosorption capacity increased from
3.67 £0.23 to 12.89 + 0.21 mg-g * for Ni** and from 9.44 + 0.27 to 23.72 + 0.45 mg-g * for Cd** as the temper-
ature increased from 15 to 40°C. Similar results were reported on biosorption of Cd** onto Pycnoporus sangui-
neus [32], Ni** onto some brown algae [1], and Pb*" onto Candida albicans [33]. The increase in the biosorption
capacity with the increase in temperature indicates that the biosorption of Ni** and Cd** onto Eup. ludwigii was
controlled by an endothermic process. This effect may be due to the fact that at higher temperatures an increase
in active sites occurs due to bond rupture [1]. Opposite result was reported by Anayurt et al. [34] in the study on
the biosorption of Pb®* and Cd** by the fungus Lactarius scrobiculatus. They found that biosorption decreased
from 98% to 90% for Pb** and from 95% to 88% for Cd** as temperature was increased from 20°C to 50°C.

3.6. Effect of Biomass Dose

To get the optimal biomass dose in Ni?* and Cd** biosorption, different amounts (0.5 - 5 g-L™") of fungal bio-
mass were used. As can be seen from Figure 6, with the dose of biomass increasing, the metal uptake of Ni**
and Cd?* ions per unit mass of biomass (mg-g ') was decreased. The biosorbed metal decreased from 38.22 +
0.85 t0 6.87 + 0.21 mg-g * for Ni** and from 45.62 + 0.78 to 9.83 + 0.35 mg-g * for Cd** due to the increase in
the fungal biomass from 0.5 to 5 g-L ™", respectively. This is expected because as the dose of biomass increased,
there was increase in the available exchangeable sites for Ni** and Cd*" ions. The maximum biosorption effi-
ciencies reached 68.66% and 98.32% for Ni** and Cd**, respectively, at biomass weight 5 g-L "%, Reduction in
biomass dose in the biosorption medium at a given metal concentration enhanced the metal/biosorbent ratio and
thus increased the metal uptake per unit weight of biosorbent as long as the later is not saturated [34] [35].

30

—O—Ni —e-Cd

25 A

20 A

q(mgg™)

10 4

0 5 10 15 20 25 30 35 40 45
Temperature (°C)

Figure 5. Ni?* and Cd*" biosorption (mg-g %) by NaOH-treated Eup. ludwigii at different temperatures (°C).
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Figure 6. Ni?* and Cd?" biosorption (mg-g™) by NaOH-treated Eup. ludwigii at different biomass doses
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3.7. Effect of Shaking Rate

In order to determine the optimal shaking rate, the biosorption of Ni** and Cd?* ions by Eup. ludwigii was eva-
luated by varying the shaking rate of the biosorption media from 0 (without shaking) to 200. Figure 7 illustrates
the effect of shaking rate (rpm) versus the amount of metal biosorbed (mg-g ™) of Ni?* and Cd** ions. Control
units at O rpm (no agitation) exhibited very low Ni** and Cd*" uptake. At this shaking rate, the biosorbed Ni**
and Cd** reached 2.45 + 0.12 and 7.97 + 0.24 mg-g *, respectively. As shaking rate increased, the biosorption of
Ni?" and Cd*" ions increased, and optimal values of biosorption were obtained for shaking rate of 150 and 100
rpm for Ni?* and Cd?* ions, respectively, and the biosorbed Ni** and Cd®* were 13.34 + 0.31 and 23.86 + 0.64
mg-g ', at the same order. Nearly, similar results were observed by Tun-Guo et al. [36] in the biosorption of
Cd*" by Aspergillus niger. They found that the optimal shaking rate was 120 rpm. The optimal values of Pb?*
and Co®" biosorption capacity by Rhizopus oryzae were obtained at shaking rate of 150 rpm [9]. Opposite result
was reported by Selatnia et al. [37] for biosorption of Ni** by a bacterial dead Streptomyces rimosus biomass.
They found that the optimum shaking rate for biosorption of this metal is 250 rpm. The lower metal uptake of
both metals at higher shaking rates is attributed to non-homogeneity of the biosorption mixtures caused by vor-
tex phenomenon [38], making the biosorption of Ni?* and Cd?" ions difficult.

3.8. Desorption and Reuse of the Biosorbent

The reusability and metal recovery efficiency of the biosorbent is likely to be a key factor in accessing the po-
tential of the biosorbent for commercial application. As they are common elutants used by many researchers, 0.1
M HCI, 0.1 M CaCl,, Na,CO3, EDTA, and ddH,O were used to identify a suitable elutant agent. Table 1 shows
the percentage of Ni** and Cd?®* ions released from fungal biomass after treatment with different elutants. From
the results, it is evident that the desorption efficiencies of Ni** and Cd®* ions were more than 96% after eluting
with 0.1 M HCI, and so that HCI is the most efficient elutant to be used in the biosorption-desorption cyclic stu-
dies. HCI has been found to be an effective elutant for desorption of Ni** from Penicillium chrysogenum [22]
and baker’s yeast [39], and Pb?* and Cd** from macro-fungus Lactarius scrobiculatus [34]. On the other hand,
elution of Ni** and Cd*" ions by ddH,O exhibited negligible desorption capability and the desorption efficiency
values do not exceed 3% for both metals, indicating a strong affinity of the fungal biomass towards Ni*" and
Cd?* ions. After desorption using the most efficient elutant (0.1 M HCI), the biomass was washed with ddH.0,
and reused for another cycle. From the results illustrated in Figure 8, it is evident that there was a gradual de-
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Figure 8. Ni?* and Cd?* biosorption (mg-g %) by Eup. ludwigii after desorption with 0.1 M HCI solution for 5
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3.9. Biosorption Isotherms

crease of Ni** and Cd®* biosorption on Eup. ludwigii biomass with an increase the number of desorption cycles.
After a sequence of five cycles, it was observed that the biosorption capacity of Eup. ludwigii biomass has been
reduced to 75.2% and 80.8% for Ni** and Cd*", respectively. The results indicate that Eup. ludwigii has good
potential to adsorb these metal ions repeatedly from aqueous solution.

Biosorption isotherm provides a relationship between the concentration of metal in solution and the amount of
metal on biosorbent when both the phases are at equilibrium. Modeling of Ni** and Cd** biosorption on the fun-
gal biomass was realized by applying Langmuir and Freundlich adsorption isotherms. The linearized forms of
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the Langmuir isotherm model (Equation (5)) and Freundlich isotherm model (Equation (7)) were used to analyze
and fit the data to these models. The Langmuir constants (gmax and b) with correlation coefficients (R®) were
calculated from the plots in Figure 9 for biosorption of Ni** and Cd®*on the fungal biomass and the results are
presented in Table 2. Also, Freundlich constants (K; and n) with correlation coefficients (R?) were calculated
from the plots in Figure 10, and presented in Table 2. The fit of experimental data to these models was eva-
luated by the correlation coefficients (R%). From the final results and based on the values of correlation coeffi-
cients (R?), Langmuir and Freundlich models best described the experimental data for biosorption of Ni** and
Cd?* at different temperatures, but biosorption of Cd** is more described by Freundlich model. In view of the
Langmuir constant (Qmax) Values, the gmax Values of Ni** and Cd** are close to the experimental gmax Values at 20
and 30°C, respectively. The favorable biosorption is indicating by higher than 1 value of Freundlich sorption
constant n for fungal biomass. The values of n obtained greater than one for Ni** and Cd®* indicated that physi-
cal and multilayer adsorption takes place for both metal ions. The small (K;) values for Ni** indicate a lower ex-
tent biosorption, while more biosorption was observed for Cd*" ions because of its larger (K;) values. Generally,
the higher values of Freundlich constants (K; and n) and the lower value of Langmuir constant (b) indicating the
higher affinity of the biomass [40] [41]. Similar results were also reported for biosorption of Ni*" by Tricho-
derma viride [42], Cd** by Rhizopus cohnii [29], and Pb*, Cu?*, and Cd*" by Phanerochaete chrysosporium
[43].

Table 1. Desorption efficiencies (%) of Ni?* and Cd?* ions from NaOH-treated Eup. ludwigii biomass using various elutants.

Elutant Desorption efficiency (%) of Ni** Desorption efficiency (%) of Cd**
0.1 M HCI 97.8 98.7
0.1 M CaCl, 57.5 49.6
0.1 M Na,COs4 19.2 38.3
0.1 M EDTA 74.8 80.1
ddH,0 2.8 19

Table 2. Isotherm parameters of two models for Ni?* and Cd?" biosorption by NaOH-treated Eup. ludwigii at different tem-
peratures (°C).

Langmuir Freundlich
Metal T(CC)
Omax (mg-g ") b(L'mg™) R? Ks n R?
Ni?* 15 35.34 0.002 0.990 0.15 121 0.997
20 27.32 0.01 0.952 1.35 1.97 0.989
25 29.67 0.02 0.980 244 2.38 0.991
30 31.55 0.03 0.989 5.93 3.63 0.910
35 31.15 0.03 0.994 5.53 349 0.926
40 31.25 0.03 0.984 6.93 4.02 0.889
cd* 15 28.99 0.01 0.956 1.52 2.00 0.991
20 31.45 0.07 0.821 7.39 3.69 0.944
25 36.50 0.27 0.776 14.75 5.54 0.925
30 52.08 0.15 0.987 17.15 4.65 0.977
35 51.81 0.22 0.986 19.55 5.21 0.975
40 51.28 0.29 0.975 20.62 5.49 0.983
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Figure 9. Application of Langmuir isotherm model for (a) Ni**and (b) Cd?* biosorption by NaOH-treated
Eup. ludwigii at different temperatures (°C).

3.10. Mechanism Studies

3.10.1. Biosorption by Chemically Modified Biomass

The results of metal biosorption studies before and after chemical modification of functional groups of
NaOH-treated Eup. ludwigii are presented in Table 3. From the results, it can be seen that when carboxyl groups
were esterified (CM1), biosorption of Ni** and Cd** were significantly decreased from 12.35 + 0.31 to 1.41 +
0.05 mg-g ' and from 21.45 + 0.29 to 3.07 + 0.09 mg-g*, respectively in comparison with control (NaOH-
treated biomass). The reductions were 88.6% and 85.7% for Ni** and Cd*", respectively. Decreasing of biosorp-



A. A. Al-Fakih

Table 3. Metal biosorption (mg-g ) and biosorption efficiency (%) by NaOH-pretreated biomass (control) and chemically
modified biomass residue of Eup. ludwigii.

Metal Biomass type Metal biosorption (mg-g*) Biosorption efficiency (%) Reduction (%)

Ni%* Control 12.35+0.31 49.4 0.00
CMm1 1.41+£0.05 5.64 88.6
CM2 9.19+£0.25 36.76 25.6
CM3 12.41+0.25 49.64 0.49
CM4 12.39+0.28 49.56 0.32
CM5 12,51 £0.37 50.04 1.30

Cd* Control 21.45+0.29 85.92 0.00
CMm1 3.07+£0.09 12.28 85.7
CM2 17.33+0.33 69.32 19.3
CM3 21.27+0.38 85.08 0.98
CM4 2158 £0.31 86.32 0.47
CM5 21.66 £0.35 86.64 0.84

tion was also observed for both metals by Eup. ludwigii biomass with methylated amino groups (CM2), and the
biosorption values were 9.19 + 0.25 and 17.33 + 0.33 mg-g * for Ni** and Cd?**, respectively. The reductions
were 25.6% and 19.3% at the same order. These findings suggest that carboxyl and amine groups are important
in Ni?* and Cd** biosorption on Eup. ludwigii biomass. Also, these results may be sufficient to indicate the im-
portant participation of carboxyl and amine groups in the biosorption of these metal ions. Kapoor and Virarag-
havan [44] have reported similar reduction in biosorption of Cd®*, Cu*, and Pb®" ions by A. niger subjected to
esterification of its carboxyl groups. In the biosorption of Cu?*, Ni**, Zn*, and Cr** by Penicillium chrysogenum,
Tan and Cheng [45] found that the main chelating sites in the mycelium are amine groups of chitosan. The inte-
racttion between amine group and Ni** or Cd®* ions is complexation. This study showed that the electrostatic at-
traction and complexation seem to be the most important mechanism of biosorption of Ni?* and Cd*" ions. On
the other hand, esterification of phosphate groups (CM3) and extraction of lipids using acetone (CM4) and ben-
zene (CM5) had no effect on both metals biosorption. Kapoor and Viraraghavan [44] observed slight decreases
in biosorption of Cd**, Cu®*, and Pb** ions when lipids were extracted from A. niger. They attributed the de-
crease to either lipid extraction or the probable structural changes that may have resulted due to the harsh condi-
tions of the extraction process.

3.10.2. Ion Exchange Study

The contribution of ion-exchange mechanism to the biosorption of Ni** and Cd** onto Eup. ludwigii biomass
was investigated by determination of the light metals Na*, K*, Ca**, and Mg?" in the filtrates of biosorption me-
dia. The amounts of these cations were compared with those in a control sample, which consists of Eup. ludwigii
biomass and ddH,O. From the results presented in Table 4, biosorption of Ni** and Cd** ions by NaOH-treated
Eup. ludwigii biomass showed that K*, Ca?*, and Mg®* ions were released into the biosorption medium. This in-
dicates that Ni** and Cd*" possibly have been exchanged with these ions on the cell walls of Eup. ludwigii, the-
reby suggesting an ion exchange mechanism as one of the mechanisms of metal biosorption for Eup. ludwigii. In
contrast, Na* ion was not detected in the reaction solution. The biosorption of Sr**, Mn®*, Zn?*, Cd**, Cu®, and
Ti* by S. cerevisiae, also resulted in releasing of Ca**, Mg®*, and H* [46]. As observed by Allaboun and Abu Al-
Rub [47], Ni** biosorption by palm tree leaves resulted in the release of Ca**, Mg®*, and K* ions from the bio-
sorbent.

4. Conclusion

In the present study, the biosorption capacity of Eup. ludwigii for Ni?* and Cd increases after the biomass is

388



A. A. Al-Fakih

1.6
14 015°C
020°C
1.2 A
g25°C
1 m30°C
o X35°C
on 0.8 1
2 X40°C
0.6 1
0.4 1
0.2 1
0 T
0 0.5 1 1.5 2 2.5 3
log C,
(a)
2
1.8 -
015°C
1.6
020°C
1.4 1
o25°C
1.2 N .3000
- 11 x35°
80
S o0s8d x4a0°c
0.6 1
0.4 1
0.2 1
0 T T T T T
0 0.5 1 1.5 2 2.5 3

log C,

(b)

Figure 10. Application of Freundlich isotherm model for (a) Ni*"and (b) Cd" biosorption by NaOH-treated
Eup. ludwigii at different temperatures (°C).

treated with NaOH. The biosorption process has been shown to be affected from experimental conditions, such
as pH, contact time, etc. The experimental data for both metals will be described appropriately by Langmuir and
Freundlich models. The mechanism of biosorption can be a combination of ion-exchange and complexation with
the functional groups of the fungal biomass. The study indicates that Eup. ludwigii may be used as an inexpen-
sive, effective, and ecofriendly biomaterial for the removal of both metals from aqueous solutions.
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Table 4. Amounts of Na*, K*, Ca?*, and Mg?* ions (mg-L ™) released upon Ni?* and Cd?" biosorption by NaOH-treated Eup.
ludwigii biomass.

Metal Na* K* Ca* Mg* Total

non 0.01 £0.00 0+0.00 0.01 £ 0.00 0.03 £0.00 0.05

Ni>* 0.00 +0.00 2.46 +0.06 4534002 3.15+0.02 10.14

cd* 0.01 +0.00 1.67 +0.00 3.47 +0.04 249001 7.64
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