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ABSTRACT

Biosorption can be a sustainable water treatment option. However, selection of biosorbent can be chal-
lenging and local availability plays an important role. This research investigates the effectiveness of
palm tree leaves for biosorption of Cr(VI), Cu(ll) and Zn(II), from synthetic wastewater. Batch tests
were conducted to assess the effectiveness of metal removal; to identify optimal operating conditions
and assess the competition among the metals. Column tests were conducted to assess the applicability
of the biosorption process in a dynamic environment. Desorption tests were conducted to assess the
recovery of the metals. Batch experimental results indicated high (67.5%-99.5%) removal of individual
metals and all the metals together for different initial concentrations (2-10 mg/L) and pH levels (3-9).
Isotherm models were applied successfully. The results from column experiments indicated high
(290%) capability of metal removal for long period (200-2,800 pore volumes processed). Desorption
results indicated a high (=50%) recovery of the metals.
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1. Introduction

Industrial wastewater contains high (93.25 mg/L of
Cr(VI), 36.16 mg/L of Cu(Il), 50.94 mg/L of nickel(IlI), and
196.72 mg/L of Zn(Il)) levels of heavy metals that may pol-
lute waterbodies such as rivers, lakes and groundwater, if not
properly treated before being discharged into the environ-
ment [1]. Examples of metals include AI(III), Cd(II), Cr(VI),
Cu(Il), Fe(1ll), Pb(Il), Hg(I), Ag(), and Zn(II). At least 20
heavy metals are considered to be toxic, and approximately
half of those metals are released in quantities that are haz-
ardous to the environment, and human health [2]. Water
treatment for heavy metals includes precipitation (with coag-
ulation and flocculation), ion-exchange, complexation of dry
biomass, adsorption, magnetic fields, fluidized bed reactor,
iron flotation, and flue gas purification [3-8].

* Corresponding author.

The adsorption process is used for wastewater treatment,
due to high efficiency and ease of operation for large-scale
treatments. The adsorption process, typically involves using
activated carbon that adsorbs dissolved organic substances,
metals and color, during the water treatment [9,10]. The
cost of activated carbon production and reactivation is high
[11], as a result, more focus is placed on testing other adsor-
bents [12]. Other studied adsorbents, include synthetic poly-
mers, chitosan, zeolite, biomass, and silica-based substances
[13-16]. Locally available materials are often preferred, due
to commercial viability of the technology. Other concerns
involve the biodegradability of the adsorbents; as a result,
biosorption with living and non-living organisms gained
credibility in recent years [14,17,18].

There is a growing interest in finding biological mate-
rials that are cost-effective, easily available, and have few
limitations. Therefore, finding suitable materials and appro-
priate operating conditions are essential to addressing the
concerns of heavy metal pollution using biosorption. Prior
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research investigated the use of cashew nut shells [19], olive
cake [20], date pits and fruits [2,21], tea factory waste [22],
maize cobs [23], algae [24], tree leaves [25-28], tree bark [29],
wood saw dust [30], and other biomass [31-34]. Waste prod-
ucts and other natural products are readily used as sorbents,
hence, allowing for an inexpensive and feasible method for
removing pollutants from wastewater [30]. Tree leaves are
one of the most widely generated organic waste materials in
municipalities where there are large amount of green spaces.
The ability to use dried tree leaves for the treatment of waste-
water can add advantage to the organic waste management.
However, the properties of the tree leaves can vary widely
among the different trees. Palm tree is one of the mostly
widely grown trees in the Middle East, hence, the leaves are
one of the widely generated biological waste materials in the
region. Earlier research demonstrated that palm tree leaves
(PTL) can be successful as an adsorbent for removal of Cu(II)
and Zn(II) [35,36]. PTL is known to have hydroxyl, carbox-
ylic, and phenolic functional groups and they are expected to
be good metal adsorbents. However, the use of those leaves
for removal of multiple heavy metals was not investigated.
As a result, this research assess the effectiveness of using PTL
for biosorption of Cu(ll), Cr(VI), and Zn(II) from wastewater,
identify the suitable operating conditions for the treatment,
and assess the recovery of the removed metals. These met-
als were chosen since they are available in large quantities in
the industrial wastewaters [1]. This novel research not only
develops treatment option for different heavy metals, but
also provides an environmentally sustainable reuse option
for dried PTL.

2. Materials and methodology
2.1. Materials
2.1.1. Adsorbent

PTL were used as the adsorbent material. The leaves
were picked from the end of palm tree branches located at
the American University of Sharjah (AUS) campus, Sharjah,
United Arab Emirates. In this research, only the leaves were
used, as the biological components of it were expected to be
uniform, and accordingly can provide reliable results. The
leaves were thoroughly washed in tap water, washed in dis-
tilled water, and then dried in an oven at 90°C for about 12 h.
After drying, the leaves were crushed and grounded (to a
sieve size no larger than 0.03 mm in size), and stored in a
desiccator in a temperature (24°C) controlled room.

The scanning electron microscope (SEM) analysis
(TESCAN VEGA III-LMU) was used for the physical mor-
phology of the surface of the adsorbent material. The elemen-
tal composition of the adsorbent material was performed by
SEM/energy dispersive X-ray spectrometry (EDS) analysis,
using the energy dispersive X-ray spectroscopy detector
(Oxford instruments XACT).

2.1.2. Adsorbate

The wastewater that was used in this research was pre-
pared in the laboratory, by spiking 1 L of deionized water
with the following metal salts: CuSO,5H,O for Cu(l),
K,Cr,0, for Cr(VI), and ZnSO,.7H,O for Zn(Il) solution, to

prepare different solutions with the metal concentrations of
2, 6, and 10 mg/L. The pH of the wastewater solution was
adjusted using 0.1 M NaOH or 0.1 M HC], after the adsorbent
has been added.

2.2. Experiments
2.2.1. Batch experiments

Two sets of batch experiments were conducted in this
research. The first set of batch experiments were conducted
on individual metals only. In this set, pH levels of 3, 5, 7, and
9 were maintained to assess the effectiveness of pH control.
The experiments were conducted in 250 mL bottles with a
0-10 g/L PTL, in a 2.5 g/L increment with the blank sample
containing no tree leaves in 2, 6, and 10 g/L of Cu(II), Cr(VI),
and Zn(II) solutions individually. The samples were shaken
at 175 rpm for 2 h (equilibrium reached), and then filtered
through 0.45 pm, and the filtrate was used for water quality
analysis. During the biosorption process, the pH levels of the
samples were maintained.

The second set of batch experiments investigated com-
petitive biosorption processes. In this set, Cu(Il), Zn(II), and
Cr(VI) were mixed together during the preparation of syn-
thetic wastewater, where the initial metal concentration of
2 mg/L was used with similar PTL dosage to that of the first
set. These experiments were conducted at pH 5, 7, and 9. The
procedure of conducting the experiments was similar to the
previous set of batch experiments.

2.2.2. Fixed bed column experiments

The column experiment represented the dynamic bio-
sorption process to assess the applicability of the technology.
A glass column (2.25 cm diameter and 20 cm depth) was
washed with distilled and acidic water, and then dried. The
glass column was filled with the PTL. The column exper-
iments were performed on a mixture of Cu(Il), Zn(Il), and
Cr(VI) in synthetic wastewater. Experiments were conducted
three times for three different pH levels (5, 7, and 9). The pH
values were chosen based on high degree of biosorption from
batch experiments. Column experiments were performed
with the initial concentrations of the metals at 2 mg/L. During
the experiment, synthetic wastewater was pumped in a thin
tube at the bottom of the column, and it traveled through the
PTL up the column, and discharged through a thin tube at
the top. The pH was monitored at both the influent and efflu-
ent. The flow of the pump was predetermined and set con-
stant during the course of the experiment. At different time
intervals, aliquots of the treated effluent were collected and
tested for the concentration of each metal that was leached
from the column. The concentrations were plotted against
the time to determine the breakthrough and saturation times.
The breakthrough time was considered as the time at which
10% of the metal concentration (fraction leaching of 0.1) in
the effluent has leached. The saturation time was when the
effluent concentrations reach the level of influent concentra-
tions (fraction leaching of 1.0). The effluent concentrations
(fraction leaching) were plotted against pore volume pro-
cessed, for dimensionless representation of the results. The
pore volume processed, represents the number pore volumes
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of the column treated during biosorption of the metals, and is
represented by Eq. (1):

Ot

Number of pore volumes = =
P Ve M)

where Q represents the inlet flow rate of the influent to the
column (mL/min); ¢ is the time for each measurement (min);
V_is the volume of the column (mL); and  is the porosity of
the adsorbents in the column (dimensionless).

2.2.3. Desorption experiments

The PTL were collected after the column tests reached
saturation, and dried to remove any moisture. Batch desorp-
tion tests were conducted, that involved mixing 2 mg of PTL
with 100 mL deionized water, at pH 2.94 (acidic) and 12.9
(basic). The samples were agitated at 175 rpm for 2 h, filtered
through 0.45 pm membrane, and then tested for water qual-
ity parameters.

2.3. Analytical technique

The analysis of heavy metals was performed using the
HACH DR 5000 Spectrophotometer, following specific
standard methods. The concentration of Cu(Il) was mea-
sured using the USEPA Bicinchoninate method that was
approved by the USEPA and Standard Method 3500 Cu C
or E [37]. The concentration of Cr(VI) was measured using
the USEPA 1,5-diphenylcarbohydrazide method that was
accepted by the USEPA and Standard Method 3500 Cr B
[37]. The concentration of Zn(Il) was measured using the
USEPA Zincon method that was approved by the USEPA for
wastewater analyses and adapted from Standard Methods
3500 Zn B [37]. The metal concentrations were correlated
with the results obtained from atomic absorption spectrom-
eter (AAS). Forty samples of batch experiments were used
to develop the correlation between results from HACH DR
5000 Spectrophotometer against the AAS. The correlation
coefficients were 0.9301 for Zn(II), 0.9775 for Cr(VI), and
0.9961 for Cu(ll).

2.4. Adsorption isotherms

Results obtained from the batch tests were fitted with
the Langmuir and Freundlich isotherm models [38,39].
Langmuir’s isotherm uses the following equation:

abC
R bC, )

where Q represents the adsorption density (mg/g); C, the
concentration of the adsorbate at equilibrium (mg/L), and
the variables a (mg/g) and b (L/mg) are characteristics of the
materials used.

The Freundlich’s isotherm uses the following equation:

Q=K,Cl" )

where K, (mg/g (L/mg)’") and #n (dimensionless) are
characteristics of the materials used.

2.5. Statistical analysis

Individual batch test results were used to assess the sta-
tistical significance of the experimental variables. Statistical
analysis was conducted using two-way analysis of variance
(ANOVA) on percentage metal removal at different initial
metal and PTL concentrations and also at different pH and
PTL concentrations separately. Different ANOVA analysis
was done for all different initial metal concentrations. All the
tests were conducted based on 5% level of significance.

3. Results and discussion
3.1. Surface structure and elemental composition

The SEM image (Fig. 1) displays cavities which increase
the surface area, and as a result increase the adsorption abil-
ity of the adsorbent. EDS analysis did not show any signals
for the metals tested in this research, therefore, no contribu-
tion from the adsorbent material to the final results. The EDS
analysis indicates the presence of carbon and oxygen as the
major elements present in the adsorbent material.

3.2. Individual batch experimental results

The relationship between the amount of heavy metal
(Cu(ll), Cr(VI), or Zn (II)) remaining in solution and the
different PTL dosage, at different initial concentration for the
different heavy metals, is displayed in Figs. 2—4. The results
and constants of the Freundlich and Langmuir isotherm mod-
els are displayed in Tables 1-3, for Cu(Il), Cr(VI), and Zn(II).

SEM MAG: 1.00 kx VEGA3 TESCAN|

Fig. 1. Scanning electron microscope image of adsorbent.
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Fig. 2. The relationship between the amount of copper remaining
in solution and different PTL dosage, at different initial copper
concentrations: (a) 2 mg/L, (b) 6 mg/L, and (c) 10 mg/L.

3.2.1. Copper(1l)

The percentage removal of Cu(Il) increased as the PTL
dosage increased for all the three initial concentrations. It
indicated that the PTL was the reason for the decrease in
Cu(Il) concentrations. Based on the ANOVA test, the effect
of PTL dosage on the percentage removal was statistically
significant. Cu(I) removal from the solution decreased as
the initial concentration increased, allowing for greater
removal efficiency to occur at 2 mg/L, and the least efficiency
at 10 mg/L of initial Cu(II) concentration. This was due to
the fact that at high initial concentrations, the sorption sites
are more competitive, leading to less percentage removal.
ANOVA test results indicated that the effect of initial con-
centration on the percentage Cu(Il) removal was statistically
significant.

For all the three initial Cu(Il) concentrations, the highest
percentage efficiency was obtained at pH 5, and the lowest at
PH 9, such results are consistent with other previous studies
[26,40]. It could be due to the fact that at pH 3, hydrogen ions
started competing with the Cu(Il). The results also demon-
strated that varying pH values have considerable effect on
the removal efficiency for 2 mg/L, however, this was not
observed with the other initial Cu(II) concentrations. It could
be due to the fact that at low concentration, the presence of
hydrogen ions could compete with the copper. However, at
higher initial concentrations, the levels of hydrogen ions due
to the change in pH could not affect the percentage removal
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Fig. 3. The relationship between the amount of chromium
remaining in solution and different PTL dosage, at different
initial copper concentrations: (a) 2 mg/L, (b) 6 mg/L, and
(c) 10 mg/L.

significantly. ANOVA test results revealed that the effect of
pH on the percentage removal was statistically significant. In
regard, to the isotherm models (Table 1), the Freundlich iso-
therms represented much higher regression coefficients than
that illustrated by the Langmuir isotherms. The biosorption
capacity ranged from 0.19 to 0.86 mg/g. This result is lower
than that observed by a previous study [35], which could be
due to the use of different tree leaves and high (100 ppm)
initial copper concentrations used.

3.2.2. Chromium(VI)

The percentage removal of Cr(VI) increased with the
increase in PTL dosage for all the initial concentrations. It
could be due to the fact that Cr(II) was adsorbed onto the
PTL. Based on the ANOVA test, the effect of PTL dosage on
the percentage removal was statistically significant, except
for the tests conducted at a pH 3. Since at pH 3, the com-
petition for adsorption sites increased with the availability
of high amount of hydrogen ions, the effect of PTL dosage
was not significant. The high Cr(VI) removal was maintained
for all initial concentrations. For all the initial concentrations
of Cr(VI), the highest percentage efficiency was obtained at
pH 3 and the lowest at pH 9, which was attributed to the
presence and affinity of carboxylic and phenolic groups in
PTL toward Cr(VI), and as a result affected the biosorption
of Cr(VI) [3]. These functional groups are active at low pH
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Fig. 4. The relationship between amount of zinc remaining in
solution and different PTL dosage, at different initial copper
concentrations: (a) 2 mg/L, (b) 6 mg/L, and (c) 10 mg/L.

levels as opposed to the high pH. ANOVA test results indi-
cated that the effect of initial concentration on the percentage
Cr(VI) removal was statistically significant for pH 5, 7, and 9.
However, the effect was not significant for pH 3.

In regard, to the isotherm models (Table 2), both models
did not predict the experimental results consistently. The
results at acidic pH were better correlated than at other
pH levels. ANOVA test results revealed that the effect of
pH on the percentage removal is statistically significant. At
the initial concentrations of 6 and 10 mg/L, the Freundlich
isotherm was better correlated than the Langmuir iso-
therm. Biosorption capacity ranged from 0.07 to 4.152 mg/g,
which was higher than the ones observed during the Cu(II)
sorption.

3.2.3. Zinc(1l)

Similar to Cu(Il) and Cr(VI), the percentage removal of
Zn(Il) increased with the increase in the PTL dosage, for all
the three initial concentrations. It indicated that Zn(Il) was
adsorbed on the PTL. Based on the ANOVA test, the effect of
PTL dosage on the percentage removal was statistically sig-
nificant. Consistent with the other metals, high percentage
removals were observed at low initial concentrations. It indi-
cated similar adsorption behavior to both Cu(Ill) and Cr(II).
For all the three initial concentrations of Zn(Il), the highest
removal efficiency was 86% at pH 9, and the lowest was 28%

Table 1
Isotherm parameters and constants for copper
Isotherm C, pH Constants Regression
(mg/L) coefficient
Langmuir 2 a b
3 0.9766 6.4235 0.5466
5 -0.5072 -10.4057 0.7884
7 -0.0620 -2.4177 0.9307
9 -0.1433  -1.6122 0.6754
Freundlich 2 K, n
3 0.8508  0.4141 0.9677
5 74672 09070  0.9041
7 4.273 0.1632 0.9672
9 3.0456  0.5449  0.8905
Langmuir 6 a b
3 -0.1722  -5.6177  0.9534
5 -0.4992 -6.7762  0.9169
7 -0.1493 45409  0.8462
9 -0.0874 -3.6269  0.9538
Freundlich 6 K, n
3 2.8697  0.1229  0.9547
5 1.8739 02760  0.9928
7 3.2859  0.1237  0.9392
9 6.4642  0.0324  0.9981
Langmuir 10 a b
3 0.1473  0.7169  0.838
5 0.3126 05224  0.7729
7 0.0395 17158  0.8750
9 0.2307  6.3299  0.2415
Freundlich 10 K, n
3 0.2107  0.4543 0.2502
5 0.5801 0.3355  0.8981
7 -0.7166 0.8134  0.5895
9 0.6528 0.2626  0.4527

at pH 3. It could be due to the effect of hydroxyl group pres-
ent in the PTL in addition to some probable precipitation at
high pH levels. ANOVA test results indicated that the effect
of initial concentration on the percentage Zn(II) removal was
statistically insignificant, except for the case of pH 5. The
acidic pH provided the lowest uptake of the metals, due to
the cation competition effects with H,O" ion [41]. The results
showed that varying the pH has considerable effect on the
removal efficiency, for all the initial concentrations of Zn(II).
High pH levels observed to provide favorable biosorption
capacity. ANOVA test results revealed that the effect of pH on
the percentage removal is statistically significant. The results
demonstrate that the Freundlich model represented a slightly
higher advantage than the Langmuir model, due to the
higher correlation coefficients (Table 3). Biosorption capacity
ranged from 0.14 to 2.77 mg/g. This result was similar to the
Cr(VI) sorption capacity and Zn(Il) sorption observed in a
previous study [36].
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Table 2
Isotherm parameters and constants for chromium

Table 3
Isotherm parameters and constants for zinc

Isotherm  C, pH  Constants Regression Isotherm  C, pH Constants Regression
(mg/L) coefficient (mg/L) coefficient
Langmuir 2 a b Langmuir 2 a b
3 0.4513 0.0181  0.9995 3 0.2538 1.7733  0.6658
5 4.0371 6.5822 0.0158 5 _0.7681 _5.1868  0.9020
7 0.0777  -0.3467 0.5392 - 0.9615 17192 09270
9 -0.3634 -3.6040 0.2377 ' ' '
. 9 -1.4035 -2.80647  0.4613
Freundlich 2 K, n
3 0.1672 0.7256 0.5842 Freundlich 2 K, n
5 0.9033 0.7646 0.7820 3 0.4987 0.3597 0.7343
7 0.0023 0.3905 0.0000 5 1.3228 0.4789 0.9883
9 1.6173 0.4238 0.7100
. 7 0.7122 0.6360 0.9727
Langmuir 6 a b
3 43011 —1.8972 0.7441 9 1.1976 0.8527 0.9527
7 -0.5286 -75.2630 0.0613 3 01178 205353 04479
9 0.0216  -3.8850 0.8466
5 -0.5577 -8.8099  0.8629
freundlich 6 K . 7 01800 -3.0250 0.9450
3 1.3054 1.8103 0.9901 ’ ' '
5 0.6025 07376  0.5257 o -LI2ll 29705 0.9321
7 1.0616 03313  0.9398 Freundlich 6 K, "
9 -3.4589  0.0500 0.6281 3 20,0993 0.4477 0.0053
Langmuir 10 a b 5 -1.0203 36208 09265
3 4.1186 0.3245 0.4019 - 44972 0.1594 0.9946
5 -2.2467 -14.1773 0.5505 ’ ' '
7 0.0081  —4.2816 0.7571 9 16567 07919 0.9798
9 0.5224 2.1047 0.5230 Langmuir 10 a b
Freundlich 10 K, n 3 -0.0541 -12.3013 0.5578
3 04317 16842  0.6163 5 02702  -11.2375 0.7845
5 1.5672  0.3694 0.8958 7 _0.5542 69833 0.9643
7 -1.0733  0.4621 0.6078
9 02134 0.1532 0.1022 9 0.8685 3.4092 0.7742
Freundlich 10 K, n
) 3 2.8306 0.0289 0.7647
3.3. Competitive biosorption
5 2.7628 0.0689 0.8780
The relationship between the amount of heavy metal
remaining in solution and different PTL dosage, in compet- 7 31457 01313 0.9994
ing batch tests, is displayed in Fig. 5. The behavior of the 9 27692 0.48%  0.9310

metals did not significantly change due to competition. The
removal of the metals was higher than that observed with
individual metals (section 3.1).

The removal efficiency of Cu(Il) was higher, when com-
peting with Cr(VI) and Zn(Il), than that observed in individ-
ual experiments. The Cu(Il) did not compete with the other
metals, for the active sites. The presence of other ions excited
the active sites for the Cu(Il), and enhanced the biosorption
capacity. The highest removal efficiency was observed at
neutral pH.

Cr(VI) was the most competitive of all metals, as the
removal efficiency was 98.4% at acidic pH. The rate of Cr(VI)
removal was higher than that observed during individual

experiments. Some of the removals could be attributed to the
precipitation process, independent of the competition with
other metal ions. The pattern observed was similar to that
observed for Cu(Il).

Regarding removal of Zn(II), the highest efficiency was
83.7% at basic pH among all the competitive tests. The values
were similar to the removal efficiencies observed during indi-
vidual experiments. This indicated that the pattern of Zn(II)
removal was not impacted by the competition, and that it was
due to the different types of active sites for the biosorption,
among the different metals.
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3.4. Fixed bed column tests

Investigating the relation between the fraction of metal
leaching in the effluent against the number of pore volumes
of water processed revealed high effluent concentrations
initially, and this could be attributed to the water seeping
through the pores out of the column without any significant
sorption (Fig. 6).

At pH 5, Cr(VI) did not reach exhaustion until processing
2,500 pore volumes (about 287 h; Fig. 6). The high rate of Cr(VI)
removal was consistent with that of the batch test results.
Cu(Il) reached exhaustion after processing approximately
1,800 pore volumes (about 260 h). Zn(II) reached exhaustion
after processing 200 pore volumes (about 52 h). The acidic
influent showed no signs of precipitation of the metals,
unlike what was previously observed at neutral pH.

The effect of pH on the treatment of metals was consistent
to what was observed during the batch experiments. At pH 7,
Cr(VI) reached exhaustion very quickly (within 500 pore vol-
ume processed; Fig. 6). However, 2,400 pore volumes (267 h
of experiment) of water were processed before Zn(II) reached
exhaustion. Cu(II) did not reach exhaustion until 2,800 pore
volumes were processed. The pattern of removal for the dif-
ferent metals was consistent with the batch experimental
results.

AtpH9, Cr(VI) reached exhaustion within 1,100 pore vol-
ume processed (Fig. 6). This was consistent with the results
from the batch experiments. However, Zn(lI) and Cu(II)
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Fig. 5. The relationship between the amount of heavy metal
remaining in solution and different PTL dosage, in competing
batch tests, for (a) copper, (b) chromium, and (c) zinc.

precipitated throughout this experiment, and as a result,
the experiments were stopped after 4 d. At this pH, biosorp-
tion and precipitation occurred simultaneously. Therefore,
removal of the metals was not solely caused by biosorption
by the PTL, but also due to them precipitating in the influent
tank.

3.5. Desorption tests

Desorption experimental results demonstrated that
Cu(II) biosorption on the PTL was not strong, and that it
was not difficult to be removed and recovered from the
sorbed phase from the PTL (Fig. 7). It was consistent with
another previous study on different tree leaves [26]. Zn(I)
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was also recovered at a reasonable rate. Cr(VI), unlike other
heavy metals, did not display a good recovery capacity;
however, it could still be significant when treated in large
volumes. The results also indicated that the acidic pH was
more successful at recovering the heavy metals, compared
with basic pH. Since, both Cu(Il) and Zn(II) can be recov-
ered at high levels, sorption sites are expected to be freed
and reused again.

4, Conclusions

The study revealed that PTL can be a good biosorbent in
removing metals at different operating conditions. Batch test
results revealed a maximum removal of 67.5%, 99.5%, and
86% for Cu(II), Cr(VI), and Zn(II), respectively. During com-
petitive batch tests, a maximum removal of 98.5% for Cr(VI),
83.7% for Zn(Il), and 82.7% for Cu(Il) was obtained with
insignificant competition. In most cases the isotherm models
were capable of predicting the data. Column tests revealed
that PTL was capable of removing all the three metals consis-
tently. All the metals were able to be recovered.
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