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Fixed-bed adsorption studies with virgin and polyethyleneimine (PEI)-impregnated palm shell activated
carbon (AC) as a media for the removal of single Ni%* or Cu?* ions from aqueous solution were con-
ducted. The studies were conducted in a vertical down flow Perspex column with influent pH at 5
with either Ni?* or Cu?* had an influent concentration of 1 mmol/L. The adsorption data were fitted to
three-well-established fixed-bed adsorption models, namely, bed-depth-service-time (BDST), Thomas
and Yoon-Nelson models. It was observed that PEI impregnation at 8.41 wt% had increased the break-
through volume and service time of AC by factors of 2.1 (Cu?*) and 1.6 (Ni?*) as compared to virgin AC. For
Cu?* adsorption, the modelled BDST, Thomas and Yoon-Nelson curves were in very good agreement with
the experimental curves while it was conversely true for Ni2* adsorption.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The presence of highly concentrated toxic metals such as lead,
cadmium, copper, nickel, chromium and mercury in industrial
wastewaters is a great environmental concern since they exert
detrimental impacts on the surrounding ecological systems as well
as pose public health concerns. These wastewaters generally orig-
inated from industries such as metal plating, paint and metal
finishing. There are numerous effective treatment techniques for
these metal-laden wastewaters such as precipitation, adsorption,
ion exchange and reverse osmosis [1,2]. Among these, precipitation
is often deemed as the most economical means while reverse osmo-
sis is relatively the most expensive. Precipitation, however, does
have its shortcomings as large amount of sludge can be produced
which necessitate further treatment. Adsorption using activated
carbon (AC) is also an established means and it is often used in the
tertiary wastewater treatment stage for polishing incoming influ-
ent before final discharge into water bodies. Recent studies have
focused on the modification of activated carbon to enhance metal
affinity and/or increase the activated carbon’s affinity towards a cer-
tain metal species. One frequently used modification technique was
via wet oxidization using strong acid solutions such as hydrofluoric
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[3], nitric [4,5] and hydrochloric [6] acids which are used to increase
metal affinity. In addition to wet oxidation, other researchers also
impregnated activated carbon with other substances for fixed-bed
metal ion adsorption.

Monser and Adhoum [2] studied the adsorption of copper(Il),
zinc(Il) and chromium(VI) ions onto the surface of fixed-bed
activated carbon impregnated with tetrabutyl ammonium (TBA)
and sodium diethyl dithiocarbamate (SDDC). They reported that
the TBA-immobilized activated carbon had an effective removal
capacity of approximately 5 times that of the virgin activated
carbon while the SDDC-immobilized activated carbon had an effec-
tive removal capacity for copper(Il) (4 times), zinc(Il) (4 times),
chromium(VI) (2 times) greater than the virgin activated carbon.
Recently, Mugisidi et al. [7] modified activated carbon produced
from coconut shell with sodium acetate at concentrations of 10%
and 15%, and used it in a fixed-bed column to study the adsorption
of copper ions. Their results showed that the highest adsorption
capacity was found for AC modified with 15% sodium acetate by 2.2
times compared to virgin AC.

In our previous study, palm shell AC was impregnated with
polyethyleneimine (PEI) [8] in order to increase its metal affinity.
PEI is a well-recognized polymer with high metal complexation
capability. It was shown PEI-impregnated AC (as compared to virgin
AC) significantly increased the maximum batch single adsorp-
tion capacity for Cd2* by 96%. The positive outcome of the study
justifies further research especially in terms of continuous fixed-
bed adsorption. Issabayeva [9] was the first researcher to conduct
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fixed-bed column studies using palm shell AC for metal ion
adsorption. However, there is no known study done using PEI-
impregnated AC as bed media for adsorption of metal ions. The
main objectives of this study were (a) to evaluate the effect of PEI
impregnation of palm shell AC on its fixed-bed adsorption capac-
ity for the removal of Ni%* or Cu?* ions from aqueous solution and
(b) to fit the adsorption data to several well-established fixed-bed
adsorption models. Nickel and copper ions were selected in this
study because they are commonly present in wastewater efflu-
ent in a variety of industries and they are among the most toxic
metals.

2. Experimental

2.1. Preparation and textural characterization of activated carbon
samples

AC used in the study was oil palm shell-based produced by phys-
ical activation process with steam as the activating agent. It was
supplied by Bravo Green Sdn Bhd (Malaysia). The activated car-
bon was sieved to sizes range from 710 to 850 p.m, washed with
deionized water (>18 M2 cm) to remove fines and dirt, oven dried
at 105°C for a day before impregnation process. Low molecular
weight PEI with average molecular number of 423 obtained from
Sigma-Aldrich (catalog no.: 468533) was used as an impregnation
agent. The impregnation process was similar to a batch adsorption
process conducted in a previous study [8]. In this study, however,
the initial concentrations of PEI for the process were fixed at 5 and
8 g/L which subsequently yielded 8.41 and 16.68 wt% PEI/AC. These
concentrations were chosen as it was determined in a preliminary
study that these impregnation percentages provided the highest
metal ion batch adsorption capacities. Textural characteristics of
AC samples were determined from N, adsorption isotherm at 77 K
using the N, adsorption isotherm using Quantachrome Autosorb-1
system. Prior to analysis, the samples were degassed at 120°C for
at least 24 h.

2.2. Fixed-bed adsorption

Fixed-bed adsorption studies (single metal component) were
conducted in a 2cm i.d., 9-cm length vertical down flow Perspex
column packed with either virgin or PEI-impregnated AC (fixed-bed
packing: i.d.=2 cm; height=6 cm). The column-to-particle diame-
ter ratio was approximately 23, considered sufficient to minimize
wall effect. Nylon felts were placed on the top and bottom of the
fixed bed to prevent loss of the activated carbon. The experimental
setup is illustrated in Fig. 1. The influent feed flow rate was main-
tained at either 5, 10 or 15 mL/min using Cole Palmer Masterflex
peristaltic pump with size 14-silicon tube. The influent pH was
fixed at 5 with either Ni?* or Cu?* had an influent concentration
of 1 mmol/L. This influent pH value was selected since Malaysian
industrial wastewaters primarily exist at pH 3 or 5 [10]. Solutions
were prepared by dissolving metal perchlorate salt at a known con-
centration in 0.15 M sodium perchlorate to obtain a stock solution
as specified in our previous study [8]. Perchlorate metal salt was
chosen due to its very poor complexation tendencies at low pH. In
order to facilitate a more focused discussion and brevity, only fixed-
bed adsorption for influent at pH 5 was studied here as our previous
study [8] showed that adsorption trend of PEI-impregnated AC at
solution pH 5 was similar to pH 3, albeit adsorption capacity at
the former pH was considerably higher. Cyberscan 510 pH meter
was used for all pH measurements in this study and metal concen-
trations before and after adsorption were determined via Varian
Liberty 220 ICP-AES.

Legend
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Silicone tube delivery line
Peristaltic pump

Nylon felt

Fixed bed (AC)

Bed support

Effluent collector

T N -

Fig. 1. Experimental setup for the study.

3. Results and discussion
3.1. Textural characterization

The textural characteristics of virgin and PEI-impregnated AC are
shown in Table 1. The BET surface area of the AC decreases with the
increase of wt% of PEl impregnated. The molecular size (in terms of
diameter) of PEI is estimated to be 0.82 nm by using “radius of iner-
tia” equation shown by Schurer et al. [11]. This implies occurrence
of pore clogging due to bulk filling of PEI molecules into micro-
pores since the PEI molecules are smaller than micropores (2 nm).
The virgin AC is almost entirely micropores while PEl impregnation
appears to increase the percentage of mesopores in the AC.

3.2. Fixed-bed adsorption

Fig. 2 shows the effect of PEI-impregnation on effluent pH. A sim-
ilar trend is exhibited throughout the volume throughput for all the
fixed-bed adsorption studies in which pH increases drastically from
influent pH of 5 to effluent pH higher than 10 initially before grad-
ually decreases to pH less than 6 and approaching towards influent
pH. Studies on fixed-bed adsorption of metal ions onto fixed-bed
AC columns conducted by Chen and Wang [1] and Chen et al. [12]
also yielded similar effluent pH trend. This probably caused by the
presence of high availability of adsorption sites (unsaturated) on
AC at initial volume throughput which facilitates high adsorption
rates of both metal and H* ions. At initial volume throughput, more
H* ions are adsorbed on the surface of AC and the pH of bulk solu-
tion increases as a result of increased percentage of OH™ ions as
compared to H* ions. As the experiment progresses, adsorption
sites on AC are getting relatively saturated resulting in reduced H*
adsorption and lower effluent pH.

Generally, the effluent pH for both 8.41 and 16.68 wt% PEI/AC are
higher than for virgin. This is due to the presence of amine groups

Table 1
Textural characteristics of AC samples

Virgin 8.41 wt% PEI/AC  16.68 wt% PEI/AC
BET surface area (m?2/g) 1027 532 128
Total pore volume (cm?/g) 0.45 0.27 0.10
Average pore diameter (nm) 2.02 1.75 3.02
% microporosity (approximate) 96.58 87.94 63.87
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Fig. 2. Effect of PEI-impregnation on effluent pH for (a) Cu?* and (b) Ni?*.

attached on the surface of PEI/AC which provided increased basic-
ity. However, at the volume throughput higher than 2000 mL, the
effluent pH values for all AC samples appear to be almost similar.
It is interesting to note that effluent pH for adsorption of Cu?* on
8.41 and 16.68 wt% PEI/AC decrease gradually before sudden pH
decrease occurs at approximate volume throughputs of 750 and
1250 mL, respectively. This implies that H* adsorption is still sig-
nificant before the aforesaid volume throughputs which further
suggests that there are still many free adsorption sites on AC. This
is an early indication that PEI impregnation has increased the ion
adsorption capacity of AC.

Fig. 3 shows the breakthrough curves for adsorption of Cu2*
and Ni? virgin and PEl-impregnated AC at influent pH 5 and flow
rate 5 mL/min. These curves were plotted in accordance with nor-
malized effluent single metal ion concentration (Cefyent/Cinfluent)
against volume throughput (mL). The breakthrough curves show a
typical “S” shape profile indicating fixed-bed adsorption for adsor-
bate of smaller molecular weight and simple structure [13]. It is
interesting to note that the breakthrough curves for Cu?* have
shifted from right (virgin AC) to left (8.41 and 16.68 wt% PEI/AC)
as a result of PEI impregnation. The breakthrough point is defined
as the phenomenon when the effluent concentration from the col-
umn is approximately 3-5% of the influent concentration [14]. The
breakthrough points for this study are quite noticeable as indicated
by sudden increase in Cefuent/Cinfluent fOT @ particular breakthrough
curve. Breakthrough points for Cu* occur at volume throughputs
of approximately 680 mL (virgin), 1440 mL (8.41 wt% PEI/AC) and
880 mL (16.68 wt% PEI/AC) while for Ni2* adsorption, breakthrough
points occur at approximately 200 mL (virgin), 320 mL (8.41 wt%
PEI/AC) and 160 mL (16.68 wt% PEI/AC). As such, 8.41 wt% PEI/AC
fixed bed is much more efficient in removing CuZ* and Ni2* as com-
pared to virgin and 16.68 wt% PEI/AC. PEl impregnation at 8.41 wt%

has increased the breakthrough volume and service time of AC by
factors of 2.1 (Cu?*) and 1.6 (Ni2*). It is also surmised that both vir-
gin and PEl-impregnated AC are more effective in removing CuZ*
than Ni2*.

The increases of metal adsorption capacities due to the impreg-
nation of PEI are attributed to increased metal complexation
capabilities and improved site coordination for adsorption of metal
ions as a result of presence of PEI. Even though PEI impregnation
reduces the BET surface area by approximately 49%, it is surmised
that the abovementioned favorable effects provided by PEl impreg-
nation render the detrimental effect of surface area reduction
insignificant.

3.3. Effect of influent flow rate

Fig. 4 shows the effect of influent flow rate on effluent pH. For
Cu?* adsorption, pH increases drastically from influent pH of 5 to
effluent pH higher than 10 initially before gradually decreasing to
pH less than 6 and approaching towards influent pH. However, it is
observed that the effluent pH for cases of Ni2* adsorption at flow
rates of 10 and 15 mL/min reach values of about 8.5 instead of val-
ues lesser than 6. This is most probably due to the comparatively
lower stability of Ni-PEI complex as compared to Cu-PEI complex
[15].1tis deemed that this factor induces relatively lower Ni2* com-
plexation ability with PEI resulting in increased competition for
adsorption sites from H* ions from the bulk solution. This is further
exacerbated by increased flow rate at 10 and 15 mL/min since the
residence time for Ni2* ions is further reduced. As such, more H*
ions are adsorbed (complexed) on surface of 8.41 wt% PEI/AC result-
ing in loss of acidity of the bulk solution. This is also observed in
the study conducted by Chen et al. [12]. They elucidated that this
anomaly was due to the change in the solution chemistry, which
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Fig. 3. Breakthrough curves of adsorption of (a) Cu?* and (b) Ni%* on virgin and
PEI-impregnated AC at influent pH 5 and flow rate 5 mL/min.
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Fig. 4. Effect of influent flow rate on effluent pH for (a) Cu?* and (b) NiZ*.

essentially affected the H* ion concentration and that if the experi-
ment were to run for a long enough time, the effluent pH would be
the same as the influent value.

Fig. 5 shows the effect of influent flowrate on breakthrough
curves for Cu?* and Ni?* on 8.41 wt% PEI/AC. Increasing the flow
rate from 5 to 15mL/min clearly shift the breakthrough curves
from right to left indicating decreased service time of fixed bed.
Breakthrough points for Cu?* adsorption occur at volume through-
puts of approximately 1440 mL (5 mL/min), 600 mL (10 mL/min)
and 400 mL (15 mL/min) while for Ni2* adsorption, breakthrough
points occur at approximately 320 (5 mL/min), 120 (10 mL/min) and
80 mL (15 mL/min). The time required to reach breakthrough point
is also observed to decrease with increase in flow rate. This effect
is most likely attributed to the decrease in the residence time of
the metal ions in the bed at higher flow rates. It is also observed
that sharper breakthrough curves for adsorption of Cu* on PEI-
impregnated AC are obtained at higher flow rates. This indicates
higher intraparticle diffusion effect and a smaller transfer zone at
higher flow rates [16]. The breakthrough volume and the quantity
of metal ions adsorbed also decrease with increasing flow rate. This
is due to the reduced contact time causing a weak distribution of
the liquid inside the column, which leads to a lower diffusivity of
the solute among the particles of the adsorbent [17]. Singh and
Pant [18] explained that the decrease of breakthrough capacity of
adsorbent due to increase in flow rate was caused by breakage of
adsorption film surrounding adsorbent particles thereby reducing
the adhesion of adsorbate to the adsorbent particle.

3.4. Modelling of breakthrough curves

In order to facilitate the design of adsorption column with
PEI-impregnated AC as the fixed-bed material, prediction of break-

through curve for effluent is desirable. As such, it is necessary to
fit the adsorption data using established models and subsequently
determine salient parameters associated with these models to
determine their influence for optimization of the fixed-bed adsorp-
tion process. Modelling of the breakthrough curves was carried out
using three established models, namely, bed-depth-service-time
(BDST), Thomas and Yoon-Nelson models.

The BDST model which was formulated by Hutchins [19] eluci-
dates arelation between the service time and the packed-bed depth
of the column [17] and is expressed as

Noh 1 Co
C()t:T—RH{a—} (1)
where (j is the influent concentration (mmol/L), C; is the effluent
concentration at time t (mmol/L), K is the adsorption rate constant
(L/(mmol min)), Ny is the adsorption capacity (mmol/L), his the bed
depth of fixed-bed activated carbon (cm), u is the linear flow rate
(cm/min) and t is the service time to breakthrough (min). A linear
plot of Cot against In[(Cy/Ct) — 1] was employed to determine values
of Ny and K from the intercept and slope of the plot.

The Thomas model which was formulated by Thomas [20] deter-
mines the maximum solid phase concentration of solute on the
adsorbent and the adsorption rate constant for an adsorption col-
umn. The linearized form of the model is expressed as

Go krngom  knCoVesr
| -1]="g Q @
where ki, is the Thomas rate constant (mL/(min mmol)), qo is
the equilibrium Cu?* or Ni2* uptake per gram of the adsorbent
(mmol/g), Qis the volumetric flow rate (mL/min), Ve is the volume
of effluent (mL) and m is the amount of adsorbent in the column
(g). Alinear plot of In[(Cy/C;) — 1] against Veg/Q (or t) was employed
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Fig. 5. Effect of influent flow rate on breakthrough curves of adsorption of (a) Cu®*
and (b) Ni?* on 8.41 wt% PEI/AC (influent pH 5).
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Table 2

BDST model parameters for fixed-bed adsorption of Cu?* and Ni?* on virgin and PEI-impregnated AC at 25 °C

Activated carbon Metal ion Flow rate (mL/min) u (cm/min) Breakthrough time t;, (min) K (L/mmol min) No (mmol/L) R?-values & (%)
Virgin Cu? 5 1.591 110.5 0.0350 55.2979 0.9830 9.81
Niz* 5 1.591 0.0221 38.3033 0.9030 9.15
8.41 wt% PEI/AC Cu? 5 1.591 234 0.0120 118.3000 0.9804 1.45
NiZ* 5 1.591 0.0166 55.0566 0.8988 7.87
Cu? 10 3.183 0.0526 59.2781 0.9514 10.49
Ni%* 10 3.183 0.0327 43.8586 0.8611 9.33
Cu®* 15 4.774 0.0907 45.3530 0.9540 8.97
Niz* 15 4.774 0.0513 26.8768 0.8884 432
16.68 wt% PEI/AC Cu? 5 1.591 143 0.0252 65.2177 0.9893 3.75
Ni%* 5 1.591 0.0198 37.6165 0.8515 10.12

to determine values of ky;, and gg from the intercept and slope of
the plot.

The Yoon-Nelson model [21]is based on the assumption that the
rate of decrease in the probability of adsorption for each adsorbate
molecule is proportional to the probability of adsorbate adsorption
and the probability of adsorbate breakthrough on the adsorbent
[17]. This model was used to investigate the breakthrough behavior
of adsorption of Cu?* or Ni2* on AC. The linearized model for a single
component system is expressed as

Ce

In 7C0 G

= kynt — Thyn 3)
where kyy is the rate constant (per min) and t is the time
required for 50% adsorbate breakthrough (min). A linear plot of In
[Ct/(Co — C¢)] against sampling time (t) was employed to determine
values of kyy and 7 from the intercept and slope of the plot.

It is important to note that all the three models are mathemati-

cally equivalent in which a similar fitting equation can be obtained
from Eqgs. (1)-(3). This fitting equation is expressed as

m[%-}:a_m (4)

Table 3

where a=KNyh/u (BDST model), kt,qom/Q (Thomas model) or tkyn
(Yoon-Nelson model) while b=KCy (BDST model), k1,,Co (Thomas
model) or kyy (Yoon-Nelson model).

The average percentage errors (%) are used to indicate the fit
between the experimental and theoretical values of C;/Cy used
for plotting breakthrough curves and they are calculated using in
accordance to the following equation [22]:

_ Zi\; [((Ct/co)exp - (Ct/CO)theo) /(Cf/CO)exp]
N N

where N is the number of measurements.

Tables 2-4 present the values of respective BDST, Thomas and
Yoon-Nelson model parameters obtained from slopes and inter-
cepts of linear plots. Analysis of R2-values indicates that the Cu%*
adsorption data fit the BDST, Thomas and Yoon-Nelson models very
well as compared to the Ni2* adsorption data. This indicates that all
three models are valid for the application of adsorption of CuZ* on
both virgin and PEI-impregnated AC while it is conversely true for
Ni2*.Itis obvious thatincreases in flow rate result in decreases of Ny,
qo and 7 and increases of K, kt, and kyy values. This trend indicates
that external mass transfer which dominates the overall system
kinetics occurs in the initial part of the adsorption process [17].

% 100 (5)

Thomas model parameters for fixed-bed adsorption of Cu?* and Ni?* on virgin and PEI-impregnated AC at 25 °C

Activated carbon Metal ion  Flow rate (mL/min) Breakthrough time, t, (min) kg, (mL/(minmmol)) (qo)ca (Mmol/g) (qo)exp (Mmol/g) R?-values & (%)
Virgin Cu?* 5 110.5 34.40 0.1231 0.1503 0.9830 7.62
Ni%* 5 32.5 20.00 0.0824 0.1004 0.9030 4.88
8.41 wt% PEI/AC Cu? 5 234 11.80 0.2410 0.2974 0.9804 0.27
NiZ* 5 52 14.90 0.1087 0.1274 0.8988 2.10
Cu?* 10 54 51.70 0.1211 0.1293 0.9466 11.72
Ni%* 10 10.8 28.20 0.0850 0.0919 0.8611 6.61
Cu?* 15 23 87.00 0.0919 0.1059 0.9555 4.75
Ni%* 15 4.6 45.60 0.0503 0.0667 0.8884 1.38
16.68 wt% PEI/AC Cu? 5 143 24.30 0.1240 0.1505 0.9900 3.48
Ni%* 5 26 16.80 0.0671 0.0806 0.8515 6.39
Table 4
Yoon-Nelson model parameters for fixed-bed adsorption of Cu?* and Ni2* on virgin and PEI-impregnated AC at 25°C
Activated carbon Metal ion Flow rate (mL/min) Breakthrough time, t, (min) kyn (per min) Tca (Min) Texp (Min) R?-values & (%)
Virgin Cu® 5 110.5 0.0344 208.74 211.00 0.9830 7.63
Ni%* 5 32.5 0.0200 139.81 128.70 0.9030 4.94
8.41 wt% PEI/AC Cu? 5 234 0.0118 447.07 450.20 0.9804 0.27
Ni%* 5 52 0.0149 201.62 174.50 0.8988 2.09
Cu? 10 54 0.0517 112.28 107.10 0.9466 11.88
Ni%* 10 10.8 0.0282 78.86 55.70 0.8611 6.63
Cu® 15 23 0.0873 56.92 58.00 0.9571 5.43
Ni%* 15 4.6 0.0472 3241 21.90 0.8737 2.88
16.68 wt% PEI/AC Cu? 5 143 0.0249 245.59 247.50 0.9894 1.53
Ni%* 5 26 0.0168 132.35 102.20 0.8515 6.36
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It is also observed that the Ny and qq values for Cu?* and Ni2*
adsorption for 8.41 wt% PEI/AC are higher than that of virgin and
16.68 wt% PEI/AC. This indicates the effectiveness of the PEl impreg-
nation process on enhancing the metal adsorption capacity of AC
in which 8.41 wt% PEI/AC has the highest Cu?* and Ni2* adsorp-
tion capacities among the three AC samples. As elucidated in our
previous study [8], this enhancement is most probably due to
enhanced metal complexation effect provided by the presence of
PEI molecules on the surface of AC which at the same time is suf-
ficiently low to prevent excessive clogging of pores. It is surmised
that the amount PEI impregnated for 16.68 wt% PEI/AC is rather
excessive resulting in relatively more clogging of pores as evident
inreduced surface area and total pore volume. As such, this clogging
effect overwhelms the enhancing effect of complexation result-
ing in reduced Cu?* and Ni2* adsorption capacities for 16.68 wt%
PEI/AC.

The Ni2*adsorption capacity appears to be lower than that of
Cu?* for the same PEI-impregnated AC and similar operating con-
ditions. The binding constant of metal-PEI complex, K}, can be used
to explain this observation. The value of K}, for Cu-PEI is higher
than Ni-PEl irrespective of the types of aqueous media which indi-
cates that Cu-PEI complex is more stable than Ni-PEI complex [15].
This implies that higher stability of Cu-PEI complexes and hence
enhanced Cu?* adsorption capacity.

3.5. Comparison of experimental and modelled breakthrough
curves

The experimental and modelled breakthrough curves are shown
in Figs. 6 and 7. For Cu2* adsorption at flow rate of 5 mL/min, over-
lapping of the three models is observed and all the models are in
very good agreement with the experimental curves. This indicates
the applicability of all three models in predicting the fixed-bed CuZ*
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Fig. 6. Experimental and modelled breakthrough curves of adsorption of (a) Cu?*
and (b) Ni?* on virgin and PEI-impregnated AC at influent pH 5 and flow rate
5mL/min.
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Fig. 7. Experimental and modelled breakthrough curves of adsorption of Cu?* and
Ni2* on 8.41 wt% PEI/AC at flow rates 10 and 15 mL/min (influent pH 5).

adsorption behaviour of virgin and PEI-impregnated AC and thus,
is useful for optimization of such fixed-bed adsorption processes.
In contrast, the modelled curves of Ni2* adsorption at all flow rates
are in relative disagreement with the experimental curves except
at the end of the breakthrough curves.

4. Conclusions

PEI impregnation at 8.41 wt% had increased the breakthrough
volume and service time of AC by factors of 2.1 (Cu?*) and 1.6
(Ni%*). The PEI impregnation process enhanced the metal adsorp-
tion capacity of AC in which 8.41 wt% PEI/AC had the highest CuZ*
and Ni%* adsorption capacities as compared to virgin and 16.68 wt%
PEI/AC. This enhancement was due to enhanced metal complexa-
tion effect provided by the presence of PEI molecules on the surface
of AC which at the same time was sufficiently low to prevent exces-
sive clogging of pores. For Cu?* adsorption, the modelled BDST,
Thomas and Yoon-Nelson curves are in very good agreement with
the experimental curves. This indicates the applicability of all three
models in predicting the fixed-bed Cu?* adsorption behaviour of
virgin and PEI-impregnated AC. However, the modelled curves of
Ni2* adsorption were in relative disagreement with the experimen-
tal curves except at the end of the breakthrough curves.
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