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Abstract

Heavy metals are predominantly introduced into the environment through industrial waste. To address this issue,
graphene-based nanomaterials incorporated into polymeric matrices present a promising solution for effective adsorption
and reuse in treating contaminated wastewaters. This study investigates the use of a hydrogel composed of agar and
graphene oxide for the removal of Pb?* ions from aqueous solutions in a fixed-bed system. The hydrogel demonstrated
high recovery percentages over three adsorption-desorption cycles. Breakthrough times aligned with model predictions,
and the uptake capacity closely matched results from previous batch tests. These findings suggest that the graphene oxide-
agar hydrogel is an effective adsorbent for removing Pb?* ions from aqueous solutions.
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1. Introduction

Heavy metals are toxic substances that pose
significant health risks, predominantly introduced
into the environment through the discharge of
untreated or inadequately treated industrial waste
[1][2]. To mitigate the concentration of these
harmful substances in the environment, adsorption
has become one of the most extensively studied
processes for the post-treatment of effluents
contaminated with heavy metals [3]. As a result,
much scientific effort focuses on developing
efficient adsorbent materials [4]. In this context,
graphene-based  nanomaterials have gained
considerable attention due to their remarkable
properties, such as high surface area and chemical
stability [5].

However, the nanoscale nature of graphene-based
materials presents challenges for industrial
applications, particularly in separating them after
use. Incorporating these materials into polymer
matrices offers a practical solution, combining their
advantageous properties with the structural benefits
of the matrix [6]. This method allows for the
creation of adsorption beds that can be reused
through multiple adsorption-desorption cycles [7].
This study explores the use of a nanocomposite
composed of graphene oxide and agar in a fixed bed

system for the removal of Pb?" ions from aqueous
solutions.

2. Experimental

The experiments were carried out using the setup
illustrated in Fig. 1. A stainless-steal column, 10 cm
in height and 2 cm in internal diameter, was packed
with a hydrogel composite of agar and graphene
oxide (GO). An aqueous Pb?* solution was pumped
upwards through the column at 25°C. Samples were
periodically collected from the top of the column,
and the Pb?" concentration was analyzed using ICP-
OES. Flow rates of 2 mL-min"* and 4 mL-min were
employed and regularly monitored to maintain
consistency. After the adsorption phase, the column
was treated with a 0.1 mol-L* HCI solution for
desorption, followed by water util a pH of 7 was
achieved. Table 1 shows some data from adsorbent
characterization [8].

The bed porosity and Peclet number were
determined using blue dextran tracer test, the
experiment was conducted in the same conditions of
fixed bed experiments. The tests were carried out in
duplicate, the passage time of the tracer through the
column is 6 min. The Peclet number was then used
to estimate axial dispersion according to Eg. 1.
Table 2 presents the parameters for the fixed bed
breakthrough experiments.
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Table 1. Data from adsorbent characterization

Parameter Value
Pores volumn (cm3-g) 7.8x10*
Pores diameter (hm) 1.1

Zeta potential 2.0

[Puﬁcr]

Fig. 1. Setup of the fixed-bed column experiment
for continuous Pb?* ion adsorption.
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Table 2. Parameters for the fixed bed experiments.
Parameter Value
Height of the bed (H,, m) 0.10
Internal diameter of the column (d;, m) 0.02

Adsorbent mass (Mypeq, Gary adsorbent) 0.336
Bulk porosity (e;,) 0.40
Peclet number (Pe) 11.66
Coefficient of axial dispersion (Dg,, 1.36x10%
m2-min)

Particle size (d,,, mm) 2.2
Flow rate (Q, mL-min) 2.00
Interstitial velocity (v;, m-min?) 0.016
Pb?* feed concentration (C,, mg-L™?) 20.0
Intraparticule mass transfer coefficient 0.038
(kypp, min?)

Freundlich index (n, dimensionless) 2.0
Freundlich constant (K;, mg-LY"1) 12.1

From the experimental data, it was possible to
estimate the breakthrough time (C; = 0.05 Cy),
stoichiometric time, and exhaustion time (C; = 0.95
Co), as well as the uptake capacity (Eqg. 3.).
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To predict the breakthrough behavior, a
computational simulation was employed, using
experimental parameters listed in Table 2, achieved
by solving Eq. 4.

9%c ac ac
Daxﬁ—v-——————=0 (4)

Assuming that initial conditionis:t =0 - C, =
qo = 0 and boundary conditions are: z=H —
0C/0z=0 and z=0- D, 0C/0z =v;(C —
Coo)-

3. Results and discussion

The results for the breakthrough curves from
three fixed-bed cycles with flow rates of 2 mL-min-
! (Fig. 2) and 4 mL-min* (Fig. 3) are presented. The
adsorption curves exhibit a symmetric "S" shape.
Desorption of Pb?" ions with 0.1 mol-L? HCI
required 60 minutes for both flow rates. The
percentage recovery of Pb?* ions is shown in Table
3.
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Fig. 2. Breakthrough curves for Pb?* ion adsorption
(a) and desorption (b) using the composite hydrogel
at a flow rate of 2 mL-min™.
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Fig. 3. Breakthrough curves for Pb?* ion adsorption
(a) and desorption (b) using the composite
hydrogel at a flow rate of 4 mL-min™.

Table 3. Percentage recovery of Pb?* ions through
cycles using 0.1 mol-L* HCI as the eluent.

Cycle 2.0 mL-min! 4.0 mL-min’!
1 95.6% 97.9%
2 94.4% 86.1%
3 89.5% 86.6%

Comparing the flow rates, a higher percentage
recovery was achieved at 2 mL-min™'. This is likely
due to the increased contact time between the
phases. Since the breakthrough curves for the three
cycles are quite similar, the data were combined to
create a single curve, presented in Fig. 4, alongside

the prediction curve from the computational
simulation.
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Fig. 4. Combined breakthrough curves for Pb?" ion
adsorption on the composite hydrogel at two
different flow rates, along with the predicted curve
from the computational simulation.

The breakthrough time was estimated 274 min
for the 2 mL-min flow rate and 104 min for the 4
mL-min? flow rate. The exhaustion time was 674
min for 2 mL-min*tand 370 min for 4 mL-min=. The
higher flow rate resulted in faster breakthrough and
exhaustion times. By increasing the flowrate, if the
system is under internal mass transfer resistance
(which seems to be the case here), when the contact
time between the adsorbate and the adsorbent
decreases, the breakthrough time also decreases [9].

The experimental data closely match the
predictions from the computational simulation, with
the prediction errors detailed in Table 4.

Table 4. Prediction errors from the computational
simulation for Pb?* ion adsorption in the composite
hydrogel.
Flowrate (mL-min™) 2.0 4.0
Mean absolute error (MAE) 0.02 0.02
Mean squared error (MSE) 0.0006 0.0007
Root meat squared error
(RMSE) 0.02 0.03

Figures in Fig. 4 and the errors in Table 4 indicate
that the experimental data align closely with the
predicted model, showing minimal deviation. Table
5 presents the adsorptive capacities from the fixed-
bed tests and those predicted by fitting the
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Freundlich isotherm to equilibrium data for Pb?*
adsorption on the composite hydrogel in batch tests.
As it could be seen, the error between the batch
adsorption capacity and those estimated from fixed-
ben tests were below 12%.

Table 5. Adsorptive capacities obtained on a dry
basis from fixed-bed tests compared with the
predicted values from Freundlich’s isotherm.

q Relative error
(mg-g™) (%)
Freundlich (Batch tests) 50.53 -
Fixed-bed (2 mL-min‘t) 44.67 11.60
Fixed-bed (4 mL-mint) 46.30 8.37

This composite hydrogel demonstrates superior
performance compared to steam granular activated
carbon packed in a fixed bed of similar dimensions
(10 cm x 1.5 cm). The carbon achieved an uptake
capacity of 0.123 mg-g*, while the hydrogel
reached 46.3 mg-g™* at the same flow rate, on a dry
basis [10].

4. Conclusions

In this study, the performance of a hydrogel
composite based on graphene oxide and agar in a
fixed bed system for Pb? ion adsorption was
evaluated. The hydrogel demonstrated effective
recovery across three adsorption-desorption cycles.
The breakthrough times aligned well with model
predictions, and the uptake capacity closely
matched the values obtained from batch tests. These
findings indicate that the graphene oxide-agar
hydrogel is a highly efficient adsorbent for the
removal of Pb?* ions from aqueous solutions.
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