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Abstract

In this study, the efficiency and applicability of fixed-bed columns were evaluated for tetracycline (TC) adsorption on
granular activated carbon (GAC) and modified granular activated carbon (GAC-Cu). An experimental design using the
Box-Benking (BOX) method was employed to optimize column operation, considering three independent variables:
initial pollutant concentration (20, 50, and 80 mg/L), bed height (1, 2, and 3 cm), and feed flow rate (3, 6, and 10
mL/min). Response factors included saturation time (tsat) and maximum adsorption capacity (qmax). To simulate
breakthrough curves, six models (Thomas, Yoon-Nelson, Yan, Clark, Gompertz, and Log-Gompertz) were applied
under optimal conditions. Parameter estimation and model selection were performed using Bayesian techniques,
incorporating experimental qmax values and five statistical metrics (R2 and R2

ajstd; AIC, AICC, and BIC). The results
demonstrate that both GAC and GAC-Cu exhibit high efficiency in TC removal, achieving 95% removal under optimal
operational conditions (C0TC = 80 mg/L, Q = 6 mL/min, and Z = 1 cm). For CAG, these conditions resulted in a
saturation time (tsat) of 23 minutes and a maximum adsorption capacity (qmax) of 2.08 mg/g, while for GAC-Cu, a
significantly higher adsorption bed capacity of 6.87 mg/g was observed in 107 minutes. These findings suggest that the
modification of GAC enhances its adsorption capacity for TC, making it three times more effective than unmodified
GAC. Additionally, the saturation time indicates the efficiency of the process in treating high TC concentrations with
minimal solid mass, highlighting its feasibility for implementation on a larger scale. Applying the Bayesian technique, it
was observed that, for GAC and CAG-Cu respectively, the Yan and Clark models were the best predictors of the
breakthrough curve behavior, elucidating the mechanisms of the column. Moreover, the Log-Gompertz model was
useful for the scale-up of the process. Finally, this work contributes valuable information for the development and
implementation of environmentally sustainable and effective water treatment strategies.
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1. Introduction

Since the discovery of antibiotics in 1929, the
pharmaceutical sector has experienced significant
growth, leading to the widespread presence of
pharmaceuticals and their byproducts in various
aqueous matrices, posing environmental threats [1].
Tetracycline (TC), commonly used in human and
veterinary medicine, can persist in the
environment, alter microflora characteristics, and
pose toxicity risks to aquatic organisms and human
health [2].
Various treatment techniques have been

employed to address tetracycline contamination in
water and wastewater [3–7], with fixed-bed
column adsorption offering advantages such as
simplicity, high removal efficiency, and scalability
[8,9].
Mathematical models for breakthrough curves

play a crucial role in designing and optimizing

these columns, aiding in data description,
prediction, and sizing [8]. Through Bayesian
inference and its statistical metrics, parameters can
be estimated and the most suitable model selected,
enabling accurate estimation of adsorption
operation in fixed-bed columns by extracting
information on mass balance and process kinetics
[10].
Therefore, the main objective of this work is to

apply a Bayesian technique for the estimation of
the parameters and selection of the breakthrough
curve models for TC adsorption in fixed-bed
columns using GAC and modified GAC, assessing
the potential scale-up of the process.

2. Experimental Procedure

2.1 Materials
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Tetracycline (CAS 60-54-8) was obtained from
the Sigma-Aldrich company (St Louis, MO, USA)
in an analytical purity >98%. Granular activated
carbon (CAS 7440-44-0), with a granulometric
fraction between 1.00 and 1.40 mm, was supplied
by Êxodo Científica (Sumaré, SP, Brazil), and the
modified GAC was prepared following the
proposed methodology by Costa and Féris [11],
with copper sulfate through an aqueous solution
containing CuSO4 (2% w/v) at 298K for 24h.
After this time, the material was filtered and the
solid was dried for 4–6 hours at 373K.

2.2 Fixed-bed Adsorption Experiments

Fixed-bed experiments were conducted using a
borosilicate glass column with dimensions of 12
mm internal diameter and 20 cm total length
(Figure 1). The TC solution was pumped upward
through the column using a peristaltic pump in a
controlled flow mode. Distilled water was used to
rinse and equilibrate the column before each

operation.
Fig. 1. Scheme of the adsorption fixed-bed column
system.

The number of experiments was optimized
using experimental planning, through the
Box-Behnken (BOX) design, using the
STATISTICA 7.0® software. The matrix of the
experimental design containing 3 factors, these
being: initial TC concentration (C0TC - x1),
volumetric flow rate (Q - x2) and height of the bed
(Z - x3); in 3 levels and 1 block, covering a total of
15 experiments. Two response factors were
selected: the saturation time (tsat) and the adsorbent
maximum adsorption capacity (qmax).
All experiments were conducted at 298 K, at

natural pH (~7,0), using distilled water for TC
dilution from the stock solution. The breakthrough
curves were obtained by continuously monitoring
the pollutant concentration over the process time.

The final TC concentration of all samples was
determined by a UV-Vis spectrophotometer at a
wavelength of 357 nm [12].

2.3 Breakthrough Curves and Modeling

Mathematical models such as Thomas,
Yoon-Nelson, Clark, Yan, Gompertz and
Log-Gompertz were used to simulate breakthrough
curves, facilitating potential process scaling-up,
using a Bayesian technique. For this, the Markov
Chain Monte Carlo method (MCMC) applying the
Metropolis-Hastings (MH) algorithm was used for
the estimation of the parameters, and the selection
of the models was made through five statistical
metrics: coefficient of determination (R2), adjusted
coefficient of determination (R2

ajstd), Akaike
criterion (AIC), correct Akaike criterion (AICC)
and information criterion Bayesian (BIC) [13].

3. Results and Discussion

3.1 Experimental Design of the Fixed-bed column

For the definition of the best experimental
conditions for the removal of TC took into account
the efficiency of the process, which is based on the
shortest saturation time and the highest amount of

the resulting maximum adsorption capacity. Table
1 shows the best results of the response variables
for the matrix of the experimental design applied in
the present work and Figure 2 shows the
breakthrough curves obtained for the TC
adsorption.

Table 1. Matrix of experimental design and
responses for adsorption of TC for (a) GAC and
(b) GAC-Cu.

Independent variables Response

C0TC Q Z tsat (min) qmax (mg/g)

a 80

mg/L

6

mL/min

1

cm

23 2.08

b 107 6.87
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Fig. 2. Breakthrough curves of TC adsorption for
(a) GAC and (b) GAC-Cu.

The results suggest that modifying the type of
solid used in the column for TC removal enhances
the efficiency of GAC materials under these
operational conditions. Additionally, these findings
indicate a significant improvement in adsorbent
capacity, approximately 230.29% higher compared
to unmodified GAC, achieved simply by
impregnating the solid. Figure 2 demonstrates that
the values estimated by the Bayesian technique in
this study accurately align with all experimental
conditions, effectively predicting breakthrough
curve behavior. Figure 2a notably depicts a
sigmoidal (S) curve, ideal for breakthrough curves
according to Giles [14], indicating favorable
adsorption kinetics. Conversely, Figure 2b,
representing unmodified GAC, shows both
S-shaped and L-shaped curves, implying less
optimal behavior. This highlights the positive
impact of adsorbent modification, resulting in
improved breakthrough curve characteristics and
longer residence times.

Other researchers have also observed similar
breakthrough curves for TC on activated carbon in
fixed-bed columns, displaying both S-shaped and
L-shaped behaviors. The S-shaped curve suggests
cooperative adsorption, where molecules adsorb
vertically and facilitate additional adsorption as
more solute accumulates [14]. Conventional
models, leading to deviations in curve predictions,
do not always predict this cooperative behavior
accurately. However, the Gompertz and
Log-Gompertz models can better account for curve
asymmetry. Conversely, L-shaped curves indicate
decreased chances of solute adsorption as the
column becomes saturated, resulting in longer
residence times [15–17].

Figure 3 shows the adjustment of the curves to
all models applied for best experiment, applying
the value of qmax as a random variable and
deterministically for Thomas and Yan models.

Fig. 3. Adjustment for the breakthrough curves to
all models applied at the present work while (a)
GAC and (b) GAC-Cu.

The model that best suits the experimental
data, taking into consideration the mechanisms
of the adsorption process, is the Yan model
(Figure 3a) as well. However, when leaving
the parameter deterministic, with its
experimentally obtained value, satisfying the
physics of the process, the model that best fits
the data is the Clark model, thus, being able to
change the selected model as well as the
elucidation of the mechanisms involved in the
process. Comparing the results for the
unmodified GAC (Figure 3b), it can be seen
that the model selected for the mechanisms of
the adsorption process was altered (Yan to
Clark) and if qmax was estimated along with the
other parameters, the model that would better
adjust the experimental data would continue to
be Yan’s model. In both of them, the
Log-Gompertz model the best for practical
purposes.

The same behavior was also found by Juela
et al. [15], especially at the beginning of the
breakthrough curves obtained by the authors.

Conclusion

The study highlights the significance of
precise operational parameters and
comprehensive statistical analysis in
optimizing TC removal through adsorption
processes. The optimal conditions achieved
95% TC removal, with GAC-Cu
demonstrating a maximum adsorption capacity
three times higher than GAC. Bayesian
analysis accurately predicted breakthrough
curves, and the Log-Gompertz model was
deemed practical for both scenarios.
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