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Graphical abstract Abstract

The excessive excretion of anfibiotics in wastewater poses significant
environmental risks. Adsorption is expected as highly efficient, cost-effective,
and sustainable methods for freating these contaminants. This study
investigated the adsorption of tetracycline hydrochloride (TC) on palm shell
derived activated carbon (PSAC) using the advanced pore volume and
surface diffusion model (PVSDM). Scanning electron microscopy and N2

[ T} %= | adsorption isotherm revealed a highly microporous PSAC with a specific
r,—'I i _ surface area of 852.85 m2 g-!, an average pore diameter of 2.068 nm and a
. 1D modelng micropore proportion of 0.72. In the developing PVSDM, conventional
" v Batch Adsorption PYSDM . . . .
AC Preparation, | * Isotherm model 7 isotherms (e.g. Langmuir, Freundlich and Redlich-Peterson) and global
Palmshell 1 Characterization 1 * Kinetics model Detatipe keiics kinetics models (e.g. pseudo-first order, pseudo-second order and Elovich)

were comprehensively analyzed and the most suitable isotherm and global
kinetics models were incorporated into the PVSDM. External film diffusion
and infraparticle diffusion (IPD) investigation, according to Weber-Morris
and Boyd, consistently confirmed strong IPD control. The PVSDM effectively
reproduced time-dependent adsorption capacity in batch experiment and
was verified by reasonable prediction of the dynamic change of adsorption
capacity within the PSAC particle. The determined mass transfer parameters
indicated that pore volume diffusion was the dominant mechanism, while
surface diffusion was insignificant. This study demonstrates the effectiveness
of PVSDM for quantifying mass fransfer resistances in adsorpfion of TC on
PSAC, providing valuable insights for the design and optimization of large-
scale adsorption equipment for freatment of antibiotics in wastewater.
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1.0 INTRODUCTION

The widespread use of antibiotics in medicine and
food production has raised significant environmental
concerns due fo excessive excretion [1], which risk
promoting antibiotic-resistant bacteria and affecting
food and water supplies [2]. Recently, tetracycline
antibiotics are frequently detected in influents of
wastewater treatment facilities. For example, studies
have reported the concentration as high as 61 mg I'!
in over 95% of surveyed facilities in northern China [3].
To address this challenge, among several methods
that have been developed, adsorpfion is a promising
technique for removing tetracyclines from
wastewater [4-6].

In efforts to develop highly-efficient adsorbents for
various applications, activated carbon (AC),
particularly synthesized from renewable resources, has
significantly attracted attention due to its high porosity
and tunable surface properties [7, 8]. To evaluate the
kinetics of adsorption, most previous research has
primarily relied on batch adsorption experiments and
employed global kinetics models such as pseudo-first
order (PFO), pseudo-second order (PSO) and Elovich
(EV) models. However, in the systems involving large-
molecule adsorbates and high-porosity adsorbents
with a significant proportion of micropores, as in the
adsorption of tetracyclines on AC, the adsorption
kinetics can be significantly influenced by a
combination of external film diffusion (EFD),
intfraparticle diffusion (IPD) and surface interactions.
Consequently, the global kinetics models may not
accurately reflect the actual behavior of this
adsorption system in practical applications, such asin
packed-bed adsorbers.

For better understanding the behavior of
adsorption system with strong hinder effects from mass
transfer, simple diffusional kinetics models, including
the Weber-Morris (WM) plot and Boyd (BD) analysis,
have often used to characterize the effects of
external and internal mass fransfer, respectively, and
identify the rate limiting step. Previous studies
commonly reported IPD as the controlling mechanism
in adsorpfion of tfefracyclines on AC [4-6]. Since
internal mass transfer resistance impedes the diffusion
of adsorbate molecules within the porous structure of
adsorbents, elevated internal resistance can reduce
adsorption capacity, alter breakthrough curve
profiles, and decrease column efficiency by limiting
access fo internal adsorption sites, accurate
estimation of this resistance is essential for reliable
scale-up from laboratory to industrial applications,
opfimization of operational parameters, and
improved prediction of column performance.
However, the estimation of internal adsorption
resistance has been rarely reported in previous studies
as many models simplify these processes for
classification rather than detailed measurement of
internal mass transfer resistance. To overcome the
above-mentioned limitations, advanced modeling
approaches, such as a pore volume and surface
diffusion model (PVSDM), allow for the quantification

of internal mass transfer resistance, should be
inevitably considered.

This study employs the PVSDM, which incorporates
internal mass transfer effects using a finite element
approach to simulate pore structure in adsorbent
particles and a numerical method to calculate
kinetics parameters of the individual steps in
adsorption of tetracycline hydrochloride (TC) onto AC
prepared from palm shell. To achieve this, isothermal
batch adsorption data, encompassing adsorption
isotherm and adsorption kinetics, incorporate with the
physical properties of adsorbent will be utilized in the
development of PVSDM.

2.0 METHODOLOGY
2.1 Activated Carbon From Palm Shell (PSAC)

Palm shell-derived activated carbon (PSAC) was
prepared as follows: palm shell (PS) was washed,
dried, ground and sieved to particle size between 0.2
and 2 mm. It was then pyrolyzed under nitrogen flow
at 773 K for 90 min. The pyrolyzed PS, with particle sizes
between 0.2 and 0.3 mm, was impregnated with KOH
aqueous solution (10 M) at the ratio of 10 ml g! and
shaken at 190 rom, 338 K for 2 h. The solid was then
dried at 383 K for 1 h and thermally tfreated under N2
flow at 1023 K for 1 h. After the thermal treatment, the
solid was neufralized by distilled water, dried at 383 K
for 6 h and stored in a desiccator.

Porous properties measured from nitrogen
adsorption isotherm at 77 K (TriStar I Plus 3.02,
Micromeritics); specific surface area (Seer), external
surface area (S), micropore volume (Vmicro) and total
pore volume (Vi) were calculated based on Brunauer-
Emmett-Teller  multi-point,  Dubinin-Radushkevich
method, t-plof and single point adsorption,
respectively. An average pore diameter (davg) Was
calculated from 4Vi/Sger. Surface morphology and
texture were observed by a scanning electron
microscope (FEI Quanta 250 FEG Thermo Fisher
Scientific, USA). Elements in PSAC were also analysed
with energy dispersive spectroscopy (EDS) technique.

2.2 Adsorption Experiment

Tetracycline hydrochloride (AR grade, > 99%; Vesco
Pharmaceutical Co., Ltd.), representing the
tefracycline group of antibiotfics, was selected to
prepare a model wastewater and will be referred to
as TC throughout this study.

The mixture of PSAC and TC agueous solution (2 g
) was shaken in an orbital shaker (KS 4000 ic, IKA).
Initial concentration and temperature were varied
from 30 to 490 mg I and from 300 to 318 K,
respectively. For kinetics investigations, two initial
concentrations (50 and 100 mg I') were selected, as
these correspond to the industrially relevant range of
TC levels [3]. Adsorption capacity (g) was calculated
from V(Co-C)/m. The concentration of TC solution was
measured at 355 nm using Evolution 201 UV-Visible
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spectrophotometer  (Thermo  Fischer  Scientific).
Calibration curve, constructed in the range of 1 - 30
mg I'!, showed excellent linearity (R2>0.999). The data
were averaged from three replications and the errors
of adsorption capacities were less than 2%.

2.3 Mathematical models and calculation
methodology

Table 1 summarizes the mathematical models used to
investigate isotherm (Langmuir (L), Freundlich (F),
Redlich-Peterson (RP)), global kinetics (PFO, PSO, EV),
diffusional kinetics (WM, BD) and mass transfer
parameters (PVSDM).

For isotherm and global kinetics, model
discrimination and parameter fitting were performed
based on nonlinear regression analysis (NRA) where
the initial guesses were estimated from linear
regression analysis (LRA). To investigate the influence
of external film diffusion (EFD) and intraparticle
diffusion (IPD), and clarify the rate limiting step of the
adsorption process, kinefics data was analyzed
according to the WM and BD models, with the
assumption of instantaneous adsorption onfo active
sites (AAS).

To estimate the mass transfer parameters, PVSDM,
coupled with the selected isotherm (RP) and global
kinetics (PSO) models were developed. The
calculation methodology was applied in the same
manner as described in previous work [?]. The external
adsorption rate constant (kext, = 0.0402 and 0.0442 m
h-' at Co = 50 and 100 mg I, respectively) and the
molecular diffusivity of TC in aqueous solution (Das,
4.20x10¢ cm? s') were estimated from initial rate
according to PSO model and the method proposed
by Wilke and Chang [10], respectively. As general
assumption for AC [11, 12], tortuosity factor (z) of 3.5
was used. The particle porosity (&) was estimated from
7= (2-£)%/&. The initial guess of effective pore volume
diffusion coefficient (Dep) was determined from Dase/ 7
[?]. The optimum Dep was calculated using the
Matlab® function Isgnonlin with the Trust-Region-
Reflective algorithm, minimizing the sum of squared
errors between experimental and model-derived
adsorption capacities. Non-linear equations were
solved using the Matlab® function fsolve with the
Levenberg-Marquardt  algorithm, while  ordinary
differentfial equations were addressed using odel5s,
based on numerical differentiation formulas. Partial
differential equations were discretized using finite
difference approximations, employing second-order
central difference approximations for the first and
second derivatives, and second-order forward
difference approximations to handle boundary
conditions.

To validate the obtained models and parameters,
the stafistical parameters (R2  coefficient of
determination, ARE: average relative error, Sge:
standard deviation of relative error and MPSD:
Marquardt’s percent standard deviation) as well as
the characteristic resemblance between the
experimental data and the calculated result were

considered. The calculation of statfistical parameters is
presented in previous study [13].

Table 1 Mathematical expressions and parameters of kinetic
and isotherm models

Model Nonlinear Form Linear Form
1. Adsorption Isotherm
L :quLCe %z—] +%
© ]+kLCe qe quL qL
q =k Cl/nF 1
F e "F-e |n(qe):|n(kF)+n—ln(Ce)
F
— kRPCe
RP © 1+ageCo%® -
2. Global Kinetics
’ q
9,=9,(1-e) |n< e >=I<f
PFO 1~9e a.a,)
koq7t to1
qu— _= 5 + —
PSO .|+I<2qef qf kzqe Cle
qu(l) In(1+aBN | g.=(3)in(ap)+ (1) Inch
B 9=\p B
EV
Assumption: aft >> 1
3. Diffusional Kinetics
WM - qf, Zizkziﬁ+czi
Bt=-0.498-In(1-F)
BD - where F = gi/qe
dcC
ovson | ¥ =M Sken(Ca-Carle)
=0, Ca=Cao
dCy dg_1dyf | dC ., dq)
Tar Par e d.r(r (D“ ar PP
t=0,0<r<Rp,Ca=0
_ dCar _
r=0 = o =0
r=R,Dgg %L:p +|DD:%|I_=P Tkext (Ca-Cadle=r)

3.0 RESULTS AND DISCUSSION
3.1 Characteristic of PSAC

SEM images in Figure 1 show that PSAC has spongy
structure with numerous internal pores and cavities of
various shapes and sizes, without any cracks and
debris, indicating successful porous structure
development by KOH activation. EDS analysis
revealed a uniform dispersion of C (86.27 wt %), O
(11.83 wt %) and traces of alkaline metals including K
(0.42 wt %), Mg (0.32 wt %), and Ca (0.73 wt %) on the
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surface of PSAC. Figure 1 (c) shows that N2 adsorption
isotherm of PSAC has characteristic of type | isotherm
according to IUPAC (International Union of Pure and
Applied Chemistry) classification, indicafing that
micropores predominantly existed in PSAC structure.
Seer, Vt, Vimicro and davg Were 852.85 m2 g1, 0.4409 cm3
g', 0.3180 cm3 g (micropore > 72%) and 2.068 nm,
respectively. Micropore fraction and davg indicate
that pore size distribution is positive skew (dmode <
dmedian < davg) due to more than 72% of population is
micropore.

L 30um

500 um
290
c
= ) Fadd el
-
2 -
sE 270
- W
L
g |
gg 2350 ¢
oY |
b
230
0 0.2 04 0.6 0.8 1

Relative pressure (-)

Figure 1 Porous properties of PSAC: (a, b) SEM images of
PSAC at different magnifications; (c) N2 adsorption and
desorption isotherms

3.2 Adsorption isotherm

Isotherm experimental data (Figure 2) clearly shows
that the amount of TC absorbed on PSAC at
equilibrium (ge) increased with the equilibrium
concenfration of TC (Ce) and the saturation (gsat) was
observed only at 300 K, around 10.52 mg g’'. In
addition, ge increased with the adsorption
temperature and the increase of ge was more
significant at the higher Ce.

Regression analysis (Table 2 and line plots in Figure 2)
indicates that the isotherm data are best described by
the L model at lower temperatures (T <309 K) and the
F model at higher temperatures. In conirast, the RP
model could accurately represent the entire range of
the experimental data, with RZ of 0.9898 — 0.9933. At
300 K, the bre value was approximately 1, suggesting
that the RP model reduces to L model. However, at
higher temperatures (309 and 318 K), the bgrp value
decreases with increase in temperature, indicating
stronger characteristic of the F model.

3.3 Global Kinetics

Figure 3 compares the predicted adsorption capacity
profiles, calculated using the nonlinear forms of PFO,
PSO, and EV models with the model parameters
estimated from NLA (Table 3), to the experimental
data. The resemblance of the predicted curve with
the experimental result, the statistical parameters (R?,
ARE, Sre and MPSD) and Age indicate that PSO
provides the best fit, followed by PFO and then EV. The
good fits of adsorption kinetic data with PSO model
have been widely reported for adsorption of other
large molecular dyes and petrochemicals from
aqueous solufion using cellulose-based adsorbents
[14, 15]. This consistency was considered because of
strong retardation effect from IPD in a network of fine
pores and significant depletion of bulk concentration.
Therefore, the kinetics data were further analyzed
based on diffusional models to elaborate the
influence of IPD.

3.4 Diffusional Mechanisms

WM plofts in Figure 4 (a) obviously display mulfi-linearity
in both cases and all the straight lines have positive
intercept values (Table 4). This indicates that both IPD
and EFD influenced the overall adsorption process
[16]. In zone 1, the intercept values were slightly
positive (Ca =~ 0), indicating that the overall process
was mainly controlled by IPD [17]. As the adsorption
progresses, the bulk concentration of TC solution and
the number of vacant sites decrease. Consequently,
the EFD effect becomes more significant in zone 2. The
adsorption finally reaches the equilibrium in zone 3.
According to the BD model, the plot between [-In(1-
F)] and f should be a straight line passing through the
origin if the overall adsorption process is controlled by
EFD. However, in Figure 4 (b), the straight lines do not
pass through the origin, indicating that the rate of
adsorption is either controlled by IPD or combination
of strong IPD and weak EFD. Both WM and BD models
consistently suggested that the overall rates were
dominantly affected by IPD with relatively weak effect
of EFD.
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Figure 2 Isotherm fitting for TC adsorption on PSAC according to (a) L, (b) F, and (c) RP models at various temperatures; T = 300 K
(0,---), T=309K (A, —---),and T= 318K (x, —)

Table 2 Model parameters of isotherm models and statistical parameters

Parameter LRA NRA
Model

Symbol Unit 300 K 309 K 318K 300 K 309 K 318K

L qL mg g 11.74 20.58 34.25 11.81 20.36 34.30
ke I mg? 0.0337 0.0146 0.0096 0.0329 0.0148 0.0091

R2 - 0.9905 0.9852 0.9744 0.9908 0.9856 0.9763

ARE - 2.1138 4.6859 8.7268 1.8565 4.7478 8.6743

SRE - 2.2673 5.0549 9.5301 2.0013 5.0556 9.1526
MPSD % 2.6157 6.9059 11.8152 2.4264 6.8045 12.4926

F G mg g (I mg)'n 2.4342 1.7517 1.7225 2.9835 2.1735 1.9900
ne - 3.7411 2.4981 2.1209 4.4267 2.8031 2.2598

R2 - 0.8513 0.9501 0.9818 0.87%90 0.9635 0.9858

ARE - 8.4330 5.6325 4.5251 8.3163 6.4949 5.1493

SRE - 2.3988 5.1262 9.4096 2.1382 5.1863 9.3641

MPSD % 11.0242 7.5420 6.0613 12.6768 9.5197 7.2915

RP kgp lg! 0.3425 0.3961 0.7065
are I mg’ 0.0223 0.0397 0.1403

bre - 1.0448 0.8839 0.6979

R2 - 0.9933 0.9898 0.9909

ARE - 1.3520 3.6071 4.4396

SRE - 1.9934 5.0865 9.2926

MPSD % 2.1303 52195 6.6370
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g, (mg g!)

q, (mg g')

£(h)
Figure 3 Comparison of kinetics models for TC adsorption on PSAC at Co = 50 (®) and 100 (®) mg I': (a) PFO, (b) PSO, and (c) EV.

Table 3 Model parameters and statistical parameters of adsorption kinetics models

£ (h)

q(mg g}

t(h)

8

Parameter LRA NRA
Model Co (mgl7)
Symbol Unit

50 100 50 100

PFO e mg g 6.49 9.47 6.19 9.10
K1 h 1.0348 1.1324 4.2615 5.9182
R2 - 0.6578 0.5764 0.9745 0.9816
ARE - 26.9691 27.2084 5.7041 4.4899
SRE - 27.0977 30.5530 5.9527 4.6982
MPSD % 42.8294 43.6420 9.7420 6.7808

AQe % - - -4.62 -3.91

PSO Qe mg g’ 6.58 9.55 6.59 9.60
ka2 gh'mg! 1.2208 1.2747 1.0665 1.0616
R2 - 0.9925 0.9941 0.9992 0.9992
ARE - 2.1838 2.1098 0.7551 1.0029
SRE - 2.3891 2.0982 0.8008 1.0662
MPSD % 3.5413 4.7985 1.2383 1.6137

AQe % 1.44 0.86 1.48 1.38
EV o mg g h! 507.74 3309.66 524.54 3381.67
B gmg 1.2077 0.9961 1.2146 0.9984
R2 - 0.9606 0.9480 0.9634 0.9518
ARE - 7.2267 7.3234 7.2405 7.2999
SRE - 7.5930 7.7100 7.6264 7.6934
MPSD % 11.8592 12.3525 12.0593 12.4156

9

10
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3.5 Vadlidation of PVSDM and Determination of Mass
Transfer Parameters

Figure 4 (c) shows time-dependence of bulk
concenftration of TC. The best fit of PVSDM with the
experimental result was obtained with R2>0.9946 and
the optimum Ds and Dep were listed in Table 4. The
changes of Crc and grc with adsorption time at various
radial positions were reasonably predicted as
illustrated in Figure 4 (d) and (e), respectively. It can
be seen that Cic atf the external surface (r = R) rapidly
increased and reached the equilibrium within 35 min
for both cases (Cic,0 = 50 and 100 mg I'') while Crc
inside the particle at the smaller R-position took the
longer time to reach the local equilibrium (gi/ge =
099), at Crc,0 = 50 mg [T, feq, =058 = 120 and Teq, =0 =
125 min whereas at Crc,0 = 100 mg I'!, feq,r=0.5r = 85 and
feq. = 0 = 90 min. Additionally, the lower initial
concenfration requires longer time to reach the local
equilibrium.

The value of Ds is notably smaller than Dep (Dep/Ds =
0.87 — 1.72x10%), implying that the surface diffusion is

(a)

5 u —0-0--0--0

i)

0 1 2 3

(b)

-In(1-F) ()

significantly slower than the parallel pore diffusion,
and thus can be neglected in the overall adsorption
process. The estimated Dep insignificantly varied with
the initial concentration and significantly smaller than
the initial guess value (Dep, initial guess = ]85Dep, estimofe)
[18-19]. This result is generally expected for systems
with small-pore adsorbents and large adsorbates [?,
20]. Therefore, the result indicates that the adsorption
of large TC molecules (0.95 - 1.27 nm [4]) in PSAC with
small pore diameter (dmode < 2 NM) was significantly
hindered by IPD (kextR/Dep = 4.59 — 4.77x103).

Unlike the lump kinetics parameter in the PSO
model with limited physical meaning, and indication
of the dominant mass transfer steps according to the
WM and BD models, the PVSDM parameters (Dep, Ds,
and Kext) confirm that internal mass transfer resistance
is the root cause of the low ge, thereby providing clear,
quantitative guidance for the structural modification
of PSAC in future work (e.g.. increasing mesopore
fraction).

Crc (mg ')

Crc (mg I'")

grc (mg gh)

0.5 1 15 2 25 3

¢ (h)

Figure 4 Kinetics analysis for TC adsorption on PSAC at Co = 50 (®) and 100 () mg I' according to (a) WM, (b) BD, and PVSDM (c)
Bulk concentration decay curves, (d) Intraparticle concentration profile, and (e) Infraparticle adsorption capacity profiles at
different radial position: atr=0 (---), 0.5R (- --), and R (—); symbols represent experimental data; lines represent calculated results.
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Table 4 Model parameters and stafistical parameters of diffusional kinetics models

Co (mg I)
Model Parameter Unit
50 100

WM zone 1 K1 mg g hos 7.7363 12.4720

Ca mg g’! 0.1130 0.2733

R2 - 0.9942 0.9883

zone 2 kz mg g hos 1.6573 1.5268

Czn mg g’ 3.9234 7.0591

R2 - 0.9633 0.9711

zone 3 Kz3 mg g! hos 0.2271 0.2240

Can mg g 5.8835 8.8663

R2 - 0.9063 0.9170

BD B min! 0.0476 0.0570

c - 0.2649 0.3565

R2 - 0.9968 0.9898
PVSDM Ds cm2 st 4.21x1014 2.24x10-14
Dep cm2s 3.65x107 3.86x107

Kext m h! 0.0402 0.0442

S m2g! 26.31 26.31

R2 - 0.9946 0.9960

ARE - 0.9467 1.4340

4.0 CONCLUSION

This study successfully applied the sophisticated pore
volume and surface diffusion model (PVSDM) to
determine mass transfer parameters of the individual
steps in the adsorption of TC using palm shell derived
activated carbon (PSAC), a material characterized
by a large specific surface area (Seer = 852.85 m2 g-')
and high proportion of micropores (Vmicro/Vt = 0.72
and davg = 2.068 nm). The PVSDM was developed
based on comprehensive analysis of isothermal batch
adsorption data; isotherm and global kinetics were
most accurately described by Redlich-Peterson
model (RP) and pseudo-second order model (PSO),
respectively. Diffusional kinetics models, Weber-Morris
(WM) and Boyd (BD) plofts, consistently confirmed that
this adsorption system was dominantly controlled by
infraparticle diffusion (IPD) with weak effect of
external film diffusion (EFD). The values of mass transfer
parameters estimated by PVSDM approach uniformly
indicated the dominance of IPD as the rate controlling
STep; kexiR/Dep = 4.59 — 4.77x10% and Dep/Ds = 0.87 -
1.72x105. This advanced approach should be
valuable for designing other adsorption systems,
particularly those involving large adsorbate molecules

and adsorbents with a high proportion of micropores.
By providing a more accurate understanding of mass
fransfer processes, this approach can enhance the
efficiency and operational reliability of the large-scale
adsorbers.
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