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ABSTRACT

Continuous column dynamic studies were carried out for the removal of tetracycline
hydrochloride (TC-HCl) using commercial grade activated carbon. Experimental investiga-
tions were carried out for various factors such as flow rates (1.5, 3, and 5 mL min−1), initial
concentrations (200, 400, and 600 μg L−1), and bed height (4.5, 10 cm). Experimental break-
through curves were generated using concentration–time profile with the empirical data.
The total adsorbed quantities and equilibrium uptake rates were determined by evaluating
the breakthrough curves obtained at different flow rates, different initial concentrations, and
different bed heights. The exhaustion time and bed capacity increased with bed height and ini-
tial concentrations and found to increase with the decrease in flow rates. The theoretical break-
through curves were predicted using Adam–Bohart, Wolborska, Thomas, Yoon–Nelson, and
Wang’s model. A comparative analysis of linear and nonlinear least square methods was
employed for estimating the kinetic parameters using experimental data. Error analysis was
carried out for best fitting models. The results from dynamic studies showed that a maximum
adsorption capacity was achieved for an initial concentration of 600 μg L−1 bed height of
10 cm and flow rate of 1.5 mL min−1. From the kinetic models, Thomas and Yoon–Nelson
model gave a better fit with linear and nonlinear regression analysis. The same was proved
statistically. The nonlinear regression analysis was comparatively much better than that of
linear regression analysis as observed.

Keywords: Tetracycline hydrochloride (TC-HCl); Fixed-bed reactor; Activated carbon;
Mathematical modeling; Error analysis; Thomas model; Yoon–Nelson;
Adam–Bohart; Wang; Wolborska

1. Introduction

Over a period of 85 years, antibiotics are considered
as a part of life-saving chemical compounds globally.
They are used against several bacterial and fungal

infections in plants, animals, and human beings. The
therapeutic use of antibiotics includes the prevention
of microbial infections against (non) pathogens in
human, animals, as growth promoters in agriculture,
and livestock productions [1]. Though they are consid-
ered as “wonder drug” and proves to be miraculous,
the vast amount of waste generated goes unknown.
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Moreover, there is no good regulation of their maxi-
mum permissible concentrations into the environment,
thus it becomes tedious and inaccurate to analyze their
toxicity in combination with other drug moieties [2].

Among other pharmaceutical compounds like hor-
mones, beta-lactamide, anti-inflammatories, analgesics,
lipid regulators, and anti-depressants [3], antibiotics
take a special place and remain to be one of the signif-
icant causative agents for environmental pollution due
to its huge consumption. Some prominent classes of
antibiotics include β-lactams, tetracyclines, aminogly-
coside, macrolide, glycopeptides, sulfonamides, and
quinolones [4]. The transportation of antibiotics into
the environment mainly comes from the bulk produc-
tion unit, dosage form manufacturing unit, hospitals,
and residential areas. These compounds have been
present in municipal wastewater, surface water,
ground water, soils, and even in drinking water, as
reported in the literatures [5]. Patancheru wastewater
treatment plant (WWTP), near Hyderabad, receives
1,500 m of water from 90 bulk drug manufacturers.
The effluents collectively seem to contain nearly 59
pharmaceutical products. Of the 59, 11 drugs were
present in very high concentrations. Antibiotics like
ciprofloxacin are present at a concentration of
31,000 μg L−1 that can treat the entire population of
Sweden for five days [6]. The occurrence and removal
of 13 pharmaceuticals and 2 consumer products,
including antibiotic, anti-lipidemic, anti-inflammatory,
anti-hypertensive, anticonvulsant, stimulant, insect
repellent, and antipsychotic, were investigated in 4
WWTPs of Beijing, China. The consumed drugs are
present as (i) active agents (ii) conjugate or (iii)
metabolites [7]. Hospital effluents carry urine and
fecal matter of patient which contain elevated amount
of unabsorbed active form of drugs like anti-inflam-
matory, analgesics, antibiotics, etc. Such high values of
drugs will disturb the biological treatment carried out
in the WWTP [8].

In the antibiotic taxonomy, tetracycline compounds
were given a special focus ever since their evolution
from 1948. Aureoumycin, a compound that was iso-
lated from the soil bacteria, was the first class of tetra-
cycline antibiotic. Semi-synthetic derivatives of
tetracycline were approved by FDA in the year 1954.
Second generation compounds like doxycycline and
minocycline got their approvals in the year 1964 and
1971, respectively, by FDA. The third-generation tige-
cycline was approved in the year 2006. The mecha-
nism of action of tetracyclines and its derivatives is
initiated by attaching themselves to the ribosomal unit
followed by inhibition of the translation process, hence
are bacteriostatic by nature, and it is classified under
broad-spectrum antibiotics [9].

Tetracycline is ranked second in the worldwide
production rate and consumption rate, while China is
being ranked first [10]. Globally, several thousands of
tons of tetracyclines are produced annually, out of
which, for veterinary purpose alone the production
rate throughout the world goes in the following order
in which USA has the highest production rate with
3,200 tons followed by Europe with 2,575 tons, UK
with 228 tons, France 117 tons, etc. [11]. From this, it
is very obvious that these compounds are prevalent
for over six decades and could have been penetrated
into the environment casually.

The first resistant strains towards aureomycin were
reported in the year 1954 [12]. Tetracycline resistance
is found to occur in three different ways, the first one
being the existence and coexistence of tetracycline
resistance and resistance to structurally different
antibiotics giving rise to multidrug resistance, while
the second type of resistance was noted to occur with
ribosomal protection proteins, and the third type of
resistance was found to occur by chemical inactiva-
tion, a degradative mechanism [12]. Around 12 differ-
ent classes of tetracycline resistant genes have been
classified (tetA, tetB, tetC, tetD, tetE, tetK, tetL, tetM,
tetO, tetP, tetQ, tetX) and found to be resistant against
several Gram (−ve) and Gram (+ve) bacteria [9,13].

The polar nature of tetracycline makes it more
mobile and gets transported into the aquatic streams
easily. The two potential ways through which the tetra-
cycline enters the environment are through human and
animal use. From human excretion, they enter the
municipal sewage treatment process from where they
are finally drained into the surface water and from
domestic use, the landfill disposal reaches the ground
water. From animal use the waste excreted becomes a
source of manure for plant growth and that ultimately
ends up into the food chain [11]. The occurrence of
antibiotics in the environment has therefore received
considerable attention. In the detection of the occur-
rence of antibiotics, the most frequently monitored
antibiotic was tetracyclines from 80% of the wastewater
samples in Wisconsin, USA [14]. Seven types of tetracy-
clines have been detected in surface waters in various
parts of China with a residual concentration of about
1,000 ng L−1 [15]. About 0.14 to 50 mg kg−1 concentra-
tions of tetracyclines were found in the bones of slaugh-
tered animals [16]. They were also identified above the
detection limits from the application of pig slurry to soil
in a research conducted in the south of Brazil. Residual
concentrations from 0.15 to 0.97 μg L−1 have been
detected in Canada [17]. Residual concentration up to
2.37 μg L−1 was reported in ground water. The metabo-
lites of chlortetracycline after 10 d were observed with a
maximum concentration of up to 281,000, 157,000, and
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67,000 μg kg−1. Chlortetracycline has also been detected
in water samples at a maximum of 0.03, 0.16, and
0.69 μg L−1 and concentrations up to 2,683,105, and
1,079 μg kg−1 of different tetracycline in soil, residual
concentrations of about 183.5, 43.5, and 26.8 mg kg−1 of
tetracycline were detected in the manure.

The threat provoked by these chemical compounds
pave way for the development of several removal
mechanisms that includes membrane process, adsorp-
tion process, photochemical process, electrochemical
process, photocatalytic, and photoelectrocatalytic pro-
cess [11]. Among several process mentioned above,
adsorption is widely used process in the chemical
industry especially for environmental applications due
to its low cost and particularly suitable for compounds
of low concentration. Adsorption process does not
produce potentially more dangerous substances, and
is relatively cheap in terms of initial cost, flexible, sim-
ple, and easy to operate. The solid–liquid separation
process eliminates the solute particles from the liquid
phase by adsorbing onto the surface of solid particles.
The main reasons for considering the adsorption pro-
cess in the industries are not only limited to cost-effec-
tiveness, but also a high conversion rate is achievable
per weight of the adsorbent used compared to other
types of reactor.

The adsorption is operated in two modes, static and
dynamic. Though static studies remains the most
studied process, only continuous mode operation could
give a real insight into the applicability of this technol-
ogy in the industries. Dynamic adsorption is consid-
ered as an open system, where the adsorbate solution is
passed continuously in the packed column [18].

Batch adsorption studies of tetracycline have been
carried out onto various adsorbents like kaolinite,
smectite, Palygorskite, Fe3O4–rGOcomposite, activated
sludge, rectorite, montmorillonite, graphene oxide,
aluminum oxide [19], etc., whereas continuous mode
studies were carried out on activated carbon with
10 μg L−1 of drug concentration [20] Table 1. Though
dynamic mode adsorption studies have not been
much extended in the removal of tetracyclines, batch
adsorption studies of TC-HCl have been realized with
cGAC for high concentration solutions for acquiring
equilibrium knowledge of the adsorption process [21].

The scope of the present work is to investigate the
adsorption of TC-HCl on cGAC fixed-bed column in
upflow manner. The consequence of the design
parameters such as flow rates, bed heights, and
influent concentration at fixed pH and temperature
was investigated at laboratory scale. Five different
mathematical models have been used in this study to
analyze the behavior of the selected system. Also,
linear and nonlinear methods have been used to

determine the kinetic parameters and the comparison
between both is revealed. The error analysis has been
employed to the best fitting models.

2. Materials and methods

2.1. Reagents

Commercial grade granular activated carbon
[cGAC] was bought from Sudhakar biological, Chennai,
India. Tetracycline was bought in the dosage form as
Tetracycline hydrochloride capsules [TC-HCl] Resteclin
250 I.P, manufactured by Abbott healthcare Pvt. Ltd,
from local drug store Chennai, India. Analytical grade
HCl and NaOH were purchased from Sisco Research
Laboratories Pvt. Ltd, Mumbai, India. The physical and
chemical properties of TC-HCl are listed in Table 2. The
stock solutions of TC-HCl were prepared using reverse
osmosis water (ROW) and the pH of the aqueous solu-
tion was maintained in the pH range between 6 and 6.5
using 0.1 N HCl/NaOH solutions.

2.2. Processing and characterization of cGAC for
adsorption studies

At the beginning, cGAC was sieved using a
mechanical sieve and the particles that were retained
on the mesh of size +10/−8 were taken for further
studies. The uniform-sized particles were washed with
water thoroughly for several times to remove the sur-
face adhered impurities. It was then air dried to drain
off the water and the wet cGAC was kept in the hot
air oven at 60˚C for about 48 h. It was then stored in
an airtight container for column studies and character-
ization purpose. Characterization studies were con-
ducted by BET analysis using QuadraSorb analyzer
with nitrogen gas as the adsorbate, to find the surface
area, pore size, and pore volume of the adsorbent The
total surface area, pore volume, and average pore
radius were found to be 615.917 m2 g−1, 0.036 cc g−1,
and 15.296 Å, respectively.

The FT-IR spectrum of cGAC was recorded before
and after adsorption using FT-IR spectrophotometer
operating in the range of 4,000–400 cm−1 using KBr
pellet with a resolution of 1 cm−1. The surface mor-
phology by chemical alterations was examined
through FT-IR analysis.

2.3. Fixed-bed adsorption studies

Fixed-bed studies were carried out in glass col-
umns of 23 cm height with internal diameter of 7.2 cm
and external diameter of 7.6 cm. A nylon mesh was
placed at a height of 3.4 cm from the bottom of the
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reactor over which cGAC was packed. After packing
the column at the desired height, the top surface was
again covered with nylon mesh. The empty space
above and below the column were packed with peb-
bles to compact the bed and to avoid dead volume
spaces. The experimental setup is shown in Fig. 1. The
column was operated in an up flow manner. The feed
solution was pumped through peristaltic pump using
intravenous tube at a uniform flow rate into the col-
umn. The samples were collected at regular intervals,
stored at 4˚C, and analyzed using UV–vis spectropho-
tometer at 360 nm. The column was desorbed com-
pletely using 0.1-N HCl solution further, in which
three to four cycles of water wash was provided to
ensure complete neutralization of the column before
reusing.

2.4. Analysis of TC-HCl using double beam UV–vis
spectrophotometer

A stock solution of tetracycline hydrochloride
(TC-HCl) (1,000 μg L−1) was prepared by dissolving
1 mg of TC-HCl powder taken from the pharmaceuti-
cal preparation in 1,000 mL ROW. For plotting stan-
dard curve of TC-HCl, working standard solutions of
TC-HCl (100–1,000 μg L−1) were prepared by diluting
the stock solution to 100 mL with ROW in 100-mL
volumetric flask. The concentration of TC-HCl in
Resteclin capsules was analyzed spectrophtometrically
[39] using double beam UV–vis spectrophotometer
(UV Pharmspec 1700, Shimadzu) at 360 nm [21,28].
The same method was adopted for measuring the con-
centration of TC-HCl solution for column studies.

Table 1
Static and dynamic adsorption studies of tetracycline onto various adsorbents

Adsorbent Process pH Refs.

Commercial grade activated carbon Column 6.5 In this study
Coal-based carbon Column 6 [20]
Coconut-based carbon
Commercial grade activated carbon Batch 1–7 [21]
Saline sewage Batch 4.5–9.0 [22]
Fresh water sewage
Waste tire powder Batch 2–11 [23]
Fe–Mn binary oxide Batch 7–8 [24]
Montmorillonite clay Batch 6.5, 7, 7.5 [25]
Aluminum oxide Batch 5–9 [26]
Graphene oxide Batch 3–11 [19]
Titania and titania silica composite Batch 4.4–9.5 [27]
Polyacrylamide cryogels Bath 2–10 [28]
Chitosan Batch 2.8–5.6 [29]
Swelling clay minerals Batch 4–5 [30]
Kaolinite Batch 3–6 [31]
Nitrifying granular sludge Batch 7.5–8 [32]
Cinnamon soil Batch 5–7 [33]
Fe-impregnated SBA-15 Batch 3–8 [34]
Multi-walled carbon nano tubes Batch 5 [35]
Goethite Batch 3–10 [36]
MnFe2O4/activated carbon magnetite composite Batch 5 [37]
Unmodified rice straw Batch – [38]

Table 2
Physical and Chemical Properties of Tetracycline Hydrochloride

Chemical name Brand name Formula
Molecular
weight Physical properties

Chemical
properties

Tetracycline
hydrochloride I.P

Restecilin C22H24N2O8·HCl 480.90 Bright yellow crystalline
powder pH of 2% aqueous
solution around 3–3.2

Water soluble
Acidic
Strong
oxidizing
agent
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2.5. Analysis of the breakthrough curves

The packed bed column design and enhancement
are tedious to describe without proper modeling espe-
cially using breakthrough curves. The column dynam-
ics is illustrated with the help of concentration–time
profile (breakthrough curves). The column perfor-
mance was explained meticulously through the break-
through curves. The shapes of the breakthrough curve
as classified in the literature by [40] play an important
role in the performance of the column dynamics.
There are four different isotherm types, especially for
organic solutes namely S, L, H, and C types, where S
shape indicates a vertical orientation of the adsorbed
species, L shape indicates the Langmuir isotherm
model, H (“high affinity”) indicates the solutes that
are adsorbed as ionic micelles, and C (“constant parti-
tion”) indicates that the solute easily slips into the
solid surface than the solvent [40]. Breakthrough
curves are vital in explaining the packed bed column
studies without which the process cannot be scaled up
for practical purposes. There are two ways of obtain-
ing the breakthrough curve; one is through experi-
mentation and the other one is obtained theoretically
(modeling). The breakthrough is said to occur when
the effluent concentration reaches more than 2% of the
influent concentration value and bed is said to be
exhausted when the effluent concentration reaches

more than 95% of the influent concentration. The
throughput volume of the TC-HCl solution was
calculated using the following:

Vtotal ¼ v� ttotal (1)

where Vtotal is the volume (mL), v is the volumetric
flow rate (mL min−1), and ttotal is the time (min).
The total amount of TC-HCl passed through was
calculated using the following:

mtotal ¼ Ci � v� ttotal

where mtotal is the amount of TC-HCl sent to the
column (μg), Ci is the initial concentration (μg L−1).
The adsorption capacity was calculated using:

Qads ¼ t� v�ðCi � Cf Þ=M (2)

where Qads is the adsorption capacity at the particular
point in (μg g−1), M is the mass of the adsorbent (g)
and total adsorption capacity was calculated using:

Q ¼
Xt¼ttotal

t¼0

Qads (3)

Fig. 1. Experimental setup of upflow fixed-bed reactor. All dimensions are in mm.
Notes: (1) glass column, (2) inlet feed solution vessel, (3) effluent collecting vessel, (4) peristaltic pump, (5) holding stand
to support the reator, (6) nylon mesh (top and bottom), and (7) intravenous tube.
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where Q is the total amount of TC-HCl adsorbed onto
cGAC in (μg g−1).

2.6. Mathematical modeling

Mathematical modeling could give an exact estima-
tion of the breakthrough curve and is used to evaluate
each variable on adsorption. It is simple and can be
easily realized without experimental apparatus. The
liquid–solid column studies were divided into four
steps that include (1) transfer of collective aggregates
from the liquid phase or molecular diffusion, (2) film
diffusion (interface diffusion between liquid surface
and external surface of the solid), (3) interpellet mass
transfer diffusion, pore diffusion, and surface diffu-
sion and adsorption desorption reactions. For this
study, five different mathematical models were used,
namely Adam–Bohart’s, Wolborska’s, Thomas, Yoon–
Nelson’s, and Wang’s, to ensure the rate-limiting step
of the adsorption process and also to determine the
kinetic parameters of column studies. The linear and
nonlinear forms of those equations are listed in
Table 3. Bohart and Adams described the fundamental
equation describing the relationship between C/C0

and time. The model is based on the assumption that
the adsorption rate is proportional to both the residual
capacity of adsorbent and concentration of the TC-HCl
molecule [41–43]. Wolborska model describes the con-
centration distribution of a fixed bed in low concentra-
tion range of the breakthrough curve [41,44]. Thomas
model is one of the most widely used theoretical mod-

els for the prediction of column breakthrough. Yoon–
Nelson model is a simple model based on the assump-
tion that the rate of decrease in the probability of
adsorption for any adsorbate molecule is proportional
to the probability of adsorbate adsorption and adsor-
bate breakthrough [41,45]. Wang developed a mass
transfer model to describe the breakthrough curves
assuming that the adsorption process is isothermal
[18].

2.7. Error analysis

It is really critical to suggest the best fitting model
as experiments and measurements are subjected to
uncertainties, and also it is never possible to measure
any quantities exactly. So, among the best fitting
model, in order to draw meaningful conclusions, it is
necessary to do error analysis. In this study, four dif-
ferent error analyses, namely the sum of the squares
of the errors (SSE), sum of absolute errors (SAE), aver-
age relative errors (ARE), and average relative stan-
dard error (ARS) [46] were used to determine the
error and the corresponding equations are listed in
Table 4.

The SSE model is the most widely used error func-
tion for high concentration range and the value of error
tend to increase that suggests a good fit of the respec-
tive model. The SAE is similar to that of SSE model,
providing a good fit with the increase in error values.
The ARE model, on the other hand tends to minimize
the error studied across the entire concentration range,

Table 3
Mathematical models and equations for fixed-bed studies

Model
name Linear form Nonlinear form

Adam–
Boharts

lnðCf=C0Þ ¼ kabC0t� kabQab
H
v Cf=C0 ¼ exp kabC0t� kabQab

H
v

� �
kab: kinetic constant in ml µg−1 min−1

Qab: adsorption capacity (µg g−1)
H: bed height in cm
v: volumetric flowrate in ml min−1

Wolborska lnðCf=C0Þ ¼ bwb
Qwb

C0t� bwb
H
v Cf=C0 ¼ exp bwb

Qwb
C0t� bwb

H
v

� �
bwb: Wolborskas kinetic constant in
ml µg−1 min−1

Qwb: adsorption capacity in mg g−1

Thomas ln C0

Cf
� 1

� �
¼ kThQTh

M
v � kThC0t

Cf
C0

¼ 1

ð1þ expðkThQTh
M
v � kThC0tÞÞ

kTh: Thomas kinetic constant in
ml µg−1 min−1

QTh: adsorption capacity in mg g−1

Yoon–
Nelson

ln Cf
C0�Cf

� �
¼ kYnt� kYns

Cf
C0

¼ exp kYnt� kYnsð Þ
1þ exp kYnt� kYnsð Þð Þ kYn: Yoon Nelsons kinetic constant (min−1)

s: time required to reach 50% adsorbate
breakthrough

Wangs ln C0�Cf
C0

� �
¼ �kw t� t1

2

� �
Cf
C0

¼ 1� exp �kw t� t1
2

� �� �
kw: wangs kinetic constant (min−1)
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while ARS provides a meaningful comparison between
the experimental and theoretical values [46,47].

3. Results and discussion

3.1. Adsorption theory of tetracycline on cGAC

Tetracycline, being an amphoteric molecule has
multiple ionizable groups as shown in Fig. 2 in the
aqueous solution. Depending upon the pH of the solu-
tion and adsorbent, they undergo either protonation
or deprotonation reactions [31]. The experiments were
carried out at solution pH (6–6.5) and it was main-
tained till the end of the run by the addition of buffer
solutions. Tetracycline exists as zwitterions at the solu-
tion pH and the mechanism of activated carbon can
be compared to that of graphite as suggested by other
researchers in the adsorption of tetracycline onto vari-
ous adsorbents. The mechanism of adsorption on gra-
phene oxide was illustrated by π–π stacking
interaction as a dominant driving force for the adsorp-
tion mechanisms. Another reason suggested could be
of cation–π interactions. Since tetracyclines contains
positively charged group in their structure, it is likely
that the molecules arrange at the surface in such a
way that the positively charged groups at the surface
involve in cation–π bonding [19]. A similar surface

reaction mechanism, π–π interaction, and carbon–π
bonding was observed for tetracycline on single and
multiwalled nanotubes. Rivera et al. [48] have sug-
gested a controversial report on the mechanism of
adsorption of organic compounds on activated car-
bons as discussed by other researchers. The adsorp-
tion mechanism involves both electrostatic and
dispersive π–π adsorbent–adsorbate interactions in the
adsorption of aromatic carbons. The key mechanism
would be the development of hydrogen bonds
between the phenolic groups of tetracycline and the
oxygenated groups of carbon that influences the
adsorption of TC-HCl onto cGAC [48].

3.2. Fourier transform infrared spectroscopy analysis (FT-
IR)

The FT-IR spectral analysis for granular activated
carbon before and after adsorption is shown in Fig. 3
that represents the variation in the functional groups.
The vibrations around 3,902–3,689 cm−1 represent C=C
stretching on virgin carbon, a sharp narrow peak is
observed at band 3,446 cm−1 that represents the pres-
ence of –OH groups. The transmission % obtained
before adsorption was seen to be in the range between
51.8 and 83.1%, except for the peak obtained at

Table 4
Error analysis expression

Error analysis function Expression Explanation

Sum of the squares of the errors

SSE ¼
Xn

i¼1

ðbp � beÞ2i

bp and be is the predicted and
experimental concentration ratio (Cf/C0)
with respective to Thomas and Yoon–
Nelsons model

Sum of the absolute errors

SAE ¼
Xn

i¼1

ðbp � beÞi
�� ��

n—number of data points

Average relative error

ARE ¼ 1

n

Xn

i¼1

bp � be
be

����
����

Average relative standard error

ARS ¼
ffiffiffiffiffiffiffiffiffiffiffiX

½ð
q

bp � beÞ=be�2=n� 1
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3,446.3 cm−1, whose transmission % was 9.5. The
transmission percentage after adsorption considerably
reduced and it was in the range between 48.8 and
3.1%. As seen in the figure, from the left, the peak
shift observed from 3,446 to 3,408 cm−1 represents
hydrogen bond formation, the narrow peak corre-
sponding to the respective band in the virgin carbon
has been broadened and transmission rate was
reduced from 9.5 to 3.1%. This indicates the –OH
groups of virgin carbon and –NH groups of tetracy-
cline had participated in the hydrogen bond forma-
tion. The band seen at 1,652.93 cm−1 can be assigned
to amide I, while at 1,559.4 cm−1 correspond to
amide II and N–H bending vibrations in the adsorbent
[29]. The band observed at 2,361.1 cm−1 represents
the presence of gaseous substance occupied in the
pores of the adsorbent. The vibrations observed at
2,871.2, 2,809.0, 2,685.7, and 2,669.1 cm−1 illustrates
C–H stretching. The band at 1,700 cm−1 indicates the
inter or intramolecular hydrogen bonding formation
of the –NH groups present in the tetracycline mole-
cule. The band at 1,155 cm−1 indicates the asymmetric
stretching of C–O–C and the band at 669.1 cm−1 indi-
cates C–Cl stretching after the sorption of tetracycline
on the adsorbent.

3.3. Effect of influent concentration on breakthrough curve

The consequence of influent concentration on the
breakthrough curve is demonstrated in Fig. 4. As can
be seen from Fig. 4 there was a decrease in the
volume of adsorbate solution treated for increase in
the initial concentration since high concentration
caused faster transport of TC-HCl molecules due to
high driving force, and also competes for the available
sites. As the concentration was increased from 200 to
600 μg L−1, the adsorption capacity increased from

9.9015 to 10.26−1 μg g−1 [49]. On the whole, at similar
operating conditions, the adsorption capacity was
found to increase with increase in the initial concen-
tration of TC-HCl due to the fact that increased con-
centration levels could have caused higher diffusion
and mass transfer rate between the adsorbate and
adsorbent as explained by [50]. The breakthrough
curves were extended for low concentration and
decreased for high concentration levels that could be
attributed to faster saturation levels for higher concen-
tration than that of lower concentration levels.

3.4. Effect of flow rate on breakthrough curve

Breakthrough curves of Cf/C0 against volume
throughput are shown in Fig. 4. Flow rate is one of
the important parameter in the column study. The
increase/decrease in flow rate increases/decreases the
contact time between the adsorbate and the adsorbent.
As the contact time is increased the rate of adsorption
considerably increases. The effect of TC-HCl adsorp-
tion was studied at three different flow rates (1.5, 3,
5 mL min−1) for different concentrations and two dif-
ferent bed heights. As can been seen from Fig. 4, a
comparatively quicker breakthrough was achieved at
high flow rates. Also can be seen from the figure
clearly that the volume treated for three different con-
centrations varies considerably, that is, for low concen-
trations 200 μg L−1, the volume of effluent treated was
larger than the volume treated for 600 μg L−1. The
adsorption rate was high initially for low flow rates
obtained from empirical data since all the available
sites are used effectively and liquid residence time
was considerably high at low flow rates than at high
flow rates. At higher flow rates, the liquid film resis-
tance is decreased when the adsorption is subjected to
external mass transfer resistance and at low-flow rates,
the intraparticle mass transfer control favors the
adsorption process. From Table 4, it was obvious that
high-flow rates resulted in decrease of adsorption
capacity for different concentrations and bed heights.

3.5. Effect of bed height on breakthrough curve

The quantity of adsorbent used plays a vital role in
obtaining the breakthrough point. Different adsorbent
quantity determines the bed height. The breakthrough
point attained depends upon the bed height, that is,
as the bed height was increased the breakthrough
attained would be higher. Increase in adsorbent
dosage considerably increases the surface area [51],
and thereby increases the adsorption rate. For this
study, two different bed heights were chosen, namely

Fig. 2. Molecular structure of tetracycline with pKa values
displayed.
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4.5 and 10 cm, respectively. The exhaustion time
increased with the increase in bed heights, as it is
quite obvious that increase in adsorbent quantity
would result in more active sites. The breakthrough
curve is elongated for high bed heights and got shrun-
ken for lower bed heights. The breakthrough time and
saturation time increased with bed heights. The maxi-
mum adsorption capacity of 69.81 μg g−1 was achieved
for a bed height of 10 cm and flow rate 1.5 mL min−1.
Thus, the adsorption capacity increased for the
increase in bed heights from 4.5 to 10 cm.

3.6. Adam–Boharts model (1920)

Adam–Boharts model describes the initial part of
the breakthrough curve in the continuous systems. The
equations in linear and nonlinear forms are tabulated

in Table 3. The equation, when rearranged, could be
useful to describe the service time of the column
against various bed heights. A linear and nonlinear
relationship was developed using this model for the
relative concentration (Cf/C0) range greater than 0.5.
From the results tabulated in Tables 6 and 7 for both
linear and nonlinear model, we could see the values kab
increased with the increase in concentration, flow rates,
and bed heights. Moreover, the results obtained from
the model were inconsistent at different operating con-
ditions. For the linear model, the R2 values were in the
range (0.7–0.99) and for nonlinear model the R2 values
were in the range between (0.53 and 0.94). On the
whole, this model did not fit well with the column data.
The possible reason could be that the model behaves
well for initial part of the breakthrough period. The Qab

values obtained from the model were much higher than

Fig. 3. FTIR analysis (a) virgin cGAC and (b) cGAC after TC-HCl adsorption.

Fig. 4. Effect of initial concentration and flow rates on the breakthrough curves of TC-HCl adsorption on cGAC.
Conditions: initial concentration (µg L−1); flow rate (ml min−1); bed height (cm), respectively.
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the experimental values. In comparison to the nonlinear
model, the linear model showed a better fit with the
experimental data.

3.7. Wolborska model (1989)

According to this model, the assumptions made
were that the breakthrough curve is controlled by film
diffusion and concentration–time profile moves axially
at a constant flow rate [18]. The equations pertaining
to this model in the linear and nonlinear forms are
tabulated in Table 3. This model has some similarities
with Adam–Boharts, model as it may be suitable to
explain the initial part so that the same concentrations
range must be followed as that of Adam’s model and
moreover the results obtained would be similar to
both models, except for a dissimilarity seen in the film
diffusivity coefficient βwb the Wolborskas constant
increases with increase in concentration of bed height
and flow rates. The values of regression coefficients
for both non (linear) were in the range as similar to
Adam–Boharts model.

3.8. Thomas model

The simple and yet most dynamic mathematical
model used in prediction of breakthrough curve is
Thomas model. The model was used to predict the
whole length of breakthrough curve [52]. This model
assumes a plug flow behavior (no axial dispersion),
follows Langmuir theory, second-order reversible
kinetic model and also the external and internal diffu-
sions are negligible [53,54]. The constants were pre-
dicted from the plots that showed as the bed heights
increased, the value of kTh decreases. Further, for an
increase in flow rate the kTh increases and decreases
with increase in initial concentrations as given in
Tables 6 and 7. For both linear and nonlinear esti-
mates, the same results were observed. The R2 ranges
from (0.7823 to 0.9693) for linear model, and for non-

linear the R2 ranges from (0.96 to 0.99). The nonlinear
model was found to provide a better fit in comparison
to the linear model.

3.9. The Yoon–Nelson Model (1984)

This model 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 adsor-
bate breakthrough on the adsorbent [55]. The model is
well suited for single component system and less com-
plicated than other models. The linear and nonlinear
forms of these equations are listed in Table 5. The
value of Yoon Nelson constant increases with respect
to the increase in initial concentration and decreases
with bed height. The value of τ increases with the
increase in concentration and bed height, and
decreases with respect to the flow rate. The value of R2

for the linear model was in the range of (0.7883–0.9674)
and for nonlinear the R2 value was in the range of
(0.917–0.99). There was a similarity seen in the R2 value
obtained for Yoon–Nelson’s and Thomas linear model
at the respective experimental conditions, but this simi-
larity was not observed in the nonlinear model. The
adsorption capacity was calculated based on half of
the total TC-HCl entering the adsorption bed with two
period, which was calculated using Eq. (4) [56]. The
results are tabulated in Tables 6 and 7. There was
closeness in the adsorption capacity that resulted from
the model and experimental conditions.

QYn ¼
Ci�v� s
1000�m

(4)

3.10. Wang’s model (2003)

Wang developed a mass transfer model that was
used to describe the breakthrough curve with the
assumptions that the adsorption is isothermal with

Table 5
Adsorption capacity of TC-HCl onto cGAC obtained experimentally from fixed-bed studies

Initial concentration (µg L−1) Flow rate (ml min−1) Bed height (cm) Adsorption capacity (µg g−1)

200 1.5 4.5 9.90
400 1.5 4.5 9.84
400 3 4.5 9.01
400 5 4.5 8.28
400 1.5 10 9.91
400 3 10 9.72
400 5 10 8.47
600 1.5 4.5 10.01
600 1.5 10 10.26
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symmetrical breakthrough, and negligible axial disper-
sion for the mass transfer model (Eq. (5)) in which x is
the fraction of adsorbed adsorbates and y is the
fraction of adsorbate passing through the bed by
assuming x + y = 1 [18]. The linear and nonlinear
forms of the equations are tabulated and from the
Wang plot the values of the kinetic constants were
evaluated. The model looks somewhat similar to
Yoon–Nelson’s model but fails to provide as much as
information as the former model could provide in the
adsorption studies. The entire breakthrough curve
could be generated from Wang equation. The Wang
constant kw was found to increase with increase in
flow rates but decreased with bed heights. The values
of t1/2 decreased with increase in flow rates as given
in table. The R2 value lied in the range of 0.76–0.901
for nonlinear model and for linear model the R2 val-

ues were greater than 0.9. Thus, from the results of
Wang’s model, the bed was assumed to behave in a
plug flow manner [18].

�dy

dt
¼ kwxy (5)

3.11. Breakthrough curve analysis

The Thomas and Yoon–Nelson’s parameters
obtained using linear and nonlinear regression model
were used to generate theoretical breakthrough curves
and the obtained curves were compared with the
experimental breakthrough curves. As can been seen
in Fig. 5, the experimental and predicted break-
through curves almost overlap except for the nonlin-
ear Yoon–Nelson model. The entire breakthrough

Fig. 5. Comparison of linear, nonlinear predicted and experimental breakthrough curves for TC-HCl adsorption onto
cGAC packed column using Thomas and Yoon–Nelsons model at various initial concentrations, flow rates and bed
heights, respectively.
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curve obtained from nonlinear Yoon–Nelson’s model
was highly symmetrical and takes “S” shape that
shows a vertical orientation of the adsorbed TC-HCl
molecules. From the breakthrough curves obtained,
Yoon–Nelson and Thomas model was found to give a
best fit to the experimental data. This also indicates
the applicability of these two models in the prediction
of column dynamics of TC-HCl onto cGAC.

3.12. Error analysis

Due to existence of experimental limitations and
deviations from practical errors arising from the sys-
tem would result in assorted form of parameter values
and distortion in fits. Error functions are applied to
identify the extent of deviation [46]. In this study, four
different error analyses were applied to two models
namely Thomas and Yoon–Nelson model for both lin-
ear and nonlinear results. The error values (SSE, SAE,
ARE, ARS) obtained for linear and nonlinear Thomas
and Yoon Nelson’s model are tabulated in Table 8.
The values were found to decrease with the increase
in initial concentrations, flow rate, and bed heights.
The way in which the results were obtained was
similar to both linear and nonlinear models of Thomas
and Yoon–Nelson. Furthermore, the error values
obtained for the linearized Thomas model was found
to be higher than that of the nonlinear model, whereas
for the Yoon–Nelson’s model the error values were
found to be higher for nonlinear model than that of
linear model. The nonlinear error analysis in contrast
to the linear mode involves either in the minimization
or maximization of the predicted values based on its
convergence criteria.

4. Conclusion

Continuous column studies in the adsorption of
TC-HCl onto cGAC were successfully carried out at
different initial concentrations, flow rates, and bed
heights. The experimental data were modeled using
five different models, namely Adam–Boharts, Wol-
borska, Thomas, Yoon–Nelson and Wang’s model. The
adsorption capacity was found to increase with
increase in initial concentration, bed heights, and
decreases with increase in flow rates. Adam–Boharts
model was used to describe the initial part of the
breakthrough curve and Wolborska was attempted to
check whether the resistance to adsorption process
was controlled by film diffusion, while Thomas and
Wangs model were attempted to prove plug flow
behavior of the bed and Yoon–Nelson’s model was
exclusively used for single component and used to

determine the time required to achieve 50% adsorbate
breakthrough. The data were compared using linear
and nonlinear regression model equations, parameters
obtained using linearization isotherm models would
be inappropriate as they would be focused on the
points around the line following a Gaussian distribu-
tion and the error distribution would be uniform at
every value of the adsorbate concentration, whereas
adsorption isotherms are always nonlinear and they
get altered when linearized. The coefficient of determi-
nation obtained using nonlinear regression was higher
than that of the linear distribution. The error analysis
was carried out to two good fitting models to know
the best fitting model.
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