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ARTICLE INFO ABSTRACT
Article type: In this research, the potential of Sargassum sp. brown algae was studied to
Research Article adsorb cobalt from aqueous solutions in a fixed bed column. The effects of key

operating parameters, including feed flow rate (1-4 mL/min), bed height (4-9

cm), and inlet cobalt concentration (50—150 mg/L), on uptake were investigated.
FTIR analysis was, performed to identify the vibrational variations associated
with the surface functional group peaks. The FTIR tests showed that hydroxyl,
amine, amide, methylene and carboxyl functional groups may have the greatest
contribution in the ion exchange mechanism. Moreover, SEM analysis was
conducted to'investigate the morphological variations in the biosorbent due to
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the sorption process. Under the studied conditions, the maximum adsorption in

Keywords:  Biosorption;  Cobalt; the column was achieved at a flow rate of | mL/min, a bed height of 9 cm, and
Sargassum sp.  brown (algae;” Mg- an initial influent concentration of 150 mg/L, reaching 79.83 mg/g. Adsorption
modification; Breakthvough. curve; breakthrough curves were modeled using Thomas, Yoon-Nelson and Adams—
Fixed bed column Bohart models. Among the evaluated breakthrough models, the Thomas model

provided the most suitable description of Co(II) adsorption behavior, yielding a
maximum adsorption capacity of qr=81.93 mg/g and a Thomas rate constant
of krn=1.15%10—5 L/min.mg. These results suggest that Sargassum sp. can be
considered a promising and efficient option for cobalt removal from aqueous
solutions in water treatment processes.
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1. IntroductionHeavy metal pollutants and radionuclides are one of the most important concerns for the
environment because of their toxicity impacts on plants, animals and humans [1]. Cobalt-based compounds are
extensively applied in various industrial sectors, including mining, metallurgical, electroplating, paints,
petrochemical, electronic, and nuclear power plants [2]. Acute cobalt poisoning in humans can lead to severe health
issues such as allergic reactions, vomiting, neurological disturbances, and damage to vital organs including the
heart, thyroid, and liver. Prolonged exposure may also result in a reduced or complete loss of smell and various
gastrointestinal disorders [3-6]. Therefore, removing cobalt from aqueous solutions is necessary and vital due to
environmental issues and human health.

To recover and remove metal ions from aqueous solutions and wastewater, several treatment methodsshave been
developed, including chemical precipitation [7,8], solvent extraction [9-12], ion exchange[13-15], membrane
processes[16,17], and adsorption[18-22]. The performance, cost, and environmentalimpact of these methods depend
strongly on the specific operating conditions and application context. Among them, adsorption /has attracted
considerable attention as an effective approach for addressing environmental pollution issues [23]

Biosorbents such as algae, yeast, fungi, and bacteria, are of interest to many researchers due to their advantages such
as high efficiency, cheapness and availability in removing heavy metal ions from wastewater [24-27]. Algal biomass
comprising microalgae, macroalgae, and cyanobacteria offers several advantages over other types of microbial
biomass because of its diverse morphology, scalability, and the variety of valuable products that can be obtained
through industrial and fermentation processes [28-32]. Several studies have documented cobalt removal by different
algal species, including Sargassum, Ulva, Dunaliella sp., Padina pavonica [18, 33-35]. Previous studies have
reported that the brown alga Sargassum spiefficiently adsorbs.and removes a wide range of heavy metals and
radionuclides, such as Co, U, Th, Sr, Cu,Zn, Cd, and Ni, fromraqueous media. [30, 34, 36-38].

Given the promising results of cobalt adsorption by magnesium-modified Sargassum sp. brown algae in batch
experiments reported in our previous work (34), this(study aims to investigate cobalt biosorption process using
magnesium-modified Sargassum sp. algae in a continuous system for the first time. From a practical point of view,
large scale biosorption‘processes are continuous and are generally carried out in fixed bed columns. Fixed-bed
systems are considered promising for practical applications; however, their scale-up requires careful consideration of
hydrodynamics, pressure drop, mass transfer, regeneration, feed variability, and mechanical stability [39-41].

The fixedbed column andits performance are described using the breakthrough curve (concentration-time diagram).
For this reason, in this research, empirical models were used to model breakthrough curve. Also, investigating the
adsorption mechanism anddetermining the effective functional groups in the adsorption process of cobalt is one of

the other goalsof this research.

2. Material and methodsReagents and solutions

To prepare cobalt solutions at various concentrations, a stock solution with a concentration of 1000 mg/L was first
prepared using analytical-grade cobalt nitrate hexahydrate (Co(NOs).-6H20) dissolved in distilled water.
Subsequently, the required test solutions were obtained by carefully diluting this stock solution. The pH of the
solutions was adjusted using 1 M sodium hydroxide and 1 M nitric acid as needed. All chemicals and reagents used

in this study were of analytical grade and purchased from Sigma-Aldrich, Germany.
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2.2. Preparation of biosorbent

Heavy Samples of marine algae Sargassum sp. were collected from the coast of Qeshm, in the Persian Gulf, identified,
and supplied by the Hormozgan Agricultural and Natural Resources Research and Education Center. The algal
samples were then washed with tap water and distilled water to remove sand and excess of sodium and potassium
ions. After drying overnight at a maximum temperature of 55 °C to avoid degradation of the binding sites [10], the
samples were grounded to an average particle size of 0.7 mm. The biomasses were subsequently loaded with Mg** in
a solution of 0.1 M Mg(NO3),.6H,0 at pH 4 (biomass concentration of 10 g/1) for 24 h under slow stirring at 100 rpm
and 25 °C. Then pretreated biomass was washed several times with deionized water until a stableswash solution pH
was reached and excess magnesium ions removed from the biomasses. The Mg-pretreated biomasses were then dried

overnight in an oven at 55 °C and subsequently Mg-pretreated algae used for biosorption experiments [30].

2.3. Characterization and analyses

An inductively coupled plasma atomic emission spectrometer, I[CP-AES model 7300 DV USA, was used to analyze
cobalt concentration in solutions. A pH-meter (744 Metrohm Herisau, Switzerland) was employed to evaluate the pH
values of the solutions. A scanning electron microscopy, SEM Hitachi S-4160 Japan, was,employed to analyze the
morphology of the biosorbent. Fourier transform infrared spectroscopy(FTIR), Bruker Optik GmbH, model IFS 88

Germany, was used to characterize the biosorbent in the range of 400-4000:cm''.

2.4. Column sorption procedure

Cobalt (II) biosorption experiments were performed in an acrylic fixed bed column with a height of 20 cm and an
internal diameter of 2.54 cm. Two holders including a metal grid with 0.5 mm holes connected to a plastic cylinder
with an external diameter of 2.54 cm and a height of 1 cm were installed to keep the substrate stable at the bottom
and top of the column. For the 4-.em bed height used in‘the experiments, the corresponding packed adsorbent mass
was 3 g, with a bulk density of 0.148 g/cm?, Using.a particle density of 0.471 g/cm?, the bed porosity was estimated
to be 0.686. The algae were packed in the column, and the test solution was pumped upstream through the bed using
a peristaltic pump (Watson Marlow Pump,model 205U) at a constant inlet velocity. All experiments were performed
at room temperature. The.pH of the test solution was adjusted to the optimal pH of 7 [34] using 0.1 M HNO; and 0.1
M NaOH solutions.

Experiments were' carried out under different operating conditions, with varying flow rate, bed height and initial
concentration of test.solution. The effluent solution was collected from the top of the column at regular intervals and
the residual concentration was measured using ICP-AES. Column operation was stopped when the effluent
concentration exceeded 99.5% of its initial concentration. To minimize errors, all experiments were performed in

duplicate.

2.5. Packed bed column sorption parameters

The breakthrough curve for a column is obtained by plotting C/Co (C and Cy are the concentrations in the inlet and
outlet, respectively) against time. The adsorption capacity of the column (adsorbed mass (mg) per unit of dry
adsorbent mass (g)) during the operating interval of the column (#,.:) can be calculated using the following equation

[(42]:
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where ¢ is the adsorption capacity (mg/g), M is the dry mass of the adsorbent in the column (g), m.q is the mass of
the adsorbate adsorbed onto solid phase (mg) which is calculated by the following equation [42]:
Lotal C
m_, =0C 1—— [t 2
w =0C, [ c jd @)
where Q (mL/min) is the flow rate of the inlet solution and #; (min) is column operation time.
The percentage removal efficiency (R%) in the fixed bed column is calculated using the following equation [43]:

R % =

x100
- @)

pass
Mpass 18 the passing mass of adsorbate from the fixed bed column during the operation time of the column-and can be
calculated with the following equation [43]:

mpass = QCOttotal (4)
The bed mass transfer zone (MTZ) is a necessary parameter for the design of anadsorption column and determines

the part of the bed that does not effectively transfer mass. The smallerthe MTZ, the better the system conditions and
the higher the removal efficiency and it can be defined as follows [44]:

t

MTZ = [1 —tin (5)
where H (cm) is the bed height and tb and te (min) are the breakdown and saturation times, respectively. Breakdown

and saturation time is equivalent to the time when C/C reaches 0.05 and 0.95, respectively.

2.6. Bed modeling

For the possibility of predicting the concentration-time profile or breakthrough curve at various operating conditions
in adsorption columns, which is essential for thesuccessful design of a column adsorption process, several models
have been developedsand applied. To describe the dynamic behavior of cobalt adsorption process by algae in

continuous systems following models were used to examine the fit with the experimental data.

2.6.1. Thomas model
The Thomas medel is’based on the mass balance equation, assuming that adsorption equilibrium follows the Langmuir
isotherm under the condition of negligible axial dispersion. This model can predict the theoretical breakthrough curve
using experimental outlet concentration time data, and thereby determine the amount of metal adsorbed per unit mass
of adsorbent in the column [45]. The Thomas model was applied in this study, as expressed by Eq. (6).

C 1

CO 1+exp{k” (thM —Cotﬂ (6)
0

where k7 and gm are parameters of the Thomas model, respectively, indicating the adsorption rate constant

(L/mg.min) and the maximum adsorption capacity (mg/g), and M is the mass of the adsorbent in the column (g), O is

the flow rate (mL/min), Cy is the initial concentration (mg/L) and C is the concentration (mg/L) at any time ¢ (min).
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2.6.2. Yoon-Nelson model
The Yoon-Nelson model is based on the assumption that the rate of reduction of the adsorption probability for each
adsorbed molecule is directly proportional to the adsorption probability and the repulsion probability [46]. The Yoon-
Nelson model was applied in this study, as expressed by Eq. (7).

C 1
C, - 1+ [k - Q)
0 exp| kyy (7 t)]

where kyy is the rate constant (L/min), 7 is the time required for 50% adsorption breakthrough (min), and ¢ is the

breakthrough time (min).

2.6.3. Adams—Bohart model
The Adams—Bohart model, which is closely related to the bed depth service time (BDST) approach, is based on the
surface reaction rate theory and assumes that external and intraparticle mass transfer resistances can be neglected.
The Adams—Bohart model effectively describes the initial part of the breakthrough curve [47]."According to the
model, the adsorption behavior in a fixed-bed column can be related to the:bed depth, Z, and service time, ¢. The
Adams—Bohart model was applied in this study, as expressed by Eq. (8).

C 1

o 1+exp{kAB [NCOJZ_COZH ®)

where Z (cm) is the height of the bed, ¢ (min) is the service time'at the breakthrough point, Ny (mg/L) is the model

parameter indicating the adsorption capacity of the adsorbent per unit volume of the bed, K45 (L/mg.min) is the rate
constant, Co (mg/L) is the inlet adsorbate €oncentration, C (mg/L) is the adsorbate concentration at time ¢, U (m/min)
is the linear flow velocity. The critical bed height (bed height where ¢ = 0) is determined as Eq. (9) [39].

z,=-—Y 1n[ﬁ—1j 9)
kN, \C

2.6.4. Belter model
The Belter model is an,empirical. two-parameter model used to describe the breakthrough curve of a fixed-bed

biosorptioncolumn. The model can be expressed as [39]:

C_ 1 b=t s
MG "

where erf(x) is the error function, #s is the time at which C/Cy=0.5, and ¢ is the standard deviation of the linear

portion of the breakthrough curve.

3. Results and discussionBiosorption characterization

FTIR spectra were taken to characterize the characteristic functional groups present in algae that could be responsible
for the biosorption of Cobalt ions. Fig. 1 presents the information of FTIR spectra of Sargassum sp. within the spectral
range from 500 to 4000 cm™! before and after adsorption. The main peak 3385 cm™! in the wavenumber region between
3000 and 3600 cm™! before adsorption is attributed to O-H stretching from hydroxyl group and amine and amide
groups of amino acids. The peak at the wave number 2924 cm is attributed to the C—H stretching vibrations of

methylene groups (CHz) and weak peak created in 2358 cm™ related to the stretching vibrations of -NH, -NH"* and
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—NH?* groups. The amide functional group shows C=0 stretching (amide I) at 1656 cm™ and a combination of N-H
and C-H stretching vibrations (amide II) at 1535 cm™!. The carbohydrate -O-C stretching is characterized by vibrations
at 1081 cm™!, and C-O-C bending by vibrations at 1048 cm™'. The main peak at 1426 cm™ corresponds to the bending
of methyl groups in the microalgae. Vibrations at 1243 ¢m™ indicate bending of the carboxylic acid group in the
algae. These peaks are related to carboxylate salts (COO—M) where M can be one of alkali and alkaline earth metals,
which are naturally present in algae, or sited on with treatment [48-50].

Comparing the IFTR spectrum before and after the adsorption process shown in Fig. 1, it can be seen that the band
corresponding to the hydroxyl, amine, amide, methylene, carboxyl functional groups has shifted. This change in the
position of the peaks shows that these functional groups have the largest contribution in the-cobalt-metal.adsorption

mechanism.

2358.96

712.83
153326 | 123661

1386.51

2923.86 1045.32
1636.32 1080.42 -

(a)

2358.96

3385.63

T T 1 T 1 T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 1. FTIR spectra of the of Sargassum sp. (a) before and (b) after biosorption

Fig. 2 shows the morphology of the Sargassum sp. biomass before (a) and after (b) modified with MgCl, as well as
before (b) and after (c) cobalt.adsorption. Asit.is evident from the figure, clear changes in the surface structure have
occurred after pretreatment and then adsorption process. Numerous small grooves present on the biomass surface
diminished follewing adsorption.(Fig. 2¢); which demonstrates the effective uptake of cobalt by the biomass. Other

researchersdave.also reached similar conclusions [49, 51].

3.2. Effectof operating parameters

Adsorptien©f heavy metal ions by biological cells in continuous systems is influenced by several parameters. These
parameters include specific microorganism surface properties and solution physico-chemical properties such as pH,
temperature, metal ion concentration in solution, bed height, and inlet flow rate. The effects of some of these
parameters, such as pH and temperature, have been investigated and determined in discontinuous experiments,
although their effects can be studied again in a continuous system. In the continuous system, the shape and sharpness
of the breakthrough curve especially depends on several parameters such as the inlet solution flow rate, the initial
adsorbate concentration in solution and the height of the bed, which can be obtained at specified values of pH and
temperature. The adsorption capacity of a fixed bed column with certain dimensions depends on the sorption rate, the

equilibrium relationship between the adsorbate and the adsorbent, and the mass transfer mechanism. In the following,
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the effect of the parameters of inlet solution flow rate, initial concentration of adsorbate and bed height has been

investigated.

4
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Fig. 2. SEM images of surface structure of Sargassum sp. biomass before (a) and after (b)
modification, and after cobalt adsorption (c)

3.2.1. Effect of inlet solution flow.rate

One of the main effective parameters in the performance of the adsorption column is the inlet flow rate of the under-
treatment solution. In order to investigate the effect of the flow rate of the inlet solution on the adsorption of cobalt
ions by the Sargassum sp. biomass, the solution adjusted to pH of 7 at a temperature of 25 °C in the flow rate range
of 1-4 mL/min was passed through a column with a bed height of 4 cm. Fig. 3 illustrates the breakthrough curves
recorded at different flow rates, and Table 1 summarizes the column parameters.

According to the laboratory results presented in Table 1, with an increase in flow rate from 1 to 4 mL/min, the
breakthrough time decreases from 50 to 19 minutes, and a decrease in the exhaustion time from 437 to 292 is seen.
Furthermore, at the exhaustion point, increasing the flow rate from 1 to 4 mL/min led to a decline in the column’s
adsorption capacity, from 46.39 to 33.44 mg/g, indicating that higher flow rates reduce contact time and,
consequently, the metal uptake. This behavior may be attributed to a more limited interaction time between the

solution and the adsorbent at higher flow rates, which can lead to a less favorable mass-transfer condition and reduced
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column performance. Although the total volume of treated solution increases significantly. Considering that the cobalt
adsorption capacity at the flow rate of 1 mL/min was higher than other flow rates (Table 1) and the high removal

efficiency, the best performance was obtained at the lowest flow rate.

—a— Flow rate 4mL/min
—e—Flow rate 2mL/min
—i—Flow rate 1TmL/min

0 100 200 300 400 500
t (min)

Fig. 3. Effect of flow rate on breakthrough curve for Co adsorption on Sargassum sp. algae
(bed height 4 cm, feed concentration 50 mg/g)

Table 1. Breakthrough curve parameters for the fixed-bed column for Co ions biosorption by Sargassum sp.

Flow rate (mL/min) | Bed height (cm) | Co(mg/L) | t» (min) | q» (mg/g) | temin) | ge(mg/g)
1 4 50 50 8.26 437 46.39
1 4 90 34 9.84 340 57.31
1 4 150 22 11.89 300 68.36
1 6 50 61 9.77 440 56.89
1 9 50 70 10.29 450 67.27
1 9 150 64 12.34 428 79.83
2 4 50 30 6.23 342 40.12
4 4 50 19 4.35 292 33.44

This is due to the fact that the longer residence time at reduced flow rates enhances the effectiveness of intra-particle
diffusion within the column. Therefore, adserbate cobalt ions have enough time to diffuse into the deep pores, which

increases the removal efficiency and improves the adsorption capacity.

3.2.2. Effect of initial concentration of adsorbate

In order to investigate the effect of the initial concentration of adsorbate of the inlet solution on the adsorption of
cobalt ions, by the Sargassum sp. biomass, the solution adjusted to pH of 7 at a temperature of 25 °C for initial
concentration range of 50-150 mg/L was passed through a column with a bed height of 4 cm with flow rate of 1
mL/min. The breakthrough curves obtained at various flow rates are shown in Fig. 4 and the parameters of the column
are given in Table 1. According to the laboratory results presented in Table 1, by increasing the inlet concentration
from 50 to 150 mg/L, the breakthrough time decreases from 50 to 22 minutes, and a decrease in the exhaustion time
from 437 to 300 is seen. Moreover, at the exhaustion point, increasing the initial cobalt concentration from 50 to 150
mg/L resulted in an increase in the column adsorption capacity from 46.39 to 68.36 mg/g, indicating that higher
influent concentrations enhance the driving force for mass transfer and, consequently, the metal uptake.

Although the total cobalt removal percentage obtained at lower inlet concentrations are higher than those of higher

inlet concentrations of cobalt, it is seen the maximum specific cobalt uptake increased with an increase of inlet cobalt
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concentration from 50-150 mg/L owing to the large difference in concentration between the sorbate surface and the

metal ion solution.

1.2
1 i
0.8
o 0.6
o
© 04
—&— Initial conc. 50 mg/L
0.2 —e—Initial conc. 90 mg/L
—— Initial conc. 150 mg/L
0

0 100 200 300 400 500
t (min)

Fig. 4. Effect of inlet concentration on cobalt biosorption by.Sargassumsp=(bed height 4 cm,
feed flow rate: 1 mL/min)

3.2.3. Effect of bed height

The breakthrough curves corresponding to different_bed heights are illustrated in Fig. 5, and the operational
parameters of the adsorption column are summarized in Table. 1. As observed, the breakthrough time noticeably
increases with the rise in bed height, which can be attributed to the higher amount of available active sites, longer

contact time between the adsorbate and adsorbent.

0.8
0.6 1
S 04
—&—Bed height: 4 cm
0.2 —e—Bed height: 6 cm
——Bed height: 9 cm
0

0 100 200 300 400 500
t (min)

Fig. 5. Effect of contact time on cobalt biosorption by Sargassum sp. (inlet concentration 50
mg/L, feed flow rate: 1 mL/min)

According to the laboratory results presented in Table 1, by increasing the bed height from 4 to 9 cm, the breakthrough
time increases from 50 to 70 minutes, and an increase in the exhaustion time from 437 to 450 is seen. At the exhaustion
point, increasing the bed height from 4 to 9 cm resulted in an increase in the column adsorption capacity from 46.39
to 67.27 mg/g, indicating that a taller bed provides more adsorbent surface area and contact time, thereby enhancing

the metal uptake. Additionally, increasing the bed height led to the development of a wider mass transfer zone,
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resulting in moderately steep breakthrough curves. Furthermore, the total uptake of Co ions increased as the bed

height increased, reflecting enhanced adsorption efficiency within the column.

3.3. Modeling of breakthrough curves

The model parameters along with the correlation coefficients (R?) values for the Thomas, Yoon—Nelson, Adams—
Bohart, and Belter models are summarized in Table 2. Although the Yoon—Nelson and Belter models showed slightly
lower Root Mean Square Error (RMSE) values, the differences were statistically insignificant. The Thomas model
was selected as the most appropriate model because it provided physically meaningful parameters, particularly the
equilibrium adsorption capacity (¢m) and Thomas rate constant (k7;), which are essential for evaluating,adsorbent
performance and designing fixed-bed adsorption systems. Therefore, considering both statistical accuracy and model
interpretability, the Thomas model was considered the best model for describing Co (II) breakthrough behavior. As
observed in this table, the predicted g7 values obtained from the Thomas model are ingood agreement with the
corresponding experimental g. values.

The maximum Co (II) adsorption capacity obtained in the present fixed-bed column. study (81.93 mg/g based on

Thomas model) was compared with previously reported biosorption studies (Table 3).

Table 2. Isotherm constants for Co biosorption by Sargassum sp.

Model Parameters Value
krh (L/min.mg) 1.15x10°
qrh (mg/g) 81.93
Thomas R 0.9901
RMSE 0.0332
Kag (L/min.mg) 1.92x104
No mg/L) 2470
Adams—Bohart R 09825
RMSE 0.0448
K (1/min) 0.0187
T (min) 126.4
Yoon—-Nelson R? 09913
RMSE 0.0311
o 47.1
to.5 (min) 133.2
goler R 0.9913
RMSE 0.0312

Table 3. A comparison.of various adsorbents in terms of their ability to adsorb cobalt in a continuous system

Model Parameters Value
Greenhouse crop residue 9.5 (52)
Grafting polymer adsorbent (PP-g-(AN-co-AAc-H2PO3)) 38.91 (53)
Sugarcane bagasse (SBox) 12.98 (54)
Sargassum wightii 49.97 (51)
Marine green alga Ulva reticulata 55.6 (35)
Tectona grandis leaves (biochar) 26.73 (55)
Mg-pretreated Sargassum sp. 81.93 Present work

The present study demonstrates the promising performance of Mg-pretreated Sargassum sp. for cobalt removal in a
fixed-bed column, some limitations should be considered. These include the need for regeneration and reuse studies,
the possible effect of competitive ions in real wastewater, variability in the composition of marine biomass, and proper
management of the cobalt-loaded spent adsorbent. Therefore, further investigations are required to evaluate the long-

term practical applicability of this biosorbent under real operating conditions.
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4. ConclusionThe Sargassum sp. brown algae pretreated with Mg(NOs). exhibited excellent performance for cobalt
biosorption in fixed-bed column experiments. The optimal operating conditions were determined as a flow rate of 1
mL/min, a bed height of 9 cm, and an initial cobalt concentration of 150 mg/L, under which the adsorption reached
79.83 mg/g. Characterization by FTIR spectroscopy and SEM imaging before and after biosorption confirmed that
Sargassum sp. biomass is an effective biosorbent for cobalt removal. Breakthrough curve predictions were carried
out using the Thomas, Adams—Bohart, Belter, and Yoon—Nelson models. Although all four models provided
reasonably good descriptions of the experimental breakthrough data, considering both statistical accuracy and

model interpretability, the Thomas model was considered the best model for describing Co(1I) breakthrough

behavior.
Nomenclature
Symbols
C Effluent (outlet) concentration at time t (mg/L) ty Breakthrough time (C/Co = 0:05) (min)
Co Initial (inlet) concentration (mg/L) ; Exhaustion/saturation time (C/Co = 0.95)
¢ (min)
H Bed height (cm) total Total column operation time (min)
ks Adams—Bohart rate constant (L/mg-min) o Time at which C/Co= 0.5 (Belter model)
.5 .
(min)
K Thomas rate constant (L/mg-min) U Linear flow velocity (m/min)
kyn Yoon—Nelson rate constant (L/min) 7 Bed height (used in Adams—Bohart model)
(cm)
M Dry mass of adsorbent in the column (g) Zo Critical bed height (where t=0) (cm)
Mad Mass of adsorbate adsorbed onto solid phase (img) o Standard deviation in Belter model
Mpass Total mass of adsorbate passed through the column > Time for 50% breakthrough (Yoon—Nelson)
(mg) (min)
No Adams—Bohart adsorption capacity/per unit bed Abbreviation
volume (mg/L)
0 Inlet flow rate (mL/min) BDST Bed Depth Service Time
q Adsorption capacity (mg/g) FTIR Fourier Transform Infrared Spectroscopy
. . . ICP-AES Inductively Coupled Plasma Atomic
q» Adsorption capacity at breakthrough point (mg/g) Emission Spectroscopy
qe Equilibrium (exhaustion) adsorption capacity,(mg/g) MTZ Mass Transfer Zone
qm Thomas maximum adsorption capacity (mg/g) RMSE Root Mean Square Error
R% Removal efficiency (%) SEM Scanning Electron Microscopy
t Time (min)
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