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e The uptake capacity (13.6 mg/g) shows sugarcane bagasse as a low-cost adsorbent.
e Activated carbon and bagasse removed up to 77% of ciprofloxacin from water.

e Bagasse adsorption fits BET, pseudo 2nd order and Bohart-Adams models.

e The bagasse kinetic shows a rapid physisorption controlled by external diffusion

o The adsorption capacity in fixed bed increases with a bed depth, reaching 4.4 mg/g
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ABSTRACT

This work examined the adsorption capacity of sugarcane bagasse (SB) for the removal of
ciprofloxacin (CPX) from water using batch experiments and a fixed bed column and compared its
adsorption performance with a powdered activated commercial carbon (PAC). Both adsorbents
achieved a similar percentage removal of about 78 % with doses of 3 g L™ of SB and 0.3 g L™ of PAC
(20 mg L™ initial CPX concentration at 30°C). The maximum removal was obtained at a pH between
6 and 8. SB adsorption isotherms were fitted to the Langmuir, BET and Freundlich models showing a
maximum adsorption capacity of 13.6 mg g™*. The kinetic data for both SB and PAC fitted the pseudo
second-order model (R?=0.99). The adsorption process was faster on the SB (65% of elimination in
the first 5 min) than on the PAC. The study of the adsorbent properties shows that SB is a
macroporous solid with a specific surface area 250 times smaller than PAC. The thermodynamic
results show that SB adsorption was physical and exothermic. The main suggested interactions
between CPX and SB are electrostatic attraction, hydrogen bonding and dipole-dipole interactions.
The experiments carried out in a fixed bed show that the adsorption capacity at breakthrough
increases with the bed height. The adsorption capacity at saturation time was 9.47 mg g™ at a flow rate

of 3 mL min™, a bed height of 14 cm, and a diameter of 1.5 cm. The experimental data were fitted to
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the Bohart-Adams model (R® = 0.98). These results highlight the capacity of sugarcane bagasse to

adsorb ciprofloxacin from water, illustrating its potential as a low-cost adsorbent.

Keywords: Emerging contaminants, biowastes, equilibrium models, fixed bed column, low cost

adsorption, valorization.

1. INTRODUCTION

The occurrence and persistence of pharmaceutical substances, especially antibiotics in surface waters,
effluents from hospitals (1,2), and wastewater treatment plants (3-5) has led to the search for
processes and techniques to remove drugs from aqueous solutions. Researches in recent years show
that adsorption and degradation are the most extensively studied processes (6). In particular, efficient
low-cost and environmentally friendly techniques are sought.

Recent studies have sought to use and develop various adsorbent materials with high specific surfaces
and porous structures. These studies have shown the efficiency of many adsorbent materials such as
graphene oxide (7-9), montmorillonite and kaolinite (10), carbon nanotubes (11,12), and activated
carbon (13-16) for the removal of drugs from effluent waters. However, their preparation involves
physical and chemical processes, which are expensive and can cause environmental problems. The
main treatments used to obtain activated carbons are microwave assisted treatment, pyrolysis, and
chemical treatment using HsPQO,4, ZnCl,, KOH, NaOH, or H,SO,. Nanomaterials and active carbons
are efficient but generally very expensive, which may limit their use on a real scale. Silva et al. (17)
propose that the use of biowastes as adsorbents can be a win-win process because, in addition to
giving economic value to waste, their management helps to protect the environment. In this work, the
aim is the valorization of sugarcane bagasse produced in Ecuador as an adsorbent to remove

ciprofloxacin from water.

Sugarcane bagasse (SB) is one of the biggest waste products in Ecuador and the world, representing
approximately 30% of the weight of sugarcane production. The annual world production of sugarcane
is approximately 1900 million tons and Ecuador produces approximately 8.6 million tons annually, as

reported by the Food and Agriculture Organization of the United Nations. There are only a few



58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

studies using raw sugarcane bagasse as an adsorbent. These include studies using bagasse for the
removal of contaminants such as dyes (4.6 mg dyes g™* SB), heavy metals (28 Cr (I1I) mg g™ SB), and
hydrocarbon (5 mL n-heptane g SB) (18-20). There are no reports of studies using raw sugarcane
bagasse as an adsorbent to remove antibiotics from water.

Some research studies have proposed the use of raw residues as adsorbents. These studies have
shown the following differences between activated carbons and agricultural residues: (i) the value of
the specific surface of activated carbons varies from 400 to 1800 m? g (21-23), while most organic
wastes have a very small specific surface area in the order of 1 to 13 m? g™ (24-26); (ii) the chemical
composition and functional groups of the surface are different (27,28), and (iii) organic wastes are
generally macro-porous solids (24,29) while the active carbons are microporous (14). Despite these
differences, raw wastes can adsorb metals (30), dyes (31), and drugs (24). Therefore, other properties
such as the size and distribution of the pores, the chemistry of the surface, the size of the particles to

be adsorbed, the kinetic performance and the type of isotherm could influence the adsorption process.

Ciprofloxacin is one of the antibiotics commonly found in water (4,32,33). The primary route for
CPX to reach the aquatic environment is through the effluent from homes, hospitals, farms, and drug
manufacturers. The concentration of CPX (31 mg L™) in drug manufacturing effluent commonly
exceeds the toxic level for cyanobacteria and macrophytes (2). CPX has a high excretion rate;

approximately 50% of CPX is excreted by humans without metabolization (34).

In this work, a series of studies was carried out to evaluate the capacity, type and mechanism
adsorption of SB using batch experiments and fixed bed columns. The batch experiments were used to
analyze the influence of the dose of the adsorbents, the pH, the time of contact and the temperature.
Weber and Morris model, pseudo-first order and pseudo-second-order model were used to model the
kinetic data. Weber and Morris model also was used to describe the rate-controlling step. The
equilibrium data were fitted to different isotherm models (BET, Freundlich and Langmuir) to evaluate
the interaction of CPX with surface of adsorbent. The results were compared with the commercial
activated carbon adsorption process. Additionally, studies have been started to evaluate the possibility

of using bagasse in real purification processes, using fixed bed columns and scalable models such as
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that of Bohart-Adams. Some properties such as the specific surface area, the pore distribution, the
porosity, and the presence of functional groups on the adsorbent surface were examined to analyze the

results and determine their role in the adsorption process.

2. MATERIALS AND METHODS

2.1 Adsorbate

Ciprofloxacin (with molecular weight 331.346 g mol™, size 0.825 nm, and pK, values of 6.0 and 8.7)
of analytical-reagent grade, from Sigma Aldrich, was used in this study. Because CPX is soluble in
dilute hydrochloric acid, solutions were prepared with distilled water and 1% methanol at pH 3.5. The
pH of the solutions was adjusted using HCI and NaOH, provided by Merck.

2.2 Sorbents

Sugarcane bagasse was collected in the Province of Azuay, Ecuador. The SB samples were washed
three times with distilled water, dried in an oven at 60°C for 24 hours, and ground in a hammer mill.
Particles between 0.4 and 0.8 mm were used. ChiemiVall supplied V-plus Commercial Powdered
Activated Carbon (PAC), with a size less than 325 mesh, or 0.044 mm.

The adsorbent characteristics were determined by the adsorption/desorption of N,, FESEM, FTIR, and
elemental and immediate analysis using the methodology described in previous work (24). The zero
load point (pHpzc) was determined following the procedure used by Teixeira (26). The calorific power
of the sorbents was determined using an isoperibolic PARR 6400 Calorimeter, applying the UNE-EN
14918 standard procedure.

2.3 Batch adsorption experiments

Batch adsorption experiments were carried out using the same methodology applied in previous works
(24). The parameters examined were the dose of adsorbent (0.1 to 5 g L™), pH (2 to 10), contact time
(2 to 180 min) and adsorption temperature (20, 30 and 40 °C). The experiments for the kinetic and
equilibrium studies were carried out using doses of 0.3 g L™ for PAC and 3 g L™ for SB, and pH 6.
The samples were filtered, and the final CPX concentrations were measured using a UV-VIS

spectrophotometer (Shimadzu UV2550, Kyoto, Japan) at a wavelength of 272 nm.
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The amount of CPX adsorbed per gram of adsorbent, also called the equilibrium adsorption capacity

(9., mg g*) and the percentage of removal (% Removal) were calculated with the following equations.

_ (Co_ce) |4
m

qe (1)

(Co—Ce) 100
Co

)

% Removal =

where C, and C, are the initial and equilibrium concentration of CPX in the aqueous phase after
adsorption (mg L™); V is the volume of the solution (L); and m is the mass of the adsorbent (g).

The adsorptive capacity was evaluated in a batch adsorption system, using the equilibrium and kinetic
linearized forms of the adsorption models listed in Table 1.

To understand the adsorption mechanism, the thermodynamic parameters were evaluated. These

parameters of CPX adsorption with SB and PAC were calculated by

AS°® AH°

InK, = = — 3)
Rg  RgT

AG® = AH® — T AS® 4)

__ 1000 K}, (molecular weight of adsorbate)[Adsorbate]®
B ¥

K, ®)

where AG®, AH®, AS° are the free energy, the enthalpy of adsorption, and the entropy of adsorption,
respectively (KJ mol™): K. is the thermodynamic equilibrium constant (dimensionless); T is the
solution temperature (K); Ry is the gas constant (8.314 J mol™ K™); K_ is the Langmuir constant (L
mg™); 331.34 g mol™ is the molar mass of CPX; [Adsorbate]’ is the standard concentration of the
adsorbate (1 mol L™) (41); and Y is the coefficient of activity (dimensionless) which is almost 1.0 in
very dilute solutions.

2.4 Fixed bed experiments

The purpose of a fixed bed is to improve the contact between the adsorbent and adsorbate. This is
currently the most common form of contact in the adsorption process (42). The experiments were
performed using a column with an internal diameter of 1.5 cm and filled with different amounts of SB
to obtain different bed heights: 4, 6, 8, 10 and 12 cm. All experiments were carried out with a constant
downward flow rate of 3 mL min™ (1.70 cm min™), a bed density of 0.142 g cm®, and an initial

solution concentration of 10 mg L™ (43). The permissible concentration of the effluent solution was
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10% of the concentration at the inlet, that is, 1 mg LY. The time to reach this concentration was
determined as the breakthrough time (ty).

For the analysis of the adsorption process in fixed bed columns, we used the method based on the
construction of effluent-time concentration curves, which is mainly based on the operating conditions,
the equilibrium results and the surface characteristics (44).

The amount of CPX adsorbed at the breakthrough time (qg,) and saturation time (qgs) was calculated

using the following equations (45).

Co 0 ts
Co Q t
ap = 10(;)0mf ‘a- ()

where C,, C, and C, are the initial solution concentration and the effluent concentration at the
breakthrough time and the saturation time, respectively (mg L™); g, and g, are the adsorption capacity
(mg g™) at the breakthrough and the saturation time; Q is the volumetric flow (mL min™); and t, and t;
are the breakthrough and saturation time when C/C, is respectively 0.1 and 0.9.

The results obtained were fitted with the Bohart-Adams model. This is an easy model that offers a

simple and quick evaluation of the adsorption performance.
C KpaNoH
In(%—1)="2%8_ ko ct  (8)
where Kga (L min™? mg™) is the rate constant of the Bohart-Adams equation; N, the maximum
adsorptive capacity (mg L™); H the bed depth (cm); t the service time of the column (min); u the

linear flow velocity (cm min™); and Ct the concentration at time t.

The percentage of fractional bed utilization (%FBU) can, according to Jaira et al. (45), be calculated

as.
%FBU = (‘;—b) 100 9)
MTZ = (1 - ;’—b) L (10)

where MTZ is the mass transfer zone (cm).
To normalize the results of the volume of influent treated in column, the concept of specific volume

of water treated (BV) was used (46):



164

165

166

167

168

169

170
171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

(11)

where Vy is volume of influent treated (mL), V. is volume of bed (mL) (V. is calculated by column
area per bed height).
To compare adsorbents with different porosities, Mazur et al. (47) propose a modification of BV by

BV*: change volume of bed by volume of adsorbent used (Vr)

_Vy _ W
VT Vc (1_5{)

BV* (12)

where: & = porosity

The determination coefficient (R?) was used to evaluate the goodness of fit of the applied adsorption

models. All the experiments were done in triplicate.

3. RESULTS AND DISCUSSION

3.1 Characterization of the adsorbents

Figure 1 depicts the plots of the N, physisorption isotherm for sugarcane bagasse and PAC. SB
(Figure 1a) presents a type Il isotherm with a rapid increase in high pressure adsorption and a type H-
3 hysteresis loop that closes after the relative pressure of 0.4, indicating the formation of a multilayer
and the presence of macroporosity (24). The isothermal form of PAC corresponds to type I and has an
H-4 type hysteresis loop similar to most microporous activated carbons. In the relatively small non-
microporous portion of SB, the H-3 loop is equivalent to an H-4 loop (48).

Table 2 presents the physical parameters of both adsorbents. PAC shows a high surface area of 643.97
m? g, while SB has a considerably lower value, 2.55 m? g**, which is greater than the 0.487 m? g
found by Moubarik et al. (49). The values of Sger and pore volume of PAC are similar to the values
found in other studies (50,51). These results would indicate a clear disadvantage of SB compared to
PAC as an adsorbent.

As illustrated in Figure 2, PAC shows a uniform pore distribution with a diameter less than 0.6 nm,
while the pore size distribution of SB is more dispersed with predominant larger pores. The total pore
volume of SB is 0.0065 cm® g™, while that of PAC has 0.3569 cm® g™* of total pore volume of which

0.2847 cm® g™* is volume of micropores.
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Figure 3 shows that the surface of PAC is microporous, while the surface of the SB shows large
cavities like to that of the corncobs used in previous work. (24).

The chemical properties and the caloric power of both sorbents are listed in Table 3. According to the
ultimate and proximate analysis, the difference between PAC and SB is the amount of carbon and
oxygen. The PAC has a greater amount of carbon, while the SB has more oxygen (52) .The pHpzc of
SB is 5.9, similar to the findings of other studies (18,49), while PAC has an almost neutral pHpzc with
a value of 7.6.

The spectra of the FTIR analysis for SB and PAC are depicted in Figure 4. Functional groups and
their wavenumbers for both adsorbents are listed in Table 4. The large number of functional groups in

SB is due to its high oxygen and hydrogen content.

3.2 Batch adsorption studies

Adsorbent dosage

In order to find the dose of adsorbent at which the maximum percentage of adsorbed CPX is achieved,
an initial CPX solution of 20 mg L™ at pH 6 was shaken for 120 min at 150 rpm with different
amounts of each adsorbent. The removal efficiency increased as the adsorbent dose increased. As can
be deduced from Figure 5, a dose of 3 g SB L™ and 0.3 g PAC L™ yield the same CPX removal
percentage, approximately 78%. Even though the PAC has a specific surface area 250 times smaller
than PAC, both adsorbents achieve the same elimination percentage with a dose of SB 10 times
greater than PAC, which indicates that the surface area is likely not the only responsible factor in the
adsorption process (12). These results indicate a high adsorption capacity per surface for SB (2.24 mg
m2) compared to PAC (0.077 mg m™) (59). Given that an increase in these doses for both adsorbents
did not show a significant improvement in the removal percentage, it was decided to use these doses
in the subsequent studies.

Effect of pH

The effect of the pH on the removal percentage using a CPX solution of 20 mg L™ was investigated.
The results are shown in Figure 6. The speciation of the drug plays an important role in the adsorption

process. CPX is a zwitterionic drug. At pH between 5.9 and 8.0 it is in its zwitterionic form
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possessing simultaneously a region with a positive charge and another region with a negative charge
(60). CPX is cationic for pH-values below 5.9 and anionic for pH-values above 8.0.

Both adsorbents reached the removal percentage of 78% at a pH between 6 and 8, just in the
zwitterionic zone of the CPX. The value of pH 6 was taken as optimal for this study. At pH below 6, a
significant decrease in adsorption efficiency was observed, because SB (pHpzc = 5.9), PAC (pHpzc =
7.6) and CPX have a positive charge, which favors electrostatic repulsion, this being more significant
for the SB. Furthermore, CPX is more soluble in an acidic solution, which makes adsorption difficult.
Increasing the pH above 8 reduces the adsorption of CPX. When the pH>8 the adsorbents and drug
are anionic, so they can be electrostatically repellent. The adsorption of CPX is maximum when the
form of the hybrid ion and the adsorbents have zero charges, perhaps because there is no electrostatic
repulsion, and CPX can interact with the deprotonated and protonated functional groups of the
adsorbent. The formation of hydrogen bonds and dipole attractions, especially by fluorine of CPX
(61), would aid in the adsorption of CPX.

Sorption kinetics

The kinetic adsorption performance of CPX on SB and PAC was examined at different times to study
the speed of adsorption, the time required to reach equilibrium and the adsorption mechanism. As
shown in Figure 7, the equilibrium is reached in 60 min for SB and 100 min for PAC, achieving the
CPX removal percentage of 78%. A rapid adsorption is observed on SB while the adsorption process
on the PAC is slower. Many studies show similar equilibrium times of CPX adsorption on activated
carbons (53,60,62).

Three kinetic models were used to understand the behavior of the adsorbents and examine the kinetic
controlling mechanism. The kinetic data were examined by the pseudo-first order, pseudo-second
order, and Weber and Morris models. The parameters of the kinetic equations, as well as the
correlation coefficient of the experimental data, are presented in Table 5. The correlation coefficients
(R?=0.99) indicate that the adsorption follows a second order kinetic model for the two adsorbents.
The linearized pseudo-second order plot is shown in Figure 8; the pseudo-first order plot is shown in
the supplementary material (Figure S2). These results, as suggested by Chen and co-workers (8),

indicate that sorption for both adsorbents is controlled by multiple processes: chemisorption and
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physisorption (29). There is no clear line between the two adsorption mechanisms (63). The kinetic
constant K, for SB (0.09 g mg™ min™) is higher than for PAC (0.0045 g mg™ min™), also indicating
that adsorption on SB is more rapid (24).

The Weber and Morris intraparticle diffusion model highlighted the difference between the SB and
PAC adsorption mechanisms. In both cases, intraparticle diffusion is not the only rate-controlling step
in the process (24). PAC has three linear portions (Figure 9), which implies that the adsorption of
CPX in PAC goes through three successive stages until equilibrium: 1) external diffusion, 2)
intraparticle diffusion, and 3) sorption (64,65). SB exhibits only one adsorption process, external
diffusion (24), which would justify the higher rate of adsorption on the Sh. For PAC, the third stage
(the adsorption stage) was fast, indicating that the mass transfer process would be controlled by
external and internal diffusion. As shown in Figure 9 and the results presented in Figure 7, PAC
adsorbs almost 45% of the CPX in 20 min in the external diffusion stage (the first linear segment) and
reaches 70% in the intraparticle diffusion process, while SB adsorbs 65% of the CPX in the first 5
min. The value of the boundary layer thickness for the PAC is C = 27.31 mg g, greater than the value
of C = 2.87 mg g™ for the SB, indicating that PAC has a much thicker initial layer. Notwithstanding
the difference, both values represent approximately 50% of the total adsorption capacity.

The R; (the initial adsorption factor) values for PAC and SB are 0.51 and 0.18 mg g* min™?
respectively, indicating intermediate initial adsorption (0.9>R;>0.5) for PAC and strong initial
adsorption (0.5>R;>0.1) for SB. The result for the SB is important because according to Wu et al (40),
only 1 in every 3 adsorbents have similar R; values.

The adsorption capacity of CPX on PAC is less than that achieved by activated carbons in other
studies (9). In a type | isotherm, the adsorption limit is governed by the accessible micropores (66). In
this study, the molecular length of CPX was 0.825 nm (67), and it could not access the majority of the
pores of the PAC (0.6 nm in size), confirming that the adsorption capacity depends on the size of the
pores. The micropores of PAC, in this case, reduces the adsorption of CPX. The cavities and large
pores of SB allow easy access for the CPX particles, and these can better interact with the surface of
SB (12).

Equilibrium studies
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The equilibrium study was performed with doses of 3.0 and 0.3 g L™ for SB and PAC, respectively,
equilibration times of 100 min for PAC and 60 min for SB, and temperatures of 20, 30, and 40°C.

In both adsorbents, an increase in adsorption capacity was observed with increased CPX
concentration, but a higher removal percentage was achieved at the lower initial concentration. The
parameters and the coefficient of correlation (R?) of the Langmuir, Freundlich and BET models are
listed in Table 6. The experimental data of PAC better fitted the Langmuir model, with an R? value of
0.99. The behavior of the PAC adsorption process is similar to that found in other investigations using
active carbons or microporous materials (8,56,62).

As illustrated in Figure 10, the adsorption of CPX on SB is adjusted to a type Il isotherm, as seen in
the N, adsorption depicted in Figure 1. The main characteristic of a type Il isotherm is the formation
of multilayers. The nature of the forces that make up the multiple layers is physical (63). The SB
experimental data fit well to the BET and Freundlich models. According to the BET model, in
multilayer formation, once a molecule is adsorbed it acts as an active site in which other molecules

can be adsorbed (37).

As indicated by the Langmuir model, the maximum adsorption capacity is 13.7 and 71.9 mg g™ for
SB and PAC, respectively. The values of R (separation factor) indicate favorable adsorption for the
two adsorbents (0<R,<1). The values of the exponent n (adsorption intensity) in the Freundlich model
are greater than 1, which also indicates a favorable adsorption process.

SB showed a greater adsorption capacity of CPX than sodium alginate hydrogel (8.66 mg g™) (7),
modified coal fly ash (1.44 mg g™) (68) and schorl (5.6 mg g™) (54); a similar capacity to calcium
alginate (15.57 mg g™) (9); and a smaller capacity than bamboo-based activated carbon (108 mg g™)
(14) and enteromorpha prolifera (21.7 mg g™) (69).

Effect of temperature

As can be seen in Figure 11, increasing the temperature lowers the percentage of CPX adsorbed on
SB and increases the CPX adsorbed of PAC.

The thermodynamic parameters (AG®°, AH®, AS°) are listed in Table 7. The negative value of AG®

indicates the process is favorable and spontaneous for both adsorbents. The negative AH® values for
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SB suggest an exothermic process, while a positive AH® value for PAC shows an endothermic
process.

The increase in absolute values of AG® (-23.14, -24.84 and -27.51 kJ mol™) with increasing
temperature shows a greater capacity for adsorption of CPX at high temperatures in PAC (27), while
the AG® values for SB show a small decrease (-26.99, -26.83 and -26.56 kJ mol™). The boundaries
between fission and chemisorption are variable. Some authors suggest that the adsorption enthalpy for
physisorption is lower than 40 kd/mol™ (21,29) while others state that the value of AH® would be less
than 50 kJ mol™ (70). In any case, the adsorption of CPX on SB is physical in nature (28.35 kJ mol™),
the main suggested interactions between CPX and SB being electrostatic, hydrogen bonding, and
dipole-dipole interactions. The AH® value for CPX adsorption on PAC was slightly above the limit for
physisorption (40 kJ mol™), suggesting that the process can be simultaneously physisorption and

chemisorption. The positive AS® values suggest the affinity of the sorbents with the adsorbents (71).

3.3 Fixed bed adsorption studies

The objective of fixed bed adsorption studies is to determine the effect of the bed height on the
breakthrough curve. Fixed bed experiments were carried out at a downward flow rate of 3 ml min™, a
constant bed density of 0.142 g cm™, and an initial CPX concentration of 10 mg L™. The breakthrough
curves at different bed depths are shown in Figure 12 (4, 6, 8, 10, 12, and 14 cm), and the main results
summarized in Table 8. Increasing the bed height increases the service adsorption capacity at
breakthrough time (qp), and the total amount of CPX adsorbed at saturation time. As the bed depth
increases, the fractional bed utilization (FBU) also increases. The volume treated by increasing the
bed depth bed from 4 to 14 cm goes from 66 (9.4 BV, 19.5 BV*) to 435 (17.6 BV, 36.8 BV*) mL,
and the adsorption capacity from 2.05 to 4.4 mg g™ (72). Conversely, when the bed height increases,
the adsorption capacity at saturation time (gs) decreases. A lower bed height shows faster bed
exhaustion (72). Although the MTZ value increases, the adsorption capacity also increases because
the ratio of the bed height to the MTZ decreases from 82% (4 cm) to 52% (14 cm) (47).

The relationship between the bed depth and the service time at different effluent concentrations is

shown in Figure 13. In all cases, the experimental data fitted a straight line. This adjustment presents
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similar slopes up to C/C, = 0.5, increasing slightly for C;/C, = 0.9. This increase in service time close
to saturation was due to the increase of % FBU.

A value of H/d>5 is recommended for the scaling up of experimental data from a small to a large
scale (42), with the objective of avoiding the maldistribution of liquid in larger beds. In this study,
beds with heights greater than 8 cm meet the H/d ratio.

Table 9 shows the results obtained by applying the Bohart-Adams model to the experimental data of

the initial part of the adsorption process (C/C,<0.5). The parameters of the Bohart-Adams model
were estimated applying linear regression on the plots of in (%— 1) versus time (Supplementary
t

material, Figure S3). This table shows the decrease of the mass transfer coefficient with the
increasing depth of the bed, similar to findings reported by Nazari et al. (73) using a walnut shell-

based activated carbon, which indicates that the process is dominated by external mass transfer (74).

4. CONCLUSIONS

The present study demonstrated that sugar bagasse can adsorb ciprofloxacin (CPX) in water,
presenting good results both in the percentage of elimination and in the time necessary for the
elimination. Some of these results were compared with adsorption of CPX on a powdered activated
carbon (PAC).

The SB has a Sger of 2.55 m? g™ compared to 644 m* g for PAC; in addition, these substances differ
in that micropores predominate in the PAC while mesopores predominate in the SB.

At an initial concentration of 20 mg CPX L™, and doses of 3 g SB L™ and 0.3 g PAC L™, a CPX
elimination percentage of 78% is achieved for both adsorbents, and an adsorption capacity of 5.7 mg
CPX g™ for SB and 50.1 mg CPX g™ for PAC. The maximum elimination of CPX is achieved at a pH
between 6 and 8. The saturation time is reached at 60 min for SB (65% of elimination in the first 5
min) and 100 min for PAC. As the temperature increases, the adsorption capacity of PAC increases,
while that of bagasse decreases.

Column tests of 1.5 cm in diameter were performed, with a bed density of 0.142 g cm™, a downward

flow rate of 3 mL min™ and different bed heights. Increasing the length of the bed increases the
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volume of the treated effluent and the adsorption capacity. For a C4/C,<0.1, the time of service and
treated volume varies from 22 min and 66 ml in the 4 cm column to 145 min and 435 ml in the 14 cm
column respectively, and the adsorption capacity ranges from 2.5 to 4 mg g™*. The percentage of the
fractional bed utilization (%FBU) increases with the height of the column, being 17% for a bed height
of 4 cm, and up to 41% for a 14 cm bed height. The experimental data fitted well to the Bohart-

Adams model.
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Table 1. List of equilibrium and kinetic models.

Model Equation Description Reference
Langmuir c C 1 (RL=0),
— = — 4
9o qm  K.Gm favorable
(0<R.<1),
R, = ; linear (R. = 1) (35,36)
1+ K.C, or unfavorable
Equilibrium (R>1)
models Freundlich 1
logq, = logKp + ;log C. (35)
Brunauer- G = q5CperCe
Emmet-Teller e C
(BET) (€ =€) [1+ Comr ~ D) (37)
Pseudo first
order log(qe — q¢) = logqe — Kyt (38)
Pseudo second  t _ 1 N it
order q: Kq¢ q. (39)
o Weber and q: = Kgt® +C R is the ratio of
Kinetic models g c the initial
Ri=1- < ) adsorption
Aref amount (C) to (40)
the final
adsorption

amount (qref)*
*qrer (Mg g7) is the solid phase concentration at time t = t,¢ for an adsorption system; t. is the longest time in the
adsorption process.

Table 2. Physical properties of SB and PAC.

Single point desorption

Adsorbent SZBET_l ol szurf_z;lce total pore volume of pores Desorption average
(m°g™) area(m“g™) (cm*a™) pore diameter (nm)
SB 2.55 -- 0.0065 10.19

PAC 643.97 606.83 0.3569 2.21
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Table 3. Chemical characteristics of SB and PAC.

. Volatile Fixed Higher caloric
Adsorbent C H N S o] Mcz(l)zt )ure 2/5:)1 matter carbon pHpzc value
(%) (%) (Kcal/Kg)
SB 455 62 03 01 479 75 1.7 86.3 4.5 5.9 4102
PAC 868 12 02 0 128 10.3 1.6 2.3 85.8 7.6 6118

Table 4. Absorption bands of the functional groups in the untreated SB and PAC samples.

Functional groups SB wave _r}umber PAC wave_Pumber Reference
(cm™) (cm™)
O-H stretching 3338 (8,53,54)
C-H, stretching 2893 2940, 2485 (53,55)
C=0 stretching 1726 (53,56)
Cc=C 1603 1578 (57)
skeletal modes 1513 (8,53)
C-H bending 1426 (8,53)
C-O stretching 1370 (57)
O-H Bending 1319 (57)
C-0-C, C-0 1239 1126 (57)
C-0-C, C-OH 1160 1056 (57)
O-H association 1034 (55,57)
C-H aromatic 900-600 (57,58)

Table 5. Kinetic parameters of CPX adsorption on SB and PAC.

Experimental | Pseudo-first order Pseudo-second order Weber and Morris
Adsorbent Oe K
-1 Qe 1 2 Qe KZ 2 C 2
(mgg’) mag" (minY) (mgg"  @mgiminY mggh "
SB 5.72 5.73 0.046 0.76 5.81 0.090 0.99 2.87 0.92

PAC 50.12 50.0 0.043 0.96 51.2 0.0045 0.99 27.31 0.91




Table 6. Langmuir, Freundlich and BET isotherm parameters of CPX adsorption onto SB and PAC.

Langmuir Freundlich BET
T K
Adsorbent o K, F C C

C Om L 2 -1 2 s BET s 2

©) (mggy wmgy RR mgl3 ~n R mglh (LmgH (mggh)

(mg g™)

20 16.6 0.201 0.19 0.92 1.98 143 0.96 66.1 59.0 8.47 0.99
SB 30 13.69 0.139 023 0.93 1.28 156 0.98 70.0 49.62 6.99 0.98
40 104 0.090 0.31 0.87 1.05 204 097 82.2 48.57 6.23 0.98
20 64.93 0.041 0.10 0.99 21.97 298 0.92 85 334.3 49.85 0.92
PAC 30 71.94 0.059 0.08 0.99 3415 3.06 0.87 79 121.1 45.89 0.89
40 78.12 0.120 0.05 0.99 3925 394 091 60 87.8 38.31 0.91

Table 7. Thermodynamic parameters of CPX adsorption on PAC and SB.

: AG® ARC AS? )

Adsorbent — T(C)  ymort  (KimolY) (I mol KY) R
20 23.14

PAC 30 2484 4131 0.21 0.98
40 27551
20 -26.99

sB 30 -26.83 28,35 0.01 0.97
40 26,56

Table 8. Main results obtained in adsorption experiments in fixed bed columns (pH = 6, CPX = 10 mg L™,

Q =3 mL min™, bed density = 0.143 g cm™).

C/Co=0.1 C/Co=0.9
m H ty Vs b t Qs FBU MTZ
H/d ; BV BV* i : ;
@ (cm) (min)  (mL) (mg g™ (min) (mg g™ % (cm)
1.0 4 2.67 22 66 9.4 19.5 25 180 14.08 17.76 3.29
15 6 4.00 39 117 111 23.0 2.7 250 12.13 22.26 4.66
2.0 8 5.34 59 177 125 26.1 3.0 280 11.00 27.27 5.82
25 10 6.67 88 264 150 31.2 34 330 9.81 34.66 6.53
3.0 12 8.00 110 330 156 325 3.7 360 9.66 38.30 7.40
3.5 14 9.34 145 435 17.6 36.8 4.41 400 9.37 47.07 7.41

Legend: V,, volume of treated influent, d column diameter.



Table 9. Bohart-Adams parameters.

Kga No
H (cm) (Lmg"minY)  (mgL? R?
4 0.0030 402.5 0.96
6 0.0028 366.5 0.98
8 0.0027 309.6 0.98
10 0.0026 293.9 0.97
12 0.0024 266.5 0.96
14 0.0023 265.2 0.94
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Figure 1. The adsorption/desorption isotherm of N, on SB a) and PAC b).
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Figure 2. Pore size distribution of the SB a) and PAC b) sorbents.
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Figure 3. SEM images of the surface of SB a) and PAC b).
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Figure 4. FTIR spectrum of SB a) and PAC b).
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Figure 5. Influence of dosage on the adsorption capacity of CPX from aqueous solutions (pH 6, 30°C,
100 min, CPX: 20 mg L™).
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Figure 6. Influence of the pH on the adsorption of CPX on SB and PAC (CPX: 20 mg L™; PAC: 0.3 g
L% sB:3gL"Y).
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Figure 7. Percentage removal of CPX by SB and by PAC as a function of time (CPX: 20 mg L™,
30°C, PAC: 0.3g L™ SB:3gL™ pH 6, 30°C).
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Figure 8. Pseudo-second-order kinetic plots for the adsorption of CPX on SB and PAC (CPX: 20 mg L™,
30°C, PAC: 0.3g L™ SB:3g L™ pH 6, 30°C).
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Figure 9. Plot of the intraparticle diffusion model of Weber and Morris for SB and PAC (CPX: 20 mg L™,
PAC:0.3gL" SB:3gL™ pH 6, 30°C).
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Figure 10. Adsorption isotherms of CPX on PAC a) and SB b) (CPX: 5to 70 mg L™, PAC: 0.3gL™;
SB:3gL™ pH 6, 30°C, 120 min).
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Figure 11. Effect of temperature on CPX adsorption: a) Variation of the % removal on SB; b)

Variation of the % removal on PAC. (For isotherms of SB and PAC at different temperatures, see the
Supplementary material Fig S1).
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Figure 12. Curves of effluent concentration versus time for different bed heights (pH = 6, CPX: 10 mg L™,
Q =3 mL min™, bed density = 0.143 g cm™).
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Figure 13. Relationship between bed height and service time.
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