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Abstract

Antibiotics are widely used in veterinary and human medicine, but these compounds, when released into the aquatic envi-
ronment, present potential risks to living organisms. In the present study, the activated carbon (AC) used for their removals is
characterized by FT-IR spectroscopy, BET analysis and Scanning Electron Microscopy (SEM) to determine the physicochemical
characteristics. Response surface methodology (RSM) and Box-Behnken statistical design (BBD) were used to optimize im-
portant parameters including pH (2-12), temperature (20-45°C), and AC dose (0.05-0.20 g). The experimental data were
analyzed by analysis of variance (ANOVA) and fitted to second-order polynomial using multiple regression analysis. The optimal
conditions for maximum elimination of Amoxicillin (Amox) are (Dose: 0.124 g, pH 5.03 and 45°C) by applying the desirability
function (df). A confirmation experiment was carried out to evaluate the accuracy of the optimization model and maximum
removal efficiency (R = 89.999%) was obtained under the optimized conditions. Several error analysis equations were used to
measure goodness of fit. Pareto analysis suggests the importance of the relative order of factors: pH > Temperature > AC dose
in optimized situations. The equilibrium adsorption data of Amox on Activated Carbone were analyzed by Freundlich, Elovich,
Temkin and Langmuir models. The latter gave the best correlation with g capacities of 142.85 mg/g (R* = 0.999) at 25°C is
removed from solution. The adsorption process is dominated by chemisorption and the kinetic model obeys a pseudo-second
order model (R* = 0.999).
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apply with low cost, it is currently well known that (Amox) is
used in the modern medicine, possessing significant ecotox-
icity. Amoxicillin is a broad-spectrum beta-lactam antibiotic
that belongs to penicillin class used as veterinary medicine for
treatment of bacterial infections encountered in gastro-
intestinal and systemic infections. Relatively few reports
have been published on their elimination. Amoxicillin (Amox)
is a widely consumed antibiotic; its structure is based on
B-lactam ring, responsible for its high bacterial resistance
against microorganisms.>® To assess the risks associated with
medical wastewater, it is currently well known that amoxicillin
possesses significant ecotoxicity.” It is a broad-spectrum beta-
lactam belonging to the penicillin class used in veterinary
medicine for the treatment of bacterial and gastrointestinal and
systemic infections.® It is commonly prescribed for infections
caused by bacteria.” Recent studies have reported the presence
of amoxicillin at concentrations between ng/L and mg/L in in
domestic'’ and industrial waters'' and many antibiotics have a
toxic nature towards algae and other organisms which may
have a long-term indirect effect on ecological sustainability.'?
Indeed, due to its bioaccumulation in natural environments,
Amox can induce toxic effects influencing the fauna and the
flora, which contributes to the destruction of the ecosystem. '
It is included on the World Health Organization’s list of es-
sential medicines, as one of the most effective medicines in a
health system.'* The presence of antibiotics in the environ-
ment has been associated with chronic toxicity and their re-
sistance to antibiotics in bacterial species.'> Therefore, its
elimination by an effective process is crucial before its release
into the aquatic environment. To date, many methods have
been tried to eliminate antibiotics in conventional treatment
plants, like filtration,'®!'” photocatalytic degradation,'®>"
ozonation," chlorination,”® biological degradation,® and
advanced oxidation processes (AOPs)***> have been applied
to remove drugs from sewage streams. However, the ad-
sorption remains attractive and Activated carbon production
requires carbon precursors which are usually agricultural
wastes, such as rice husk, peach pits, date palm, lotus stem,
rice straw, almond shell, macadamia nut shell, walnut shells,
tea waste, sugar beet pulp, peanut shells. , wood chips, and
olive stones etc... In this study, commercial activated carbon
is used as an adsorbent for the removal of Amox in aqueous
solution due to its porosity. Experimental design for variable
optimization has a few advantages i) it reduces the number of
experiments, resulting in the use of less material and reagents
and ii) provides information about interactions between var-
iables.”® The Response surface methodology (RSM) with
BBD design is a widely used mathematical optimization the
analytical parameters (temperature, adsorbent dose and pH)
with the desirability method (dl) through to simultaneous
analysis of interactions of several parameters with the mini-
mum of experimental trials. BBD is a spherical type design
which consists of central point and middle points of the edges
of the cube circumscribed on the sphere,”’** the mutual in-
fluence of the parameters is studied by the method Pareto and

the analysis of variance (ANOVA) method is used as a cri-
terion for the validation of the mathematical model. Response
surface methodology (RSM) with BBD design is a mathe-
matical optimization of analytical parameters (temperature,
adsorbent dose and pH of the medium) with the desirability
method (df) through the simultaneous analysis of the inter-
actions of several parameters with the minimum of
experiments.

Materials and methods

Reagents

The antibiotic studied is amoxicillin (high purity, Sigma-
Aldrich), the characteristics and developed formula of
which are grouped into Table 1, it was purchased from in
analytical purity. Different concentrations of solutions were
prepared by diluting a stock solution in distilled water. The
adsorbent used for its elimination is a commercial Granular
activated carbon (AC) supplied by Dinamica Quimica Con-
temporanea (Diadema, Brazil). Before use, the adsorbent was
thoroughly washed with water to remove carbon powder and
surface impurities, followed by drying at 100°C for 48 h. The
size fraction between 2.00 and 2.38 mm was selected for all
adsorption tests.

Characterization of the Activated Carbon

The FT-IR spectroscopy, performed using a Bruker
spectrometer (Perkin Elmer 200P), was used to obtain the
qualitative identification of the functional groups present
on the adsorbentsurface; the spectra were obtained be-
tween 4000 and 400 cm ™' (resolution of 4 cm™').?° The
N, adsorption/desorption isotherms were performed using
a Tri Star II 3020 Micrometrics instrument, obtain the
textural characterization of the CCP.600 and
CCP.700 adsorbent. The adsorbent samples were firstly
dried (12 h) at 120°C in an internal oven of the apparatus,
and then the surface analyzer was run at — 196°C for the
N, isotherms.?® The pore size distribution was calculated
by the DFT method using the N, adsorption branch.?' The
surface areas were calculated using the BET method.*?
The textural surface of AC was captured by Scanning
electron micrograph (SEM), taken with different reso-
lutions thanks to FEI Quanta650FEG equipment.®® The
Point of Zero Charge (pHpzc) was determined by
pH titration procedures.’® 50 cm?® of KNO;5 (0.01 M)
solutions was poured into erlenmeyer flasks; the pH of
solution within each flask was adjusted between 2 and
9 by addition of HCl or NaOH (0.1 M) solution. Then,
0.15 g of adsorbent was added to the flasks and the final
pH was measured after 48 h. The pHpzc is defined as the
intersection point where the curve pHgna VS pHinitial
crosses the line pHgnar = pHinitial.
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Table 1. Technical Characteristics of the Studied Amoxicillin (Amox).

Product Specification

Structural Formula

NHp |
N S, CHy
0 5 N\)(CHS

Product name Amoxicillin
Product number A8523

CAS number 26787-78-0
Storage temperature Cooler/Refrigerated
Molecular formula C6H9N3O5S
Formula weight 365.40

Appearance (form) Crystalline powder
Water (by Karl Fischer) I1.5-14.5 %

Assay (anhydrous basis) 95.30-102.0 %

07 OH

Adsorption Experiments

The batch equilibration method was followed for the opti-

Table 2. Independent Variables and Their Levels Used for Box-
Behnken Design.

mization of the Amox adsorption according to the CCD  Variable, Unit Levels

matrix. For this a precise amount of adsorbent was mixed with Factors 0 0 |
0.1 L of (Amox) solution. The mixture was stirred with a

magnetic agitation at 150 rpm at fixed contact time (40 min). pH solution X 2 7 12
Then, the separation was carried out by centrifugation at Temperature T (°C) X3 25 40 45
6000 rpm during 10 min and the (Amox) concentrations re- Adsorbent dose D (gll) X, 0.0225  o0.l1112 02

tained in the biosorbent phase were analyzed by UV—Vis
spectrophotometry. The experiments were carried out under
variable conditions: pH, initial Amox concentration, AC
adsorbent and temperature. HCI and NaOH (1.0 mol/L) were
used to adjust the solution pH. To eliminate any interference
with the adsorbates, blank tests were performed alongside the
biosorption experiments by replacing the (Amox) solutions
with water.

Adsorption Process Optimization by Response
Surface Method

In the present study, a central composite design (3%) was used
to evaluate the influence toward the Amox adsorption onto
AC. The BBD statistical experimental design and RSM were
used to study the effects of the four independent variables on
the response function. RSM is a specific, combined and
mathematical tool for designing the experiment, modeling the
construction process and monotoring the effects and impacts
of variables and operating conditions. It is useful for opti-
mization to examine the optimal conditions to take into ac-
count the response to lower or higher end results of a particular
process >>*® To study their impact on Amox removal, the most
significant variables of adsorption were considered: pH (X),
temperature (X,), and adsorbent dose (X3),. The low, center
and high levels of each variable are denoted by —1, 0 and 1,
respectively (Table 2). A total of 30 experiments were de-
signed using the RSM method and optimized by a central
composite design. Each experimental run was analyzed twice
to avoid the effects of external factors, and the average values
were considered. The percent removal of Amox for each run
was reported within + 0.5 % precision, the following

polynomial response second-order equation was derived to
explain the system behavior:

K k
i=1

k
i=1 i =1

k
2
2;;X;X; + Z A;iX; (1)
i=1

i=

J

where Y is the predicted response which represents the re-
moval efficiency R(%) of (Amox) adsorbed, a, a constant
coefficient, x; and x; variables.a;, a;; and a;; are the interaction
coefficients for linear, quadratic and second order terms, re-
spectively. The removal efficiency by AC was calculated as
follows:

(Cy—C,).100

R(%) = TG )

C. is the initial and equilibrium concentration of the Amox
(mg/L) and C, the initial concentration. The experimental matrix
of CCD was proposed by Minitab Software 16 which was also
used to determine the regression analysis of designed model and
graphical analysis of each response. The total number of ex-
periments calculated using the following equation:

N=k>+k+Cp 3)

(N = 30) is the total number of runs, k (=3) the number of
independent variables, Cp (=3) the number of experiment
repeated at center points and a (= 0.0) the distance of axial
point from center. ANOVA was used to analyze the statistical
significance of each variable and the adequacy of the resulting
regression equation. The experimental design matrix found
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according to the CCD as well as the answer are given in
Table 3.

Modeling and Statistical Analysis

In order to verify the quality of the mathematical model
through the experiments, we used the Student tests (T value),
and Fisher tests (F value) as well as the coefficient of de-
termination (R?), obtained by the Minitab 16 software.

The Student’s test makes it possible to statistically verify
the hypothesis of equality of the expectation of two random
variables following a normal distribution and an unknown
variance. It is also used to test the nullity of a coefficient in the
context of a linear regression. The Fischer test is a statistical
hypothesis which verifies the equality of two variances, by the
ratio of the two variances which does not exceed a certain
theoretical value, sought in the Fisher table. In our case, the
software gives the ratio between the adjustment variance and
that of the experimental error.

The R? coefficient is an indicator for judging the quality of
a linear, simple or multiple regressions. For a value between
0 and 1, it measures the adequacy between the model and the
observed data.

ANOVA was performed to verify the statistical signifi-
cance of the experimental design and establish interactions
between independent variables and response effects.®’ It
subdivides the total variation into two components, with
variation associated with either the model or experimental
error.>® F- and P-values (prob > F, confidence interval = 95 %)
for the model were obtained. ANOVA is a statistical approach
that subdivides the total change of the data set into ingredient
parts concomitant with a defined source to test the target
hypotheses on the model parameters.>” The value of Fisher’s F
test, which is the ratio between the mean square of the model
and the residual error, allows this comparison and was applied
in this study.*

Adsorption Equilibrium Isotherms

Adsorption isotherms are of primary importance for opti-
mizing the removal of hazardous molecules. The equilibrium
relationship between adsorbent and adsorbate is best ex-
plained, and the maximum uptake capacity is obtained from
the adsorption isotherm. To assess the AC performance,
different equations and isotherms exist, out of which the
Langmuir,*' Freundlich ,** Temkin*® and Elovich** isotherms
are presented in the following equations respectively:

Qmax - KL .Ce
— Jmax - L F 4
9= 1K,. Ce (4a)
R, = ! (4b)
"T14KL G
q. = Br.Ln(A1.C,) (52)

Table 3. Box-Behnken Experimental Design Matrix and Responses
(Rexp (%) and R,eq (%) for Elimination of (Amox) Onto AC.

Run XI XZ X3 Rexp (%) Rpred (%)
| 2 0.1125 45 82.5 85.62
2 7 0.1125 35 85.0 85.58
3 12 0.1125 25 26.6 23.57
4 2 0.0250 35 75.0 72.61
5 7 0.0200 25 54.4 60.12
6 12 0.1125 45 58.6 60.43
7 7 0.2000 45 722 67.97
8 2 0.2000 35 60.18 61.28
9 12 0.0250 35 26.82 25.72
10 7 0.1125 35 85.25 85.42
Il 7 0.0250 45 87.35 86.62
12 12 0.0200 35 452 47.59
13 7 0.1125 35 86.0 85.42
14 7 0.0250 25 26.72 30.95
15 2 0.1125 25 60.8 58.97
Rexp (%) is determined experimentally.

Rpred (%) is calculated according to the polynomial formula.
Br =R.T.q,, /AE; (5b)
q. = Ke.C" (©)
9 _ K, .C..exp (— 9 ) %

qmax qmax

Jmax (Mg/g) is the monolayer adsorption capacity and K
the Langmuir separation constant related to the free adsorption
energy (L/mg), A, By, AEt (kJ/mol), Kg, n and K¢ (L/mg) are
the Temkin, Freundlich and Elovich constants. Furthermore,
the isothermal models were applied under optimal parameter
conditions. The Langmuir model is the best known and widely
applied, it is represented in the non linear form.

Results and Discussions

Surface Functional Groups of the Activated Carbon

The functional groups of AC contribute significantly to its ad-
sorption capacity, with selectivity to attract cations to the adsorbent
surface.*> These functional groups are consisted mainly of acidic
and basic groups which affect the surface charges and adsorption
properties of activated carbon. Adsorption on activated carbon
therefore not only relies upon its pore structure as the change of
surface charges is also a crucial factor affecting the adsorption
capacity. The FTIR spectrum can reveal the functional groups on
activated carbon surface qualitatively based on the charac-
teristic energy absorbed for each bond in certain groups,*®
although some particular peaks may overlap. The FTIR
spectrum gives the functional groups on the activated
carbon surface based on the energy absorbed for each
bond,*® although some particular peaks may overlap. The
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presence of C = O peaks around 1685 cm ™' comes from the
carboxylic functional groups, as well as the chromene and
pyrone structures (Figurel). The peak 1025 cm ™' comes
from C-O bonding while the broad band (3550-
3200 cm™ ') is assigned to be O—H functional groups for
caboxyl and phenol. The presence of phenol is confirmed
by the presence of peak around 1578 and 1610 cm ™" which
was the absorption energy of benzene rings.

Physical Characteristics of Adsorbent

The isotherms of AC (Figure 2) reveals different structures for
activated carbon, the curves is rather confused and shows
rapid N, adsorption at low relative pressure (P/P,< 0.4), in-
dicating that the activated carbon is mainly made up of micro
pores (pore size <20 A°).*” The BET surface area of activated
carbon determined on the basis of nitrogen sorption is
1092.951 m?*/g.

Analyses of the AC Surface Morphology

To confirm the adsorption of Amoxicillin, SEM images were
captured before and after adsorption (Figure 3) where we
notice a difference in the arrangement of the cavities. The
SEM micrographs of the active carbon before and after
adsorption are shown in; AC presents a micro-porous
structure with different pore diameters with a rough sur-
face and numerous protrusions. After adsorption, the AC
surface became smoother, with the roughness significantly
reduced and the pores less visible, indicating an adsorption
on both the surface and inside the pores. The SEM images
also reveal that the exterior surfaces of AC are filled with
more or less homogeneous cavities of different sizes and
shapes. The cavities are the external pores and represent the
main channels of AC to access the internal surface (mi-
cropores and mesopores). The highest magnification clearly
shows that the adsorbent surface contains a considerable
number of pores with a high probability that Amox mole-
cules are adsorbed inside these pores.

Point of Zero Charge (pH,.)

pHpzc is a point where an adsorbent has a zero charge on its
surface and the presence of H™ or OH ™ ions in solutions may
change the surface charges of the adsorbent. Above pHpzc, the
surface functional groups on adsorbents are protonated by the
excess H' ions; on the contrary, below pHpzc, the surface
functional groups are deprotonated by the OH ™ ions presence
in the solution.*® pHpzc of our activated carbon is equal
to 5.00.

Mechanism of Action of Amoxicillin

Amox is commonly used due to the broad spectra in terms of
its mechanism of action as it stops the proliferation of different
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Figure I. FTIR spectra for activated carbon before and after
Adsorption.
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Figure 2. Nitrogen sorption and desorption isotherms for activated
carbon.

bacteria.*”>" In general, the penicillin inhibits a bacterial, an
enzyme involved in the synthesis of the bacterial cell wall.”’
The B-lactam rings are involved in the inhibition mechanism.
Penicillin covalently binds to the active site of the enzyme,
leading to an irreversible inhibition. It is worth while to
mention that Amox has amphoteric properties,” due to its
three main functional groups (Figure 4), -COOH (pKa, =2.7),
-NH, (pKa, = 7.4) and -OH (pKa; = 9.6).>*>* The mecha-
nisms of interaction Amox/AC should occur according to the
proposals reported in the literature,”>° it is compatible with
the polar groups that exist in the AC surface and Amox
(Figure 5).

1) @-m interactions (s bonds of AC with @ bonds of
antibiotic)

il) Donor-acceptor complex  formation  between
the surface carbonyl groups (electron donors) and the
aromatic ring of Amox acting as the acceptor.
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Figure 3. Microscopic images of the Activated Carbon before and after adsorption.
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Figure 4. Mechanism of action of amoxicillin.
iii) Hydrogen bonds between the -OH and -NH groups of
Amox and the -OH and -NH groups of AC

At pHpzc, AC gave the highest removal performance.
At pHpzc of AC (4.91), Amox exists in its neutral form

(the pH range where amoxicillin exists in neutral form is
3-6)°" Similar observations were also noted by other
researchers®® At pHpzc of adsorbent (pKa,;< pHsol <
pKa,, pKas;), amine functional groups of Amox present in
the form of -NH; " and carboxyl functions can be found in
the form of —COQO". Therefore, the eclectrostatic force
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would enhance the adsorption since AC contains both
positive and negatively functional groups which attract the
Amox groups. Another possible mechanism, also worth to be
mentioned is the reaction between the amine functions of
Amox with carbonyl functional groups on activated carbon.
C =0 in carbonyl groups are converted by the NH, groups to
C = N while H,O is released in solution.

Experimental Design Analysis by Central
Composite Design

The effect of temperature, adsorbent and pH on Amox uptake
by AC was investigated using RSM. Fifteen sets of experi-
ments with different experimental conditions were generated
by RSM. The relationship between the percentage uptake of
Amox and the three significant factors were illustrated by a
second-order polynomial:

R(%) = 85.1501 — 13.6013 pH — 0.2308 Dose
+14.3376 T — 18.9188 pH?> — 11.1191 Dose’
—9.3063 T? + 6.4555 pH*Dose + 2.5750 pH*T
—8.0680 Dose*T

According to the model, the Temperature independent variable,
and the interaction pH*Dose and pH*T have a positive sign,
indicating a good impact on the response, with enhanced elimi-
nation of Amox. Validation of this model was carried out using the
desirability function (df) where the most desirable experimental
conditions generated by the software were achieved. The results

obtained for the comparison of experimental yields and those
calculated by the mathematical model during the eliminations of
Amox on activated carbon are shown in Figure 6 and Table 3 to
confirm the correlation of the results, a plot of the Reyp, = £ (Rpred)
curve is carried out (Figure 7), the latter clearly shows that the
experimental results and those deduced by the model are in perfect
correlation (R? = 0.984). The CCD responses were analyzed and
the results of analysis of variance, and RSM were analyzed by
Minitab software (version 16) for adsorption study. To determine
the comparative significance (Figure 8) of each term in the model,
Pareto analysis was applied using the following equation:

P = (a2 /> a?).100

®)

Were a; is the regression coefficient of individual process
variable. The influence of factors and their interactions is studied
through the postulated model which indicates which coefficients
should be retained and which could be eliminated from the final
mathematical model. To evaluate the importance of a coefficient,
statistical theory compares this coefficient to its standard deviation
thus indicating the 7- Student which determines the P-value.

An ANOVA analysis (Table 4) was generated from the
experimental results according to conditions designed by
RSM. To determine whether the effect of a coefficient is
statistically significant, we compare the P-value with the
alpha confidence level (= 0.05): if P-value < 0.05, the
effect is significant; above 0.05) the effect is insignificant.

The significance of the effects of the factors can also be
identified by the Pareto analysis, in which the effects are
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Figure 8. Pareto graphic analysis.

ordered from most influential to least. The reference line
for statistical significance is automatically indicated by the
software. The large 7T-value and small P-value indicates a
high significance of regression models. Some interactions
for Amox pollutant (pH, T, and pH*pH), the P-value of
less than 0.05 indicates that the experimental factors are
significant at 95 % confidence level. But the interaction
pH*D, pH*T, D*T, T*T, D*D and D present P-value more
than 0.05 indicates that the experimental factors are not
significant.

The effects of factors are identified by Pareto analysis, in
which they are ranked from most influential to least, the
reference line for statistical significance is indicated by the
software. The large T- and small P-value indicate significance
of the regression models. Some interactions (pH, T and
pH*pH), P-value less than 0.05 indicates these factors are
significant at 95% confidence level. But the interaction pH*D,
pH*T, D*T, T*T, D*D and D has a P value greater than
0.05 indicating that these experimental factors are not
significant.

Main Effects Diagram for Amoxicillin

Figure 9 shows the simultaneous influence of factors on
the elimination rate of Amox. The adsorption rate in-
creases with pH with a maximum pH of 7 then decreases.
Adsorption with dose increases in the range (0.025 -
0.1125 g) and then decreases by this value. Temperature
also has a positive effect on the elimination of Amox.

Diagram of the interaction effects of pH and
dose factors

For a dose of 0.025 g requires an acidic medium to achieve an
elimination rate of 75%, while a maximum elimination rate at
pH 7 and an adsorbent dose of 0.1125 g, then it decreases by
increasing the dose up to 0.2 g (Figure 10).

Diagram of the Interaction Effects of the Factors
pH and Temperature T (°C)

For a dose of 0.025 g requires an acidic medium to achieve an
elimination rate of 75%, while a maximum elimination rate at
pH 7 and an adsorbent dose of 0.1125 g, then it decreases by
increasing the dose up to 0.2 g; the results are summarized in
Figure 11.

Optimization by RSM and with Desirability Function

The Minitab software offers a graphical route to study the
interactions of the terms of the 2D contour model, adapted to
binary interactions. Contour plots of the second order poly-
nomial equation in two independent variables (pH - temperature,
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Table 4. Analysis of Variance (ANOVA) for Response Surface Quadratic Model.
Source Coef SE Coef T df Seq SS Adj SS Adj MS F P
Regression 9 6453.86 6453.86 717.10 5.79 0.034
Constant 85.1501 6.422 13.260
Linear 3 4020.80 2569.31 856.44 6.92 0.031
pH —13.6013 4.980 —2.731 I 1838.00 923.48 923.48 7.46 0.041
D —0.2308 6.222 —0.037 | 195.66 0.17 0.17 0.00 0.972*
T 14.3376 4.979 2.880 I 1987.13 1026.56 1026.56 8.29 0.035
Square 3 2234.42 1653.06 551.02 4.45 0.071*
pH*pH —18.9188 6.318 —2.995 I 1022.42 1110.03 1110.03 8.97 0.030
D*D —111191 8.025 —1.386 | 862.53 237.64 237.64 1.92 0.225*
T*T —9.3063 6.309 —1.475 I 349.47 269.37 269.37 2.18 0.200*
Interaction 3 198.65 198.65 66.22 0.53 0.678*
pH*D 6.4555 7.979 0.809 | 44.22 81.04 81.04 0.65 0.455*
pH*T 2.5750 5.563 0.463 | 26.52 26.52 26.52 0.21 0.663*
D*T —8.0680 7.937 —1.016 I 127.90 127.90 127.90 1.03 0.356*
Residual error 5 618.94 618.94 123.79
Lack-of-Fit 2 449.48 449.48 224.74 3.98 0.143
Pure error 3 169.45 169.45 56.48
Total 14 7072.80
Significance: * Parameter is not significant.
Main effects plot for Amoxicillin level Interaction diagram for Amoxicilin level
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Figure 9. Main effects diagram for Amoxicillin.

pH - adsorbent dose, pH - temperature, pH - Co); the other
parameters are kept at fixed values. Contour plots of the second
order polynomial equation in two independent variables (pH and
temperature, pH and Co, pH and adsorbent dose for Amox). It
can also include the main factor and the interaction impacts of
two independent factors.>

Examination of the 2D curves of the binary variables al-
lows us to delineate the following optimal conditions to obtain
maximum elimination of Amox (pH 6, T = 45°C; and AC
dose =0.125 g/L). The desirability function (Figure 12) makes
it possible to simultaneously know the optimal parameters
(pH 5.03, T=45°C; AC dose =0.125 g/L with R (%) = 89.99)
of the variables of input that determines the optimal value.
Performance levels for one or more responses occur in two
stages:

Figure 10. Diagram of the interaction effects of pH and
temperature T (°C).

i) Find the levels of the independent variables that si-
multaneously produce the most desirable, predicted
responses on the dependent variables.

Maximize overall desirability with respect to con-
trollable factors, the desirability function approach was
initially introduced by Harrington.

ii)

Adsorption Isotherms

Adsorption isotherms were applied to evaluate the amount of
Amox adsorbed on AC surface and the type of interaction. The
graphical representation of the linearized forms of the four
isotherms (Figure 13) allowed us to calculate the constants of
the different models (Table 5). The evaluation of the physical
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condition of the data at equilibrium, based on the coefficient
R? as a criterion, shows the applicability of the Langmuir and
Temkin models to interpret the data with a maximum ad-
sorption capacity gmex (= 142.85 mg/g, R* = 0.999). Lang-
muir’s model is the best suited. Note that R_L indicates the
type of isotherm: Irreversible (R = 0), Favorable (0<R<1),
Linear (Rp = 1) or unfavorable (Ry >1). In our case, the Ry
values are less than 1, thus confirming that the adsorption is
well described by the Langmuir isotherm which suggests one
of the following three main hypotheses:

1) The adsorption sites have identical adsorption energy.

ii) The adsorbate occupies only one site on the surface,

with no interaction between the adsorbate molecules

iii) The adsorption is mostly confined to the adsorbent
surface.

Comparison with Other Adsorbents Used for the
Removal of Amoxicillin

It is instructive for comparative purposes to report the max-
imum adsorption of amoxicillin from some available
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Figure 13. Isotherms Adsorption for the different models in the
optimum conditions.

Table 5. Different Parameters for Adsorption Isotherm Models for
the Removal of Amox Onto AC.

Model Parameters Amox
Langmuir Qmax (Mglg) 142.85
Interaction diagram for Amoxicilin level K (L/mg) 0.0302
Average of data R2 0.999
e . x 0.009
80 Freundlich Kr (mglg) (Limg)'" 5.989
70 e ———— I/n 0.69
S co B SR R 0.938
g . i 2y 6.726
X = R e pHe12 Temkin Ar Br 0.402
40 * E (j/mol) 29.93
R? 11.196
> = e 0.989
20
0.025 0.112 0.200 ) 1.623
P Elovich Q max (Mmglg) 3.239
Ke 1.856
. R? 0.948
Figure I1. Diagram of the interaction effects of pH and dose XZ 13.522
factors.
pH Dose (g) T (°C)
[e 12] |[0.025 0.200]| Tes 457
Optimal value 5.04 0.1:2—1- 4}1

R =89.9999

(d = 0.9999)

Figure 12. Predicted responses using desirability function.
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Table 6. Comparison of Maximum Adsorption Capacity With Other Adsorbents Reported in the Literature.

Adsorbent Qmax (Mglg) References
Bentonite 53.93 ol
Bentonite 49.99

Bentonite 47.37

Activated carbon 186.43

Activated carbon 221.86 .
Activated carbon 189.55 62
Capsules of cashew of Para 600°C 289.2

Capsules of cashew of Para 600°C 392.1

Capsules of cashew of Para 700°C 292.0

Capsules of cashew of Para 700°C 348.9 .
Zinc oxide coated carbon nanofibers 156 63
NaOH-activated carbon 571 o4
Activated carbon 44 6
Activated carbon from Arundo donax Linn 345 66
Multi-walled carbon nanotubes 229 67
Magnetic multi-walled carbon nanotubes 50 68
Iron oxide nanoparticles supported on mesoporous MCM-41 25 69
Magnetic adsorbent prepared from olive kernel (MA-OK) 238 0
Mn-impregnated activated carbons 122-132 7!
Cellulose from flax noil 183 7
Commercial activated carbon 142.85 This studies

30
—Q@—pH: 2.5
—@—pH: 7.0
25 P
20
2
£ 15
k=
10
5
04
T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55
t (min)

Figure 14. Effect of pH on the Adsorption Kinetic.

adsorbents (Table 6). We can see that the adsorption perfor-
mance of amoxicillin on AC is ranked well compared to other
research with a maximum capacity qm.x of 146.85 mg/g,
relatively interesting. The elimination of this waste has a
double impact: the recovery of this waste in water treatment
and the protection of the natural environment and the
ecosystem.

Desorption constitutes an intermediate step towards the
regeneration of the adsorbent. It is an essential tool to evaluate
the reuse of any adsorbent for large-scale applications, due to
ecological concerns and sustainable development needs. This
study gave encouraging results. We wish to extend our study

Table 7. Different Parameters for Adsorption Kinetics Models for
the Removal Of Amox Onto AC.

pH Qex (mglg) Second Order First Order

pH =252240 K, =803 x 1073 g/mgmin K, =3.178 min™"'

pH = 7.0 27.027 Q. = 26.32 mg/g Q. = 23.98 mg/g
R? = 0.995 R? = 0.980

Ky = 10.10 x 1073 g/mgmin K, = 3.007 min~"
Q= 27.027 mglg Qe = 20.23 mgl/g
R? = 0.995 R? = 0.980

to column adsorption tests under conditions applicable to the
treatment of industrial effluents.

Adsorption Kinetic Modeling

The kinetics of Amox adsorption is crucial to determine the
optimized operating conditions for a large-scale process. It
gives the absorption rate of the adsorbate, controls the residual
time of the overall process and predicts both the adsorption
rate and the adsorption design. Different models have been
proposed to study the behavior of adsorbents and propose the
mechanisms controlling adsorption. The adsorption kinetics is
examined using pseudo’* and second-order’* kinetic models
given by:
Pseudo first order model:

)

K
log(q, — q,) = logq, — % -t
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Pseudo second order model:

t 1 1

= +— -t
9 K,-¢ gq,

(10)

Where ¢, (mg/g) is the adsorbed amount at the time t (min),
K; (min~ ") and K, (g/mg'min) are the pseudo-first order and
pseudo-second order rate constants respectively. The slope
and intercept of the plots In(g.-q,) vs time (¢) are used to
calculate the constants K; and g, while K, and g, are deduced
from the plot of /g, vs. ¢ (Figure 14). For the pseudo-first-order
kinetic, the experimental data deviate from linearity, sug-
gesting the inapplicability of the model for the present system.
On the other hand, the pseudo-second order kinetic model
presents the best correlation (R = 0.999), and the adsorption
process is predominated by chemisorption. The kinetic con-
stants K;, K,, and the calculated adsorption capacities de-
duced after modeling are grouped together in Table 7.

Conclusion

The removal of pollutants from wastewater is an environ-
mental concern, particularly pharmaceutical effluents, which
pose risks to human health and the ecosystem. In this regard,
activated carbon constitutes a promising adsorbent for which
optimization of adsorption is essential to maximize efficiency.

In this study, statistical methodology and Box—Behnken
Response Surface Design were found to be effective and
reliable in finding the optimal conditions for the adsorption of
amoxicillin onto activated carbon. The response surface de-
sign with desirability function (df) was applied to evaluate the
interactive effects of three independent variables namely pH,
temperature and adsorbent dose on the response R (%).

The experimental data were treated by analysis of variance
(ANOVA) and adjusted by a second order polynomial using
multiple regression analysis. The optimal conditions: adsor-
bent dose (0.125 g), T (45°C) and pH (5.037) led to a
maximum removal of amoxicillin of 89.99%. The isotherms
were analyzed by different models and the Langmuir equation,
gave the best fit to the equilibrium, where 142.85 mg/g of
amoxicillin (R* = 0.999) at 25°C was removed from the
solution.The pseudo-second order kinetic model gave the best
correlation (R* = 0.999), and adsorption of amoxicillin is
predominated by chemisorption.

This study demonstrated that activated carbon has a high
adsorption capacity compared to adsorbents reported in the
literature and the study of the photodegradation of Amoxicillin
in the presence of a semiconductor constitutes a logical
continuation of this study.
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