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Abstract: Food wastes have traditionally been considered as dead-end materials; however, recent
international, national, and regional policies strongly promote the use of these wastes as potential
resources. This change of perception considers the need for sustainable exploitation of natural re-
sources. In this context, artichoke processing produces high amounts of wastewaters, and specifically,
wastewaters from the artichoke blanching step present a high content of valuable biocomponents
such as carbohydrates and phenolic compounds (e.g., chlorogenic acid, 1700 ppm). In this work, the
recovery of chlorogenic acid by applying sorption processes was studied. Five resins were tested, and
it was found that the resin XAD 7 HP presented the best total adsorption-desorption yield (72.8%)
at 20 ◦C. It was also found that there was a strong variation of the adsorption ratio depending on
solution pH (3–7). Four models of isotherms were applied to the adsorption processes, and the
Langmuir isotherm better explained the adsorption behavior. The kinetic study showed that the
adsorption and desorption of chlorogenic acid followed a pseudo-second order model where the
kinetic constant depended on the adsorbate concentration. In addition, it was found that the sorption
process was controlled by more than just the intraparticle diffusion mechanism.

Keywords: resin; adsorption; desorption; chlorogenic acid; isotherm; kinetic; artichoke

1. Introduction

The agri-food sector produces large amounts of liquid and solid wastes that contain
different substances with high added value [1]. Due to their organic composition, these
wastes provoke serious environmental issues in their disposal, such as eutrophication [2]
and greenhouse gas emissions [3]. Therefore, one of the main goals of the United Nations
is to achieve a more sustainable world by 2030 by reducing food waste production and
disposal [4]. The first step is to change the lineal production system to a closed-loop and
more sustainable production, and for that, it is necessary to consider wastes as a source
of raw materials and keep in mind the use of wastes as by-products to obtain valuable
compounds for the food industry or even for other sectors such as polymer production or
pharmaceuticals [5].

Artichoke (Cynara scolymus L.) cultivars are widely present in the Mediterranean area;
Italy, Egypt and Spain are the main producers and manufacturers, with 52% of world
production in 2019 [6]. During the artichoke processing, large amounts of solid residues
(leaves, external bracts, stems, etc.) and wastewater as blanching effluents are generated [7].
The valorization of these residues is commonly targeted to animal feedstuff, ensilage, fiber,
and energy production.
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There are several studies that confirm that artichoke wastes are rich in bioactive
compounds such as inulin, phenolic compounds, and sugars [8]. Conidi et al. (2014)
proposed an integrated process based on membrane technology for the recovery of phe-
nolic compounds and sugars. This process consisted of an ultrafiltration (UF) step and
a later nanofiltration (NF) step [9]. They found that chlorogenic acid (CA) and apigenin
7-O-glucoside (AOG) were by far, the most abundant phenolic compounds in the reten-
tate of the NF process; specifically, CA concentration was six folds higher than AOG
concentration. Conidi et al. (2015) obtained promising results in their study on the ap-
plication of adsorption resins to fractionate, purify, and concentrate both CA and AOG
polyphenols [10].

The present work aimed to the study the performance of five adsorbent resins for
the recovery of CA based on the operation conditions leading to the best adsorption-
desorption results. In addition, the pH effect on the adsorption step was evaluated. Finally,
CA adsorption isotherms and kinetics studies (adsorption and desorption processes) were
carried out.

2. Materials and Methods
2.1. Feed Solution

For the resin performance and pH effect studies, a synthetic feed solution was prepared
according the composition of polyphenols in the retentate obtained from nanofiltration
of artichoke wastewater [10]. This feed solution was obtained by dissolving chlorogenic
acid (VWR Prolabo, Fontenay-sous-Bois, France) with distilled water to reach a solution
of CA of 1.5 mg/mL. For the other assays (isotherms and kinetic studies), different CA
concentrations were prepared (1.3, 2.0, 2.5, 4.0, 6.0, and 8.0 mg/mL).

2.2. Adsorbents

For the resins performance study, five resins were tested: S 2328, S6328 A, S7968,
XAD 7HP, and XAD 16HP N. These resins were selected based on previous studies on the
recovery of different bioactive compounds present in foods and their wastes [10–18].

Lewatit S 6328 A, S 2328, and S 7968 resins were kindly provided by Lanxess (Lev-
erkusen, Germany) and are based on crosslinked polystyrene. Amberlite XAD 7HP, kindly
supplied by Rohm and Haas (Dow Chemical, Midland, Michigan, USA), is based on a
non-ionic aliphatic acrylic polymer with a matrix consisting of a macroreticular aliphatic
crosslinked polymer. Amberlite XAD 16HP N, also provided by Rohm and Haas, is a poly-
meric non-ionic, hydrophobic resin with a macroporous crosslinked polystyrene copolymer
matrix. Table 1 lists the main characteristics of the used adsorption resin.

Table 1. Characteristics of the sorption resins.

S 2328 S 6328 A S 7968 XAD 7HP XAD 16HP N

Functional group Sulphonic acid Quaternary ammine None None None

Ionic form as shipped H+ Cl− Neutral Neutral Neutral

Surface area (m2/g) - - 800 380 800

Particle size (mm) 0.40–1.20 0.40–1.25 0.49 0.56–0.71 0.60–0.75

Pore diameter (nm) 55 50 5–10 55 20 [19]

Maximum operating
temperature (◦C) 120 85 120 80–100 150

Moisture content (%):
Manufacturer 65–75 58–63 50–60 61–69 62–70

Measured 67.3 48.7 61.3 69.3 67.3

pH range 0–14 0–14 0–14 0–14 0–14

Conditioning solutions 6% HCl aq. solution 6% HCl and 4% NaOH
aq. solutions

6% HCl and 4% NaOH
aq. solutions

20 g/L of NaOH and
0.5% of HCl

20 g/L of NaOH and
20 g/L of H2SO4
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Before starting up the resins, they were all washed with distilled water. A chromato-
graphic column, 20 mm diameter× 30 cm height, was prepared. For the conditioning of the
clean resin, 15 g (wet basis, w.b.) of the resin was charged in the chromatographic column,
and then it was contacted with the conditioning solutions indicated in Table 1 according
to the procedure given by the suppliers. Prepared solutions for each resin were passed
through the resin in the column and when two solutions were needed (S 6328A, S 7968,
XAD 7HP, and XAD 16HP N), a rinsing with distilled water was completed in between.

After the conditioning step, distilled water was passed through the resins until reach-
ing an eluent with a pH close to distilled water. Afterwards, resins were dried at room
temperature for 48 h and then dried in a vacuum oven (Vaciotem-T, J.P. Selecta, Abrera,
Barcelona, Spain) at 60 ◦C until a constant weight was achieved. Dried resins were stored
in hermetic containers until their use in further experiments.

2.3. Resin Performance

First, 1 g of started-up, dried resin was soaked with 24 mL of 95% ethanol for 12 h and
then was strongly rinsed with distilled water. Then, the resin and 20 mL of the feed solution
(1.5 mg/mL CA) were introduced into a flask that was stirred in a reciprocating manner
(HS 501 digital, IKA, Staufen, Germany) at 120 rpm and room temperature (20 ± 2 ◦C) for
24 h (adsorption equilibrium time). Aliquots of the solution in contact with the resin were
taken out to determine the concentration of the non-adsorbed CA. These aliquots were
stored at −18◦C for a later analysis by HPLC.

The adsorption progress was determined in terms of two parameters: the adsorption
ratio, AR (%) (Equation (1); and the adsorption capacity, Qt.a (mg CA/g resin dried basis
(d.b.)) (Equation (2)) that represents the amount of adsorbed CA per weight of resin on a
dried basis [20–23].

AR (%) =
Co − Ct.a

Co
·100 (1)

Qt.a =
(Co − Ct.a)·Vo

W
(2)

where Co and Ct.a (mg/mL) are the initial CA concentration (t = 0 h) and the CA concentra-
tion at any time (t = t h) in the feed solution, respectively; Vo (mL) is the volume of the feed
solution, and W is the resin weight expressed on a dried basis (g (d.b.)).

After the adsorption process, resins were separated from the remaining feed solution
and rinsed with distilled water. For the desorption process, resin was introduced into a
flask with 20 mL of 96◦ ethanol. The mixture was stirred under the same conditions as
those for the adsorption process (120 rpm and 20 ◦C) but for a desorption equilibrium
time of 4 h. Aliquots in contact with resin were taken out from the solution and then
stored at −18 ◦C until a later analysis by HPLC. Desorption ratio, DR (%), and desorption
capacity, Qt.d (mg CA/g resin (d.b.), (mg/g)), were calculated according to Equations (3)
and (4) [20–23].

DR (%) =
Ct.d·Vd

(Co − Ce.a)·Vo
·100 (3)

Qt.d =
Ct.d·Vd

W
(4)

where Ct.d (mg/mL) is the CA concentration in the desorption solution at any time and Vd
(mL) is the volume of the desorption solution.

After the analysis of CA concentration of adsorption and desorption aliquots, AR,
DR, adsorption capacity (Qe.a = Qt.a (24 h)), and desorption capacity (Qe.d = Qt.d (4 h))
parameters were calculated for the five resins studied. On the basis of Equations (1)–(4),
the resin giving the best performance for the adsorption and desorption processes was
selected and used for a most extensive characterization: effect of pH, adsorption isotherms,
and kinetics of adsorption and desorption.
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2.4. Effect of the pH on the Adsorption Process

Different feed solutions with the same CA concentration (1.5 mg/mL) at different pH
values (3–7) were prepared by using HCl 0.01 N and 10% NaOH. Then, 1 g of the selected
and dried resin was put in contact with 20 mL of a feed solution at a certain pH and stirred
for 24 h at room temperature and 120 rpm. Then, feed solutions were stored at −18 ◦C for
a later analysis. The pH leading to the best adsorption ratio was used in the adsorption
isotherms and adsorption/desorption kinetics studies.

2.5. Adsorption Isotherms

Six feed solutions at different CA concentrations (1.3, 2.0, 2.5, 4.0, 6.0, and 8.0 mg/mL)
were prepared. Then, 1 g of the selected dried resin was put in contact with 24 mL of each
one of the feed solutions previously prepared. Mixtures were stirred at 120 rpm and at
room temperature (20 ± 2 ◦C) for 24 h. Samples of all mixtures were taken to determine the
equilibrium concentration (Ce.a), the adsorption ratio (AR, Equation (1)), and adsorption
capacity (Qe.a, Equation (2)) in each case.

Four models of adsorption isotherms were considered relating Qe.a and Ce.a: Lang-
muir, Freundlich, Sips, and Redlich–Peterson (R-P). Langmuir and Freundlich models are
widely used due to their simplicity: The Langmuir model describes an ideal situation
that assumes that the adsorbent presents a homogenous surface, and that the adsorbate
occupies a monolayer on it [24,25]; the Freundlich model is used in processes of multilayer
adsorption [20,21] and when a non-ideal adsorption on heterogeneous surfaces occurs [21].
Finally, both the Sips and Redlich–Peterson models are combinations of the basic Langmuir
and Freundlich ones [24].

All models are defined by different parameters that appear in their characteristic
equations (Table 2). Since these equations are non-linear, they were linearized [24,26].
The SOLVER tool of the MS Excel program was used to carry out the regressions of the
experimental data. The goodness of fit of the models to the experimental data was assessed
by using the linear regression coefficient (r2) and the average percentage error (APE),
Equation (5) [27].

APE (%) =
∑N

I=1

∣∣∣Qe.a.exp−Qe.a.cal
Qe.a.exp

∣∣∣
N

·100 (5)

where Qe.a.exp and Qe.a.cal are the experimental and calculated adsorption capacities at
equilibrium, respectively, and N is the number of measurements.

Table 2. Adsorption isotherm models.

General Model Eq. Linearized Eq.

Langmuir
Qe.a =

Qm ·KL ·Ce.a
1+KL ·Ce.a

(6) Ce.a
Qe.a

= 1
KL ·Qm

+ 1
Qm
·Ce.a (6′) [26]

Freundlich
Qe.a = KF ·Ce.a

1
n (7) ln(Qe.a) = ln(KF) +

1
n · ln(Ce.a) (7′) [26]

Sips
Qe.a =

QS ·KS ·Ce.aα

1+KS ·Ce.aα (8) 1
Qe.a

= 1
KS ·QS

·( 1
Ce.a

)
α
+ 1

QS
(8′) [24]

Redlich-Peterson
Qe =

KRP ·Ce.a
1+BRP ·Ce.a g (9) ln

(
KRP ·Ce.a

Qe.a
− 1

)
= ln(BRP) + β· ln(Ce.a) (9′) adapted from [24]

2.6. Adsorption and Desorption Kinetics

For the adsorption kinetic study, 1 g of the selected dried resin was put in contact
with 20 mL of the CA solutions with different concentrations (1.3, 2.0, 2.5, 4.0, 6.0, and
8.0 mg/mL) at the selected pH. The mixtures were stirred for 120 min at 120 rpm and
room temperature (20 ± 2 ◦C). To follow the adsorption process with time (0, 5, 10, 20, 60,
and 1440 min), aliquots were taken out from the solutions in contact with the resin and
were stored at −18 ◦C until a later CA analysis. In the study of the desorption kinetics,
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the resins used in the adsorption process were separated from feed solutions, rinsed with
distilled water, and introduced into flasks with 24 mL of ethanol 96◦. Desorption kinetics
were carried out under the same conditions (stirring and temperature) as those for the
adsorption kinetics study. During the desorption process, aliquots were taken out (0, 5, 10,
20, 60, and 240 min) and stored at −18 ◦C until a later CA concentration analysis.

The adsorption/desorption kinetics were evaluated considering pseudo-first order
(Equation (10)) and pseudo-second order (Equation (12)) kinetics equations. In addition,
the interparticle diffusion model was applied (Equation (14)) (Table 3) [22] to determine
whether the CA diffusion controls the process.

Table 3. Equations used for the study of adsorption and desorption kinetics.

Model General Eq. Integrated Eq.

Pseudo-first order dQt.i
dt = k1.i ·(Qe.i −Qt.i) (10) ln(Qe.i −Qt.i) = ln(Qe.i)− k1.i ·t (11)

Pseudo-second order dQt.i
dt = k2.i ·(Qe.i −Qt.i)

2 (12) t
Qt.i

= 1
k2.i ·Qe.i

2 + t
Qe.i

(13)

Intraparticle diffusion Qt.i = kpi ·t
1
2 + Ci (14)

i = a for adsorption and d for desorption.

From Table 3, Qt.i is the amount of CA adsorbed (or desorbed) at each time (mg/g
(d.b.)); Qe.a and Qe.d are the equilibrium amount of CA adsorbed and desorbed, respectively
(mg/g (d.b.)); k1.i, k2.i are the constant rates: subscripts 1 and 2 refer to pseudo-first (1/min)
and pseudo-second order kinetics (mL/mg·min); kpi is the intraparticle diffusion rate
constant (mg/(g (d.b.)·min0.5); and Ci is the intercept constant (mg/g (d.b.)).

Table 3 also shows the corresponding integrated equations for the pseudo-first and
pseudo-second order kinetics, considering the boundary conditions: t = 0 h→Qt.i = 0 mg/g
and t = t h→ Qt.i = Qt.i mg/g. Goodness of fit to the experimental data was assessed with
the regression coefficients obtained with the linearized Equations (11), (13), and (14), shown
in Table 3.

2.7. Analytical Determinations

CA determination was performed by HPLC analysis using a Waters Alliance 2695
HPLC system (Milford, MA, USA) equipped with a vacuum degasser, a quaternary pump,
an autosampler, a thermostatic column compartment, a model 2996 diode array detector
(DAD), and Empower software (Waters Corporation, Milford, MD, USA) for data collec-
tion. The chromatographic separation was performed by using a Luna C 18 RP column
(250 × 4.6 mm, 5 µm, Phenomenex, Torrance, CA, USA).

The mobile phase consisted of 0.1% formic acid in water (eluent A) and 0.1% formic
acid in acetonitrile (eluent B). The following gradient system was used: 0 min, 90% A and
10% B; 30 min, 50% A and 50% B; 35 min, 0% A and 100% B. Analyses were finished at
50 min. The system was equilibrated between runs for 10 min using the start mobile phase
composition. The flow was pumped at 1 mL/min and the injection volume was 10 µL.
Diode array detection was set between 200 and 600 nm, and absorbance was recorded
at 325 nm. The CA concentration was identified by matching the retention time and the
spectral characteristics against those of the standards.

3. Results and Discussion
3.1. Resin Performance

Table 4 shows the results obtained in both chlorogenic acid adsorption and desorption
processes for the five resins considered. The ideal resin should retain high amounts of CA
from the feed solution and easily release the CA retained during the desorption procedure.
To quantify both adsorption and desorption processes, a total adsorption-desorption yield
(TADY) parameter was defined as the product of the adsorption and desorption ratios.
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Table 4. Adsorption and desorption results for different resins. Experimental conditions: feed
solution concentration = 1.5 mg CA/mL; t(adsorption) = 24 h; t(desorption) = 4 h.

Resin AR
(%)

Qe.a
(mg/g (d.b.))

DR
(%)

Qe.d
(mg/g (d.b.))

TADY
(%)

S 2328 46.9 14.4 49.7 8.1 23.3
S 6328 A 98.3 33.5 3.9 1.3 3.8

S 7968 11.3 2.0 96.8 1.9 11.0
XAD 7HP 94.6 31.3 76.9 25.3 72.8

XAD 16HP N 24.3 2.3 49.5 1.6 12.0
AR, adsorption ratio; Qe.a, adsorption capacity; DR, desorption ratio; Qe.d, desorption capacity; TADY, total
adsorption-desorption yield.

While resin S 6328 A showed the best performance in terms of CA adsorption
(AR = 98.3% and Qe.a = 33.5 mg/mL), its results for CA desorption were the lowest (DR =
3.9% and Qe.d = 1.3 mg/mL), and as a consequence, the TADY parameter shown the worst
value (TADY = 3.8%). Chlorogenic acid presents a polar nature [20] and had higher affinity
for the anionic resin S 6328 A than for the ethanol used in the desorption.

In contrast, resin S 7968 gave by far the highest CA desorption ratios (96.8%), but since
the CA adsorption ratio was very low (11.3%), this resin presented a low TADY value of
11.0%. Since S 7968 and XAD 16HP N are the resins with the lowest pore size, both showed
by far the lowest AR.

Resin XAD 7HP showed the second highest CA adsorption rate (94.6%) very close to
that reached by S 6328 A. Moreover, XAD 7HP resin showed a desorption rate of 76.9%,
and reached by far the highest TADY (72.8%). According to its polarity, the XAD 7HP
resin is able to adsorb both polar and non-polar substances and presents a high adsorption
affinity for phenolic compounds [13]. On the other hand, the CA binding on XAD 7HP is
less strong than that on S 6328 A, which causes a higher DR.

Therefore, among the five resins studied, XAD 7HP was selected as the resin showing
the best performance for the recuperation and concentration of CA, and this resin was used in
the further studies on pH effect, adsorption isotherms, and adsorption/desorption kinetics.

3.2. Effect of pH on the Chlorogenic Acid Adsorption

Figure 1 presents the effect of pH on the chlorogenic acid adsorption on XAD 7HP
resin in terms of adsorption ratio (AR, %). There is a remarkably strong effect of this
variable on the AR and a low pH facilitates the adsorption of the resin. Maximum values
for AR are very similar (95.0% and 93.4%) and were obtained for the lowest pH studied
(2.5 and 3.0, respectively). From this point, the adsorption rate drops sharply to 38.1% at
pH = 7. Considering that the original pH of the feed solution (1.5 mg/mL) is 3.0, this value
was the pH selected as the optimum for the chlorogenic acid adsorption with the XAD
7HP resin.
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3.3. Adsorption Studies

Data collection from the adsorption process was completed by using the selected
resin XAD 7HP and different CA feed solutions (1.3, 2.0, 2.5, 4.0, 6.0, and 8.0 mg/mL), and
results are given in terms of Ce.a, Qe.a, and AR. To determine the interaction and dependence
between those variables, several plots have been represented in Figure 2. It was found that
there was a very good linear correlation (r2 = 0.999) between adsorption capacity with the
initial CA concentration in the feed solution (Figure 2a). Regarding the effect of CA feed
solution concentration, Co, on the CA concentration at the adsorption equilibrium, Ce.a, an
increase in the Co led to a high Ce.a (Figure 2b, empty dots) as expected. The change of slopes
at a certain point (Co = 4 mg CA/mL;) shows that from this feed solution concentration,
resin CA adsorbing capacity started its stabilization, as also shown in Figure 2c, reaching
a nearly asymptotic value of Qe.a of 132.60 mg CA/g(d.b.). The stabilization of Qe.a from
Co = 4 mg CA/mL also had an effect on the adsorption rate (Figure 2b, black dots): Below
Co, AR remained practically constant (values between 92.1–95.5%), while from this Co value
on, the AR decreased to 84.2% for Co = 8.0 mg/mL.
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3.4. Adsorption Isotherms

Adsorption data were fitted to Langmuir, Freundlich, Sips, and Redlich–Peterson
models. All the model constants and the fitting parameters are listed in Table 5.

According to the lineal regression coefficient r2, the Sips (0.996), Langmuir (0.994), and
Freundlich (0.972) fits were excellent, and that of Redlich–Peterson was acceptable (0.836).

Considering the APE, Sips fit better than did Langmuir (2.71% and 4.73%, respectively)
while the Freundlich model presented the worst fit. Figure 3 shows a plot of the predicted
values by the models and experimental data, showing that the Freundlich model certainly
is the model that most poorly fits the experimental values, since it does not even show
the expected saturation trend. The low r2 value of the Redlich–Peterson model can be



Sustainability 2021, 13, 8928 8 of 15

explained by the high deviations observed at low Ce.a values. On the other hand, the
Sips and Langmuir models are close to the experimental values for all the Ce range and,
consequently, their r2 and APE are better.

Table 5. Fitting results for the CA adsorption data with the five proposed models. Resin XAD 7HP; Temperature = 20 ± 2 ◦C;
t = 24 h.

Freundlich Langmuir Sips Redlich–Peterson

KF = 131.08 (mg/g)·(mL/mg)1/n KL = 1.42 mL/mg QS = 152.94 mg/g KRP = 377.06 (mL/mg)·(mg/g)
n = 1.48 Qm = 208.09 mg/g KS = 4.79 mL/mg BRP = 2.10 (mL/mg)g

RL = 0.082 α = 1.43 β = 0.85
r2 = 0.972 r2 = 0.994 r2 = 0.996 r2 = 0.836

APE = 9.8% APE = 4.7% APE = 2.2% APE = 7.2%
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Some model parameters also provide information about the adsorption process. In
the case of the Langmuir model, it is possible to determine whether the adsorption process
is favorable using the RL parameter (Equation (15)) [23,28].

RL =
1

1 + KL·C0′
(15)

where C0
′ is the highest initial concentration of CA. The interpretation of this adsorption

process parameter is as follows: favorable (0 < RL < 1) and unfavorable (RL > 1) [24].
According to this parameter, the CA adsorption was clearly favorable since RL = 0.082,
which is quite a bit lower than the unit.

Regarding the Sips model, which is a combination of the basic Langmuir and Fre-
undlich isotherm models [24], the parameter α provides information on the surface hetero-
geneity. If α tends to 0, the adsorbent surface is heterogeneous and the Freundlich model
is more appropriate; however, if α is closer to 1, the adsorbent surface is homogeneous,
and the Langmuir model better describes the adsorption process [24]. Since α = 1.43, we
can consider that for the CA adsorption process on the XAD 7HP resin, the adsorbent
surface is homogeneous and the Langmuir and Sips models are more appropriate than is
the Freundlich model.
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3.5. Adsorption and Desorption Kinetics

Figure 4a shows the evolution of CA concentration with time in different feed solution
media during the adsorption process. It was observed that regardless of the feed solution
concentration, CA concentration decreased with time up to 20 min, and after that only a
slight decrease was seen up to the end of the process (60 min); consequently, the adsorption
capacity, Qt.a, varied with time until 20 min and from that time it remained practically
constant (Figure 4b). As expected, the higher the CA concentration in the feed solution
was, the higher was the equilibrium Qe obtained.
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In the desorption step, in which a 96% ethanol solution was used as eluent, the station-
ary concentration of CA was reached between 10–20 min (Figure 4c) and the desorption
capacity Qt.d was proportional to the CA concentration (Figure 4d).

3.5.1. Sorption Kinetics

Figure 5a,b, depict the linearized adsorption data according to Equations (11) and (13),
and the pseudo-first and pseudo-second order kinetics plots, respectively. These figures
show that the pseudo-second order kinetics model fits better to the experimental data. This
is confirmed considering the percentage of relative deviation between the experimental
and model Qe.a values that are shown in Table 6. Thus, the kinetics of the CA adsorption
on the XAD 7HP resin follows the pseudo-second order model.
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Table 6. Kinetic constant and equilibrium adsorption capacity of chlorogenic acid on resin XAD 7HP
for pseudo-first and pseudo-second order models.

Experimental Pseudo-First Order Pseudo-Second Order

Adsorption

Co Qe .a exp. k1.a Qe.a
Qe.a relative
deviation k2.a Qe.a

Qe.a relative
deviation

mg/mL mg/g 1/min mg/g % mg/(mL·min) mg/g %

1.3 23.61 8.34 13.87 41.25 0.03215 23.48 0.55
2.0 36.42 7.86 22.03 39.51 0.02512 35.76 1.81
2.5 46.76 8.13 31.08 33.53 0.01180 47.18 0.90
4.0 72.61 6.26 59.71 17.77 0.00672 74.44 2.52
6.0 105.05 7.99 74.59 29.00 0.00449 107.10 1.95
8.0 132.70 5.74 133.99 0.97 0.00278 136.18 2.62

Desorption

Co Qe.dexp. k1.d Qe.d
Qe.a relative
deviation k2.d Qe.d

Qe.a relative
deviation

mg/mL mg/g 1/min mg/g % mg/(mL·min) mg/g %

1.3 20.64 0.1778 16.76 4.84 0.0368 20.76 0.58
2.0 30.24 0.1397 16.02 47.02 0.0292 30.37 0.43
2.5 34.80 0.1264 21.39 38.54 0.0169 35.02 0.63
4.0 59.04 0.1197 30.07 49.07 0.0089 59.37 0.56
6.0 87.21 0.0872 46.89 46.23 0.0033 88.06 0.97
8.0 123.08 0.0977 68.60 44.26 0.0042 123.04 0.03

Regarding the adsorption kinetic constant for the pseudo-second order model, it was
found that this parameter decreased with the increase of the initial concentration of CA
(Table 6), and the trend is shown in Figure 6a. At low Co values, a sharp decrease of k2.a up
to a Co of around 4 mg/mL was observed. This behavior was also found for the adsorption
of sulforaphane on a microporous resin [29].
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Figure 6. Variation of the pseudo-second order kinetic constant with the initial CA concentration:
(a) Adsorption processes; (b) Desorption processes.

The adsorption/desorption kinetic plots in Figure 5c,d clearly show that the pseudo-
second order kinetic model fits better to the experimental data. The relative deviation per-
centages also confirm this fact (Table 6). For the desorption kinetic constant k2.d, Figure 6b
shows its decrease with the initial CA concentration, with a similar trend to that for the
adsorption study. It is possible to distinguish two slopes in this trend with a Co inflection
point at around 4 mg/mL for both the adsorption and desorption processes.

3.5.2. Sorption Control Mechanisms

Resin XAD 7HP is a macroporous matrix, so the effect of diffusion on the observed
kinetics was analyzed on the basis of the intraparticle diffusion model (Equation (14)). This
model, proposed by Weber and Morris, is usually applied when a porous material is used
as adsorbent and when the diffusion of the adsorbate into the pores, with different sizes,
is carried out through a physisorption mechanism [24]. Several authors have used this
model in adsorption [20,21,29–34] and desorption processes [35] to describe the diffusional
control. Figure 7 depicts the adsorption and desorption experimental data and values from
Equation (14).
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Figure 7. Kinetic intraparticle diffusion model and experimental data: (a) Adsorption processes;
(b) Desorption processes.

Wu, Tseng, and Juang (2009) [31] defined a parameter, Rp, to understand the behavior
of the sorption process (Equation (16)). The interpretation of this Rp value can be completed
according to following ranges: Rp = 1 means that there is not a rapid initial sorption;
0.9 < Rp < 1 means the initial sorption is weak; 0.5 < Rp < 0.9 means there is an intermediary
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strength of initial sorption; 0.1 < Rp < 0.5 means the initial sorption is strong; and Rp < 0.1
indicates that the sorption process is completed in a short time [30,31].

Rpi = 1− Ci
Qe.i.re f

(16)

where i = a for adsorption and d for desorption processes, and Q.e.i.ref is the Q.e.i at the
longest time.

In all depicted series (Figure 7) the trend is similar, and it is possible to distinguish
two stages that are more evident at higher initial concentrations of CA. This occurs for both
adsorption and desorption processes. Table 7 shows the fitting results for the intraparticle
diffusion model, considering two alternatives: (i) no stages and (ii) two stages (the first
stage (named 1) and the second stage (named 2)).

Table 7. Application of the intraparticle diffusion model for both adsorption and desorption processes.

Co (mg CA/mL)

1.3 2.0 2.5 4.0 6.0 8.0

Adsorption

No stages approach

r2 0.840 0.747 0.860 0.655 0.768 0.627
kpa (mg/(g (d.b.)·min0.5) 0.673 0.983 1.683 3.497 4.651 7.972

Ca (mg/g (d.b.)) 18.1 28.2 33.7 47.9 70.6 75.9
Rpa 0.231 0.225 0.280 0.340 0.328 0.428

Two stages approach

1

r1
2 0.958 0.952 0.972 0.919 0.924 0.958

kpa1 (mg/(g (d.b.)·min0.5) 1.338 2.286 3.252 9.123 10.229 22.253
Ca1 (mg/g (d.b.)) 16.1 24.2 28.8 30.5 53.3 31.6

Rpa1 0.319 0.336 0.384 0.581 0.493 0.762

2

r2
2 1 1 1 1 1 1

kpa2 (mg/(g (d.b.)·min0.5) 0.326 0.295 0.664 0.611 1.831 0.278
Ca2 (mg/g (d.b.)). 20.5 32.8 40.7 67.3 89.3 127.4

Rpa2 0.134 0.099 0.130 0.074 0.150 0.040

Desorption

No stages approach

r2 0.520 0.616 0.579 0.846 0.938 0.794
kpd (mg/(g (d.b.)·min0.5) 0.283 0.273 0.458 0.549 1.164 1.672

Cd (mg/g (d.b.)) 17.0 26.6 28.6 50.9 69.0 100.2
Rpd 0.176 0.122 0.177 0.138 0.209 0.186

Two stages approach

1

r1
2 0.974 0.876 0.826 0.989 0.825 0.921

kpd1 (mg/(g (d.b.)·min0.5) 1.859 1.463 2.572 2.100 2.566 4.422
Cd1 (mg/g (d.b.)) 11.7 22.6 21.5 45.9 64.8 89.9

Rpd1 0.434 0.254 0.381 0.223 0.257 0.269

2

r2
2 0.948 0.948 0.949 0.923 0.961 0.754

kpd2 (mg/(g (d.b.)·min0.5) 0.041 0.124 0.205 0.379 1.106 1.015
Cd2 (mg/g (d.b.)). 20.0 28.4 31.7 53.0 69.7 108.50

Rpd2 0.030 0.062 0.089 0.103 0.201 0.119

Looking at r2 values in Table 7, the convenience of using the two stages approach in
the fit of experimental data is clear, leading to very good fitting results (r2 = 0.924–1.000 for
adsorption data and r2 = 0.826–0.989 for desorption data). This two stages consideration
was also successfully used by other authors [29,30,36].

In Equation (14), the intercept (Ci) provides information on the intraparticle diffusion
control: Ci = 0 means that the intraparticle diffusion is the controlling step in the sorption
process [30,37]; Ci < 0 implies that the liquid film thickness blocks the intraparticle diffu-
sion process [30]; and Ci > 0 indicates that a quick sorption stage takes place in a short
period at the beginning of the sorption process [30]. Since both Ca and Cd take non-zero
positive values, it is reasonable to assume that the intraparticle diffusion is not the only
controlling step and, moreover, the adsorption and desorption processes are controlled by
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film diffusion and other factors at the initial stage, even if intraparticle diffusions are still
the main mechanism [28–32].

For the adsorption process, the calculated Rpa1 for plots at the first stage (Table 7)
varied between 0.319 and 0.762, indicating processes with initial adsorption from strong to
weak, whereas the Rpa2 values for the second stage ranged from 0.040 to 0.150.

Regarding the desorption process, the Rpd1 values at the first stage indicated strong
initial desorption (0.223–0.434), whereas in the second stage, the Rpd2 values decrease
(0.030–0.201), as in the second stage in the adsorption process.

4. Conclusions

The main objective of this research was to find a resin able to efficiently complete
the adsorption-desorption process of chlorogenic acid for its recovery from food industry
wastewater. Five resins were tested, and XAD 7HP gave the best performance with an
adsorption rate of 94.6% and a desorption rate of 76.9%, resulting in a TADY of 72.8%. Low
pH values (2.5–3) led to the best adsorption yields of the XAD 7HP resin. Four models
of isotherms were applied to the adsorption process, and the Sips and Langmuir models
provided better fits to the experimental data. Adsorption and desorption kinetics followed
a pseudo-second order behavior, and also suggested that intraparticle diffusion is not the
only mechanism controlling the sorption process.

Future studies should seek to find the best dynamic operative conditions for the
recovery and concentration of chlorogenic acid from food processing wastewater with the
XAD 7HP resin.
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