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ABSTRACT

The adsorption on activated carbon has been shown to be very effective for the removal of heavy met-
als from water. This work details the removal of lead by adsorption onto activated carbon obtained
from wastes of grape industrialization, in batch and column operation, under different conditions in
order to correlate the adsorbents properties with their performance. Activated carbons, obtained from
grape lex and grape stalk by physical and chemical activation, were characterized by Brunauer, Emmet
and Teller (BET) surface area, pore volumes, point of zero charge pH and surface functional groups
through Boehm method, Fourier transform infrared spectroscopy and temperature programmed
decomposition. The results showed better textural properties for the adsorbents obtained by chem-
ical activation, whose BET areas were 978 and 1,217 m? g”'. Chemical characterization also showed a
marked difference between both activation routes, yielding carbons with a marked basic character by
physical activation and acid by the other way. Due to their dissimilar textural and chemical properties,
all products exhibited different performance in batch and continuous assays. The maximum adsorp-
tion capacity was 49.95 mg g, achieved at a bed height of 15 cm and a feed concentration of 100 mg L~
using steam activated grape lex briquettes as adsorbent.
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1. Introduction and zinc are found among the most toxic pollutants detected
in waste streams, from mining operations, tanneries, elec-
tronics, electroplating, petrochemical and textile industries.
It is well known that these elements bioaccumulate in living
tissues causing health disorders because of their disruptive
integration into normal biochemical processes [2].

Activated carbons are usually obtained from materi-
als with high carbon content and possess a great adsorp-
tion capacity, which is mainly determined by their porous
structure [3]. The inherent nature of the precursor or starting
material, as well as the method and conditions employed
for carbon synthesis, strongly affects the final pore size
distribution and the adsorption properties of the activated
carbons [4]. Lignocellulosic materials constitute the more

In recent years, the legislation of the countries on envi-
ronmental quality set stricter regulations on the treatment
and disposal of wastes, leading the industry to increase
investments in research with a focus on the treatment and
reutilization of its liquid and solid effluents.

Adsorption onto activated carbon has been found to be
superior to other wastewater treatment techniques because
of its capability for removing a broad range of different kind
of adsorbates efficiently, and its simplicity of design [1].
Heavy metals such as cobalt, lead, copper, nickel, chromium
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commonly used precursors; around 45 wt% of the total raw
materials used for the manufacture of activated carbons.
Low contents of inorganic materials are desirable in the
preparation of activated carbons with low ash content, but
relatively high volatile content is also needed to control car-
bon porosity. Both characteristics are common to most of the
lignocellulosic materials used for the production of activated
carbons [5]. Thus, the use of agro-industrial waste as cheap
precursors of activated carbon is an interesting alternative
to add value to this residue and, at the same time, solve the
problems related to its final disposal [6-9].

Grape stalk is the woody fraction of the cluster and is the
waste left after the fruit industrialization [10]. Grape lex is
the solid residue resulting from the grape oil extraction pro-
cess. Neither of these materials is commercially exploded
nowadays, causing important loses to the industries that
must dispose them.

The adsorption equilibrium and kinetics for each spe-
cific contaminant are related to the chemical surface and the
porous structure of the activated carbon used as adsorbent.
To evaluate activated carbons performance, it is critical to
develop models and experimental procedures that could
accurately describe the dynamics of the pollutant adsorption
and desorption under a variety of operating conditions [11].

This work presents complementary results of previous
studies carried out to obtain complete information about
the behavior of grape stalk and lex to prepare activated car-
bons and its application for lead removal. These studies are
very important for producers of this region (San Juan and
Mendoza Provinces), because the principal economic activ-
ity is the viticulture and the disposal of wastes produced is
a permanent preoccupation. For example, about 100 million
kilograms of stalks are generated annually in grape indus-
trialization to produce wines and musts. On the other hand,
pollution of waterways by toxic metals is of concern in the
region because of the intense mining—metallurgy activity
developed in recent years, and lead is one of the elements
generally present in the mineral exploited.

In this paper, activated carbons obtained from grape lex
and grape stalk by physical and chemical activation were
characterized and used under different operation conditions
in order to correlate the adsorbents properties with their per-
formance. Kinetic, equilibrium and fixed-bed column lead
adsorption studies were analyzed and related to the adsor-
bents activation method.

2. Experimental methods

Two residual biomasses were used as raw materials to
obtain the adsorbents: grape stalk and grape lex.

The residues were sieved and the fraction retained by a
12 mesh ASTM sieve was collected for the assays. The mate-
rial was dried in an oven at 383 K for 24 h. Each sample was
separated into two fractions; the first one was subjected to
chemical activation and the other one to physical activation.

2.1. Preparation of adsorbents

Chemical activation was performed using phosphoric
acid as activating agent. One of the most important variables
of this activation method is the impregnation ratio, defined

as the ratio between the mass of the chemical agent used
for activation and the mass of precursor. Based on previous
studies, an impregnation ratio (mass of P/mass of carbona-
ceous material) of 0.39 g g was adopted [10]. Samples were
impregnated with phosphoric acid (85% w/w) and kept in
contact with the reagent in an oven at 303 K for 17 h then the
temperature was raised to 383 K and maintained for 24 h to
dry the material. The dried samples were placed in a sealed
stainless steel reactor and subjected to a heat treatment at
high temperature in a muffle furnace in the absence of oxy-
gen, for 1 h at 773 K. The product was washed with distilled
water, in a batch reactor with a solid to liquid ratio of 1:2
and contact time of 1 h. This step was repeated until final
pH reached distilled water pH. Then, it was dried in an oven
for 24 h.

For physical activation, the wastes, as received, were
heated in an inert atmosphere at a rate of 1.4 K min™, from
room temperature up to 773 K and kept at that temperature
for 2 h. This step was carried out in a stainless steel carboniza-
tion reactor electrically heated. Carbonized grape stalk was
subjected to a leaching step with hydrochloric acid (5% w/w)
at room temperature to reduce its alkaline metal content [10].

Carbonized materials and those carbonized and leached
were briquetted using grape must as binder. The briquettes
were made by mixing in a mortar measured amounts of char
and binder in a ratio of 4:1. The resulting mixture (1 g) was
submitted to pressures of 140 MPa for 6 min, into a 10 mm
into a 10 mm inner diameter cylindrical stainless steel mould
held in a hydraulic press.

Briquettes were activated, using steam as activating agent,
in a stainless steel tubular reactor (30 mm internal diameter
and 300 mm length), heated in an electric furnace with auto-
matic temperature control. The heating step, from room to
activation temperatures, was carried out in flowing nitrogen
gas at 288 K min™. In all assays, the reactor was loaded with
15 g of briquettes, which were submitted to a steam flow of
1.7 g (g char)® (h)™ for 105 min. Activated briquettes were
measured, weighed and stored.

The adsorbents obtained by physical activation were
named PS and PL, for grape stalk and grape lex, respectively,
and the ones obtained by chemical activation were CS and CL
for the same materials.

2.2. Characterization of raw materials and activated carbons

Elemental analysis of the raw materials was carried out
in a Carlo Erba EA1108 CHNSO equipment, and proximate
analysis (moisture, ash, volatile matter and fixed carbon) was
performed by following ASTM standards [12-14]. For the
lasts, a muffle oven and a furnace were used.

In order to evaluate the textural properties of the materi-
als, adsorption—desorption isotherms of nitrogen at 77 K were
carried out in a Micromeritics, ASAP 2000 Model equipment.
The specific surface area was calculated by the Brunauer,
Emmet and Teller (BET) method, the total pore volume by
the Gurvich rule at a relative pressure of p/p, = 0.98 and the
micropore volume was obtained using the ¢ plot method.

The point of zero charge pH (pH,,) was measured by
following the method proposed by Noh and Schwartz [15].
Three aqueous solutions of different initial pH were pre-
pared from a 0.01 M NaNO,, using 0.01 M NaOH and 0.01 M



M. Gimenez et al. / Desalination and Water Treatment 108 (2018) 223-234 225

HNO, for its regulation. Different masses of each adsorbent
under study were contacted in vials with 20 mL of each solu-
tion of sodium nitrate prepared at different initial pH. The
equilibrium pH was measured after 4 d in contact at room
temperature.

Basic and acid surface functional groups were determined
by titration with hydrochloric acid and sodium hydroxide,
respectively. Samples of 200 mg from each adsorbent were
contacted with 20 mL of 0.05 N acid and basic solution in
flasks that were sealed and maintained under stirring for 48 h
at room temperature. Suspensions were separated by cen-
trifugation and the final concentration of the solutions was
determined by titration with NaOH and HCL

Surface functional groups were also studied by Fourier
transform infrared (FTIR) spectroscopy, which were obtained
using a Nicolet 380 equipment. Pressed potassium bromide
(KBr) pellets at a sample/KBr weight ratio of 1:100 were
scanned and recorded between 4,000 and 400 cm™. The sam-
ples were previously placed in an oven at 330 K for 72 h to
remove any water, if present.

Temperature-programmed decomposition (TPD) pro-
files were obtained with a Quantachrome Analyzer 3000
CHEMBET with thermal conductivity detector. A 10 mg
sample was heated under He atmosphere, 20 cm® min™, at a
rate of 5 K min™, from room temperature to 1,273 K. The evo-
lution of CO, and CO was monitored by mass spectrometry
using a Quadropole Analyzer Smart-IQ VG + Gas.

The morphological characteristics of the activated carbons
surface were investigated by scanning electron microscopy
(SEM) in a JEOL JSM-6610LV (MEB) equipment. Samples
were sputter coated with Au prior to the scanning.

2.3. Lead adsorption assays

In order to evaluate the adsorbent properties of activated
carbons, kinetic, batch and continuous assays were per-
formed. For these tests, Pb(NO,), solutions were prepared
using deionized water.

Lead kinetic adsorption assays were performed to obtain
the minimum contact time. Adsorbent samples of 30 mg were
placed in sealed flasks with 50 mL of a 100 and 25 mg L*
solution of Pb*. The suspensions were stirred at 120 rpm
in a thermostatic bath at 293 K, varying the contact time for
each flask. The experiments were carried out at a pH value
of 5.5 + 0.2, which is the optimum value for this system [16].
From these assays the minimum contact time necessary to
reach adsorption equilibrium was obtained.

Two kinetic models, the pseudo-first-order [17] and pseu-
do-second-order [18] were selected in this study to describe
the adsorption process. The linear equations of both models
are shown by Egs. (1) and (2), respectively:

In(g, —q,) =Ing, -kt 1)
Lol @
9 kg q,

where g, and g, are the quantities (mg g™) adsorbed per
unit mass of adsorbent at equilibrium and at a time ¢ (min),

respectively, k, (min™) and k, (g mg” min™) are the rate
constants of pseudo-first-order and pseudo-second-order
kinetics.

Batch assays were performed to obtain adsorption iso-
therms. Masses of 30 mg of each adsorbent were contacted
with 50 mL of Pb(NO,), solutions at several concentrations
(30, 45, 60, 75, 90, 100 and 120 mg L) and shaken at 120 rpm
in a thermostatic bath at 293 K for the minimum contact time.
Once equilibrium time was reached, samples were centri-
fuged, and the metal concentration was determined in the
liquid phase by atomic absorption spectrometry (AAS). The
pH for all adsorption tests was adjusted to 5.5+ 0.2.

Lead uptake (g) was calculated from the mass balance as
follows:

=V CO_Cf
1=V| =5 @)

where V is the solution volume (L) and M is the weight of
activated carbon (g) used. C, and C,are the initial and final
Pb*concentrations (mg L™), respectively.

The Freundlich and Langmuir isotherms were used to
describe lead adsorption from bulk solution onto activated
carbon briquettes, assuming no interaction among adsorbed
molecules.

The Freundlich isotherm is expressed as follows [19]:

1
g=KCr “4)

where g is the amount of metal adsorbed per unit weight of
adsorbent (mg g™) and C, is the equilibrium concentration
of the adsorbate (mg L™). K and n are the model constants
related to the adsorption capacity of the solid and the inten-
sity of adsorption, respectively.

The Langmuir isotherm is expressed as [20]:

_ QbC,
1= 150C, ®)

where Q is the monolayer adsorption capacity (mg g™) and
b is the Langmuir constant (L mg™).

Continuous tests were carried out in a glass column of
14 mm inner diameter and 250 mm length, supplemented
with a cooling jacket. The adsorbent was crushed and sieved
to obtain a grain size between 0.7 and 1.8 mm and packed in
the column in a 150 mm bed. In these tests the mass of adsor-
bent (g) to solution flow rate (mL/min) ratio was kept 2:1 and
the temperature at 293 K. The column was operated in an
upflow mode. Metal solution initial concentrations were 100
and 25 mg L™, with initial pH adjusted to the predetermined
optimum value. To analyze the behavior of this variable, the
pH was measured in the column effluent solutions through-
out the course of each trial.

After continuous adsorption tests were finished, desorp-
tion assays were carried out using HNO, 0.5 M as eluent.
These experiments were developed in the same operating
conditions of the continuous adsorption tests.
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From the experimental data breakthrough curves were
constructed and adjusted to Thomas and dose response
model.

The expression of Thomas model is given by [21]:

q, 1

C, [1 + exp(k / Q)(qm - CoQt)J

(6)

The modified dose response model can be written as [22]:

G 1
o - (COQt]” 7)
qm

where C; and C, are the influent and effluent concentra-
tions (mg L) respectively, k is the Thomas rate constant
(L mg?' min”), g is the maximum adsorption capacity
(mg g), m is the mass of adsorbent in the column (g), Q is
the feed flow (mL min™), ¢ is the time (min) and a is the dose
response model parameter.

Metal concentration was determined by AAS, in a Perkin
ElmerAA-100, with hollow cathode lamp.

Batch and continuous assays were performed by dupli-
cate and the average value was informed.

3. Results and discussion

Table 1 presents the results of proximate and elemental
analysis of the raw materials studied. Grape stalk showed
an outstanding high ash content which led to the addition
of a leaching step before physical activation [10]. Grape lex
showed a high fix carbon value, which is a relevant condition
in raw materials for activated carbons production.

Table 2 presents results of the textural and chemical char-
acterization of the adsorbents. Even though chemical acti-
vation produced higher surface areas, the activated carbons
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obtained presented values in the range reported for similar
materials. Specific BET surface area for activated carbon pre-
pared from oil palm fiber with 715.6 m* g was informed by
Nwabanne and Igbokwe [4], coconut pith and fiber with 505
and 1,034 m? g, respectively, were reported by Johari et al.
[23]. All adsorbents showed similar micropore volume, but
chemically activated carbons presented a higher mesopore to
total pore volume ratio, 0.74 for CS and 0.57 for CL. In phys-
ically activated carbons, mesopore contribution represented
less than 0.35 of total pore volume.

Fig. 1 shows the SEM images of the activated carbons
from grape stalk and grape lex. Images (a) and (b) correspond
to the adsorbents prepared by the physical method. It can
be seen that the stalk activated carbon maintains the fibrous
structure of the original material, although this material was
finely ground to prepare briquettes. In opposition, the lex
activated carbon presents a uniform aspect, also observed in
its precursor. These carbons present particles with a smooth
aspect, randomly distributed, which could be attributed to
the grape must used as binder in the briquettes. The adsor-
bents prepared by the chemical method also show structural
differences (Figs. 1(c) and (d)), but in both materials the sur-
faces are more softened compared with adsorbents obtained
by the physical route. This could be related to the differences
in the aggressiveness of the activating agents.

In relation to surface chemistry it can be observed that
chemically activated carbons presented lower pH values,
which were near to the ones obtained for raw materials [16].
Physically activated carbons showed pH_, markedly high,
which rise throughout the activation process (carbonization
and activation with steam). It is noteworthy mentioning
that the adsorption of contaminates from liquids solutions
depends on the adsorbate—adsorbent system pH. In metal
adsorption, this parameter is even more important because of
the influence on its speciation. As mentioned before, the best
pH for lead adsorption was in the range 5.5-6. These values
are over the pH of the chemically activated carbons, which
leads to negatively charged surfaces that would favor elec-
trostatic attraction between the surface and the metal ions.

Table 1
Characterization of raw materials
Material Proximate analysis (%) Elemental analysis (db)* (%) pHpZC
Moisture Ash Volatile matter Fix carbon N C H S
Grape stalk 20.2 12.5 53.5 13.9 0.37 46.14 5.74 0 4.59
Grape lex 19.3 5.6 444 30.7 291 52.27 5.38 0 425
db, Dry basis.
Table 2
Characterization of adsorbents
Material BET area (m*g™) V, (m*g™) Vu(m®g™) V. (m?g™) pPH,,. Total acid Total basic
groups (meg g') ~ groups (meg g™')
PS 723 0.37 0.25 0.12 10.02 1.80 0.27
PL 795 0.40 0.27 0.13 12.03 1.35 0.27
CS 968 0.94 0.25 0.69 443 2.54 1.66
CL 1,217 0.75 0.32 0.43 3.68 1.44 1.40
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Fig. 1. SEM images of PS (a), PL (b), CS (c) and CL (d) adsorbents.
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Surface functional groups affect activated carbons
acidic/basic character conditioning its hydrophobic/
hydrophilic behavior and, consequently, many of its
applications. The characterization of the surface chem-
istry in this kind of adsorbent is not easy to perform and
it is common to use two or more techniques that provide
complementary information. Boehm titration, FTIR spec-
troscopy and TPD are widely accepted techniques for this
purpose and they provide information about the kind and
intensities of the surface functionalities.

TPD was used for the characterization of surface oxides
present in the adsorbents. Oxygen containing groups
decompose upon heating, evolving CO, and CO at differ-
ent temperatures. Fig. 2 presents CO, and CO profiles for
the activated carbons from grape stalk and lex. CO, evolu-
tion between 373 and 723 K, related to carboxylic groups, is
higher for CS sample, followed by the physically activated
carbons and CL sample with the lowest signal, representing
the least amount of this group. The peak around 973 K, attrib-
utable to lactone groups, was higher in PL sample, followed
by CS and with the lowest intensity CL and PS samples. The
presence of anhydrides is evidenced by the evolution of CO
and CO, in a temperature range between 673 and 923 K, with
higher peaks for CS, CL, PS and PL, respectively. Phenols
decomposition to CO at temperatures between 773 and 973 K
is observed in CS, CL, PS and PL, named in increasing order
of concentration of this group. CO profiles of the chemically
activated adsorbents exhibited a peak around 973 K that may
be assigned to ether groups, present in greater amounts in
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Fig. 2. TPD spectra of (a) CO, and (b) CO.

CL. The evolution of CO at high temperatures, between 1,023
and 1,273 K, is attributed to carbonyl and quinones, and was
observed in CL, PL and PS samples [24,25].

Fig. 3 shows the FTIR spectra of activated carbon sam-
ples, CS, CL, PS and PL. All the samples showed the same
absorption bands at the same wavenumbers, indicating that
the functional groups present were very similar. Low inten-
sity bands at 900 cm™, attributed to aromatic C-H bonds,
were observed in all samples [26]. This signal was observed
with higher intensity in CS, PL and PS. A band in the region
of 1,050cm™ was observed and it was attributed to the
stretching vibrations of the C-O bonds of esters, alcohols,
phenols or ethers [27]. Bands in the ranges of 1,160-1,370 and
1,675-1,790 cm™ indicated the presence of lactone groups.
Quinone groups, reflected in the C-O band between 1,550 and
1,680 cm™, and carboxylic acids, with bands in the ranges of
1,120-1,200, 1,665-1,760 and 2,500-3,300 cm™, were observed
in all samples with varied intensity [28]. A wide absorption
band between 3,600 and 3,200 cm™, with a maximum at
3,420 cm™, attributed to hydroxyl groups and chemisorbed
water, also appears in all samples. The position of the band
is characteristic of stretching vibrations of hydroxyl com-
pounds, while the amplitude indicates high degrees of asso-
ciation due to hydrogen bonds [29]. Thus, it is estimated that
the adsorbents studied contain hydroxyl groups from car-
boxyl, phenol and alcohol.

FTIR spectra and TPD profiles showed that sample CS
was the most functionalized material among the ones stud-
ied. These results are coincident with the total acid and
basic group contents, determined by Boehm titration, for
this material, presented in Table 2. It has been reported that
oxygenated acid groups, such as the carboxylic, phenolic and
lactonic, favor heavy metals adsorption [30]. Therefore, the
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Fig. 3. FTIR spectra of activated carbons from grape stalk and lex.
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presence of these groups in the activated carbons analyzed
in this work would be favorable for the removal of the heavy
metals studied, but this should be positively coupled with
the textural properties and the operating conditions in the
adsorption processes.

Fig. 4(a) presents the results of the kinetic assays for ini-
tial lead concentration of 100 mg L™. It can be observed that
PL sample requires the highest contact time to reach adsorp-
tion equilibrium and removes only 58% of the metal initially
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Fig. 4. Kinetic curve for lead adsorption at 100 mg L™ (a) and
25 mg L (b). Conditions: T =293 K, pH =5.5 and 120 rpm.
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present. The other adsorbents showed better performances
with equilibrium times around 30 min and removal efficien-
cies over 70%. The results from kinetic assays performed at
25 mg L™ evidenced adsorption capacities similar to the ones
obtained at 100 mg L™ (60%-65%), for chemically activated
carbons. For physically activated carbons, the removal effi-
ciency reached 90% for an initial concentration of 25 mg L.
It was also observed that PL and PS samples reached equi-
librium faster. This improvement in the removal efficiency
for a lower solution concentration could be attributed to the
higher microporosity of steam activated carbons. Decreasing
the initial concentration of the metal decreases the resistance
to mass transfer and consequently enhances the performance
of these adsorbents.

Kinetics models are frequently used to study the adsorp-
tion process. Pseudo-first-order, pseudo-second-order and
intraparticle diffusion models are widely used for this pur-
pose [31]. The first and second ones were used in this work to
describe lead adsorption. Table 3 shows experimental model
parameters and quantities retained at equilibrium (g, ) for
different initial conditions.

Correlation  coefficients (R*) obtained for the
pseudo-second-order model are greater than 0.974, showing
a better fit to the experimental data than the first-order
model (R* < 0.921). Experimental values of g, are in good
agreement with the theoretical values calculated by the
pseudo-second-order model. This is not so with the ones
calculated by the pseudo-first-order model. Therefore, the
pseudo-second-order model is the one that best describes the
kinetics for all adsorbate—adsorbent systems studied.

An analysis of values reported in Table 3 also reveals k,
decreases with the increase of the initial metal concentration,
which means that a longer time is needed to reach equilib-
rium at a higher concentration.

Wu et al. [32] defined the second-order rate index, k,q,
and proposed this index as a suitable parameter to describe
adsorption kinetics. In this study, the kg, values follow the
order of PL < CS < CL < PS for an initial concentration of
100 mg L™ and CL < CS < PS < PL at 25 mg L™ (Table 3). As
the k,q, value is the inverse of the half-life of adsorption pro-
cess, the adsorption kinetics gets faster in this order, which is
consistent with the experimental observations.

IFEZ?;?nP)eters of the pseudo-first-order and pseudo-second-order kinetic models for lead adsorption
PS PL CS CL
C,(mgL™) 100 25 100 25 100 25 100 25
o (MG ) 125 38.3 95 42 125 28.3 121.7 23.3
Pseudo-first-order q,(mgg™) 15.6 8.1 99.7 12.99 38.5 7.4 29.98  12.8
model k, (min™) 0.011  0.065 0.030  0.069 0.036  0.022 0.028  0.016
R2 (%) 92.1 83.0 84.1 90.2 72.0 66.6 74.6 79.5
Pseudo-second-order q,(mgg™) 125.0 41.8 97.1 42.2 147.1 28.4 1235 222
madel k,(g mg™ min™) 0.009  0.012 0.001  0.019 0.001  0.012 0.002  0.013
R*(%) 99.3 99.9 98.9 99.9 97.4 99.9 99.5 99.6
kg, (min™) 1.13 0.50 0.10 0.8 0.15 0.34 0.25 0.29
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Adsorption isotherms of the four adsorbate—adsorbent
systems, with the Langmuir and Freundlich fits, are summa-
rized in Fig. 5.

It is apparent, the better performance of the chemically
activated carbons, reaching removals that exceed 100 mg g
for both materials. In accordance with kinetic assays results,
PL showed the lowest retention capacity. These results indi-
cate that the porous development and the oxygen surface
groups present in the adsorbent surfaces are combined favor-
ably for metal retention.

Table 4 presents the parameters obtained for both models
by non-linear regression, using Matlab R2010 software.

The regression coefficient (R?) and the root mean square
error (RMSE) were used to evaluate the fit of the models. The
last one was calculated using Eq. (8):

"X =X Y
RMSE = \/ztl( Obs,!l\] model,x) (8)

where X is the observed value, X_ . is the value estimated
by the model and N is the number of experimental points.
An analysis of Table 4 leads to the following observa-
tions. Lead isotherms for adsorbents obtained from grape
stalk, samples PS and CS, were best adjusted by Freundlich
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Fig. 5. Lead adsorption isotherms onto (a) physically activated
carbons and (b) chemically activated carbons. The isotherms were
fitted to the Langmuir (dotted lines) and Freundlich (continuous
lines) models. Conditions: T=293 K, pH = 5.5 and 120 rpm.

model, with the highest values of the regression coefficient
(R?) and the smallest ones of RMSE. Instead, activated car-
bons produced from grape lex showed better fits to the
Langmuir model. The chemically activated carbons exhibited
higher retention capacities in relation to the steam activated
samples, evidenced by the higher values of the parameters
related to the adsorption capacity (g, _, K,).

The essential characteristic of the Langmuir isotherm
model can be described by the separation factor, R, repre-
sented by:

1
R =
LT170C, ©)

R, valuesbetween 0 and 1indicate that the adsorption is ther-
modynamically favorable [33]. For the studied lead-adsorbent
systems, R, took values between 0.003 and 0.3, in the concen-
tration range 15-120 mg L7, indicating the adsorption process
is favorable. For all adsorbate-adsorbent systems, Freundlich
empirical factor values greater than unity were determined,
indicating favorable lead adsorption conditions [34].

Continuous assays were conducted at two different ini-
tial concentrations. Breakthrough curves were obtained
from these data. Breakthrough and exhaustion points were
determined at C/C, 0.10 and 0.90, respectively. The experi-
mental curves, for PS and PL at a Pb* initial concentration
of 100 mg L7, with the Thomas model and modified dose
response model fit and effluent pH evolution profiles are
presented in Fig. 6.

It can be seen that the pH profile has a sharp increase
at the beginning of the assay, related to the markedly basic
character of the physically activated carbons that lift these
parameters, initially fixed at the optimum value. In accor-
dance to lead speciation diagrams, insoluble species begin to
appear at pH higher than 6 [35]. PL sample showed a better
performance, which could be attributed to its higher pH,.
value that maintained the solution pH at higher levels. In
both cases lead removal was related with the confluence of
adsorption and precipitation phenomena.

The influence of the activation method can be observed
in Fig. 7, where the results of assays performed using lex
activated by both methods are presented. As pH could not
be controlled throughout the experiment, it showed differ-
ent evolutions depending on the adsorbent characteristics.

Table 4
Freundlich and Langmuir model parameters

Model Parameter PS PL CS CL

Freundlich K, (mg"®" 3331 44.65 4843 81.58
Ll/n gfl)
1/n 028 0.14 0.32 0.19
R? 0.99 093 0.93 0.80
RMSE 1.76 8.78 13.82 24.92

Langmuir Q (mgg™) 105.02 76.87 132.8 142.6
b (Lmg™) 0.19 2.69 0.5 2.02
R? 095 095 0.92 0.91
RMSE 7.34 7.24 14.82 15.84




M. Gimenez et al. / Desalination and Water Treatment 108 (2018) 223-234 231

1,20 12
1,10 L
1,00
0,90
0,80
0,70
0,60
0,50
0,40
0,30
0,20
0,10
0,00

pH

C/Co

T
O R, N WU N O

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Time (min)

Thomas Model
PL: Experimental - 100 mg/L
—+—PL: pH - 100 mg/L

Dose Response Model
® PS: Experimental - 100 mg/L
—s—PS: pH - 100 mg/L

Fig. 6. Breakthrough curves for physically activated carbons
at 100 mg L7 fitted to mathematical models and pH profile.
Conditions: bed height = 150 mm, T'=293 K and initial pH =5.5.
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Fig. 7. Breakthrough curves for activated carbons obtained from
lex grape at 100 mg L™ fitted to mathematical models and pH
profile. Conditions: bed height = 150 mm, T = 293 K and initial
pH=55.

Physically activated carbons, which pH_ is very high,
caused the lift of pH values near 11 and the precipitation of
lead insoluble species. This could indicate that initially lead
removal has an important contribution of the precipitation
phenomena, which disappears when pH decreases and
adsorption becomes the main process.

When the chemically activated carbon CL, with a pH_
lower than 4, was used, the suspension pH stayed below
the optimum. In this situation, protons compete against the
metal ions for the adsorption sites leading to behavior differ-
ent from that observed in equilibrium assays, where pH can
be regulated at the optimum along the experiment.

The effect of initial solution concentration over adsor-
bents performance was studied. When lead concentrations
increased from 25 to 100 mg L™, the breakthrough and the
exhaustion time decreased for all the adsorbents. The adsorp-
tion process reached saturation faster and the breakthrough
time appeared earlier with increasing influent lead concen-
tration, probably due to the faster saturation of the activated
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Fig. 8. pH profile and breakthrough curves for physically
activated carbons obtained from stalk grape at 25 and 100 mg L,
fitted to mathematical models. Conditions: bed height =150 mm,
T=293 K and initial pH =5.5.

carbon bed. Fig. 8 shows the curves obtained for PS at differ-
ent feed concentrations and the pH profiles.

The dynamic behavior of a fixed bed column is described
in terms of the concentration-time profile of the effluent,
called rupture curve. The shape of this curve is determined by
the shape of the equilibrium isotherm and influenced by the
individual transport processes in the column. Several mathe-
matical models for the prediction of the dynamic behavior of
the column have been developed. Among them, Thomas and
dose response models are the most frequently used, and are
applied in this work to estimate and analyze the adsorption
performance in the column. The parameters obtained for each
model for lead adsorption at 25 and 100 mg L™ using sam-
ples PS, PL, CS and CL are presented in Tables 5 and 6. The
regression coefficient (R?) and the RMSE are also informed as
estimators of the goodness of fit of the models.

The values of the regression coefficient (R?) indicate the
Thomas model closely matches the empirical data of the col-
umn for lead adsorption (0.913-0.998). It is observed that the
change in the initial metal ion concentration has a significant
effect on the breakthrough curve. The rate constant (k) of
the Thomas model decreased with the increase in the initial
input concentration, attributed to a greater resistance in mass
transport, while the adsorption capacity (q) grew according
to the values estimated by both models. A higher feed con-
centration, which is reflected in a greater driving force for
mass transfer, leads to a decrease in the length of the adsorp-
tion zone. The net impact is an increase in the adsorption
capacity [33].

Breakthrough curves show a greater deviation related to
experimental data for Thomas model, than for Dose Response
Model. These differences are more important at very small
and very large operation times, when the concentration-time
profile does not present the typical sigmoidal shape. The
modified dose response model describes the entire rupture
curve with a better fit to the experimental data, the goodness
of fit is reflected in the higher values of the correlation coef-
ficient (0.967 < R* £ 0.999) and in the lower values of RMSE.
It overcomes an important inconsistency of Thomas model
that assigns a fixed normalized output concentration when
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Table 5
Thomas model parameters
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Initial concentration: C, (mg L™) Parameter PS PL CS CL
25 k (L (mg min)™) 9.1x 10 5.4 x 10 1.1x10* 49 %10
g (mgg”) 39.24 48.62 11.39 3.09
R? 0.986 0.998 0.967 0.985
RMSE 1.18 0.50 1.60 0.93
k (L (mg min) ) 8.9 x10° 7.3 %107 9.1x10° 1.9 x 10
100 q(mgg) 40.14 49.10 14.50 5.09
R? 0.998 0.978 0.913 0.951
RMSE 2.16 6.27 12.13 6.92
Table 6 the first, activated carbon is in constantly stirred and moves
Dose response model parameters freely, allowing a complete mixing and providing a better
interaction between active sites of the adsorbent and Pb(II)
Initial Parameter PS PL CS CL ions. In addition, activated carbon remains longer in contact
concentration: with the solution allowing to reach the equilibrium condi-
C,(mg L") tions. .Bothfsituztipns f?f\}/?r Ctlhfri mass trlz;nsfer anc;1 thus tile
retention of lead ions. e differences between the results
25 a il 223 226 obtained for static and continuous tests could be reduced
q(mgg?) 3874 4738 1008 27 working at lower volumetric feed flows, which increase the
R? 0999 0998 0.992 0.994 column residence time. There are some limitations for this
RMSE 1.03 049 082 0.60 reduction because low feed rates could lead to by passes in
a 807 1066 219 175 the packed bed.
100 g(mggl) 3930 4830 1327 425 Reggneratlon of thc? adsorbent material is avery important
R: 0997 0981 0967 0.985 feature in the economic developmen.t. The aim is to remF)ve
the loaded metal from the column in the smallest possible
RMSE 2.64 5.71 748  3.82

the experimental time or volume is zero, which is contrary to
real conditions [22].

Table 7 presents the breakthrough (t,) and the exhaustion
time (t) for the adsorption assays performed with the acti-
vated carbon samples at 100 and 25 mg L™ concentrations.
As feed concentration increased, these parameters decreased
for all the adsorbents. These results demonstrate that the
change of concentration gradient affects the saturation rate
and breakthrough time, or in other words, the diffusion pro-
cess is concentration dependent.

In Table 7, it is also informed the parameter q,, which is
the mass of the contaminant retained in the solid at the break-
through point, and can be calculated as follows:

q — QvthCO
1 1,000m

(10)

where t, is the breakthrough time (min), Q is the volumetric
feed flow (cm’ min™), C is the concentration of the incoming
solution (mg L) and m is the mass of adsorbent (g) [30].
The maximum adsorption capacity was 49.10 mg g™,
achieved at a bed height of 15 cm and a feed concentra-
tion of 100 mg L™ using grape lex briquettes activated with
steam as adsorbent. This result shows a significant reduc-
tion in the adsorption capacity of the column experiments
compared with that reported from the adsorption isotherm.
The difference found when the removal process is per-
formed in batch mode can be justified considering that in

volume of an eluting solution. The ideal regeneration process
should produce small volume of metal concentrates suitable
for metal-recovery without adsorption capacity depletion,
making it reusable in several adsorptions and desorption
cycles.

In this work, desorption tests were performed to evaluate
bed regeneration by elution with nitric acid under the same
conditions of adsorption tests. The effectiveness of metal
desorption was calculated through the ratio of metal eluted
in desorption tests to metal retained in the solid during the
adsorption tests.

The concentration of lead that remains unbound at equi-
librium (C)) corresponds to the area under the breakthrough
curve, and can be defined as:

C = (mT _m);)
¢ |4

E

(11)

where m, is total amount of lead ions sent to the column
(mg), m, is total amount of lead ions bound in a fixed bed
of adsorbent (mg) and V, is effluent volume at the point of
exhaustion (L).

The total quantity of lead ions bound in a fixed bed of
adsorbent for a given feed concentration and flow rate
through the column was determined by integration of the
area above the breakthrough curve, and can be calculated
according to the equation:

me=Q["(C, -0t (12)
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Table 7
Parameters for lead adsorption in column by activated carbons obtained from lex and stalk grape
Initial concentration: C, (mg L) Parameter PS PL CS CL
100 t_ (min) 550 850 75 90
t, (min) 1,120 1,550 200 250
m (g) 6.3 8.7 3.4 6
Q, (mL min™") 3.1 43 17 3
q,, (mg g™) 27.06 42.01 3.75 4.57
25 t (min) 2,600 3,850 410 100
t (min) 4,350 4,250 1,610 300
m_ (g) 6.1 8.6 3.5 5.9
Q, (mL min™) 3.1 4.3 17 3
q,, (mg g™) 33.03 48.13 5.13 1.27
where C| is the initial concentration of lead (mg L), C is the 1200
concentration of lead in the effluent, (mg L), Q is the flow 1000 1

rate (L s™), tis the time (s) and ¢, is the time necessary to reach
the exhaustion point of the adsorbent bed (s).

The amount of metal retained in the adsorption tests
and the total amount of adsorbate eluted in desorption tests
were determined using the method of Newton for graphical
integration:

_ (dv X Caverage)
M etal = (13)
massadsorbent
where m___ is expressed in mg g7, dV in L and C in
metal

average

mg L. The value of dV is calculated as the difference in vol-
ume between two time points. The C, value in mg L™ is
calculated as the average concentration retained or desorbed
(C,y1q,) between two instants of time, as expressed in the fol-
lowing equation:

_ (Csolid,i + Csolid,i—l)

average 2

(14)

The total metal concentration on the adsorbent (C_,)
corresponds to the difference between the initial concentra-
tion of the solution at the inlet of the column and its value at
the output.

Csolid = CO - Coutput (15)

Desorption yield was evaluated by the ratio of desorbed
metal retained on the solid during the test. For all the adsor-
bents, under the same operating conditions, the average effi-
ciency of washing was around 78%.

Fig. 9 shows elution profiles for the studied activated car-
bons at the different initial concentrations tested in contin-
uous assays. It can be observed that all adsorbents showed
similar behavior in elution assays. A high concentration peak
appears when 50 mL of eluent is passed through the column,

®
[=]
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Pb(mglL™)
D
o
o

400 -+

200 -
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Volume ( ml)

~4—CL: 100 mg/L —e—CS: 25 mg/L —»—CS: 100 mg/L
+PL: 25 mg/L —+—PS:25mg/L

Fig. 9. Elution profile for physically and chemically activated
carbons at eluent concentration of 0.5 mg L. Conditions: bed
height =150 mm, T =293 K and HNOQ, as eluent.

which corresponds to the first 30 min of operation. It can be
observed that there is no important demand of eluent and
time. The result is low volumes of solution with a high metal
concentration which enables its recovery for other uses. This
is an indicative of the facility of regeneration, a desirable fea-
ture of any adsorbent.

4. Conclusions

Physical and chemical activation methods of grape stalk
and lex produced adsorbents with good textural proper-
ties. All adsorbents showed similar micropore volume, but
chemically activated carbons had higher mesopore volumes
and also higher surface areas. Physically activated carbons
showed pszc markedly high, revealing the basic character
of these carbons. Chemical adsorbents had higher content of
surface functional groups.

The performance of the chemically activated carbons
in batch assays was better, reaching removals that exceed
100 mg g for both materials. These results indicated that the
porous development and the oxygen surface groups present
in the adsorbent surfaces were combined favorably for metal
retention.
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The results of the tests performed in fixed bed columns
revealed that the adsorbents derived from stalk and grape
lex can be used for the removal of Pb(Il) ions from aqueous
solution in continuous operation. The highest adsorption
capacity, corresponding to grape lex physically activated,
was around 50 mg g. The behavior of the activated car-
bons was markedly influenced by adsorbents pH_, so lead
removal was related with the confluence of adsorption and
precipitation phenomena. The experimental breakthrough
curves were properly described by Thomas and modified
dose response models, a good agreement between the pre-
dicted and experimental breakthrough values was observed.
Sorption parameters, obtained by both models, were influ-
enced by the inlet lead(Il) ion concentration. At the highest
Pb(II) concentration, the column saturated more quickly,
leading to lower breakthrough and exhaustion times.
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