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Abstract: In this study, new adsorbent tannin foam was prepared from Algerian natural pinus halepensis tannin (APTF).
The prepared material has been used as an efficient and environmentally friendly adsorbent to remove chromium
(Cr(V1)), which is considered as the most toxic pollutant in wastewater. The different features of the adsorbent in terms
of the structural and morphological characteristics were studied. The impact of different factors on the adsorption process,
such as pH, adsorbent mass, initial Cr(VI) concentration, and temperature, was investigated. The data obtained from the
Cr(VI) adsorption revealed an improvement of the removal efficiency with increasing the adsorbent dose, the pH had a
notable effect on Cr(VI) adsorption capacity, whereas the effectiveness decreased by rising the initial metal concentration.
In addition, it was observed that adsorption efficiency enhanced with increasing temperature, indicating that the adsorp-
tion was endothermic and spontaneous in nature. Moreover, the results were best represented by the pseudo-second order
kinetic model and the Langmuir isotherm model (g, =400 mg-g") at 293 °K and pH ~2.
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Introduction of water while securing sufficient supply of clean water for

human consumption constitutes a great challenge from sci-

Recently, issues of water pollution has recently gained great entific point of view." The presence of emerging contaminants
concern worldwide. Thus, coping with the pollution problems such as hexavalent chromium (Cr(VI)) is considered as a defi-

nite carcinogenic hazard either by oral or dermal absorption.
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diarrhea and hemorrhage in many cases especially for persons
exposed frequently to an adequate airborne concentration.” The
ejection of these compounds into the aquatic environment can
cause death of all living organisms. Various materials are con-
ventionally dedicated for the purpose of water treatment,
including activated carbon, activated sludge and technologies
processes like advanced oxidation, reverse osmosis mem-
branes and nano filtration. Nevertheless, these techniques are
not much effective for treatment in case of complicated water
compromising different categories of pollutants such as metals,
surfactants, personal care products, industrial additives and
pharmaceutical compounds.

In this context, among the major effective processes of treat-
ment comes the adsorption technique, which has a distinct
advantage over the other techniques due to its easier and prac-
tical use in aqueous media. The nature of an adsorbent plays a
key role in any adsorption technique. The focus on low cost
adsorbents, formulated preferably from natural substances and
local waste, while exhibiting high performance, has been
explored by many researchers.’” Tannins are inexpensive, nat-
ural substances that can be easily extracted from plants. As
they are principally rich in adjacent phenolic hydroxyls, they
have a high affinity for complexing metal ions.*> A reasonable
number of previous studies have drawn the attention to the
efficacy of adsorbents fabricated from tannins in the removal
of a wide range of pollutants such as dyes,® microorganisms,’
surfactants® and heavy metal ions.”** Rigid tannin foams have
been recognized for some time, but their utilization as adsor-
bents has just been explored few years ago.”'* Rigid tannin
foams are mainly formulated from commercial tannin extracts,
such as Quebracho (Schinopsisbalansae), Mimosa (Acacia
mearnsii) or Pine (Pinuspinaster). This study focus on the
exploration of constructing rigid tannin foams from Pine
(Pinus halepensis) bark tannin and employing them as adsor-
bents. Pinus halepensis is one of the important forest species in
the Mediterranean basin. It covers over 900000 hectares in
Algeria alone."” Great responsiveness for the exploitation of
Mediterranean pine forests is intended for wood production.
Thus, using Algerian pinus halepensis bark as a raw material
for foam production is meaningful issue to be considered. The
foam is basically prepared under acidic conditions while mak-
ing use of furfuryl alcohol as a crosslinking agent and diethyl
ether as a foaming agent.'*'® Several characterization tech-
niques are devoted for the characterization of the foam includ-
ing Fourier transform infrared (ATR-FTIR), thermogravimetric
analysis (TGA) and scanning electron microscopy (SEM). Fur-

ZEH, A444 A4%, 202083

thermore, the foams were evaluated for their potential appli-
cability as efficient adsorbent for Cr(VI) elimination from
aqueous solutions. The study is extended to several different
influences on the adsorption process, such as contact time, pH,
adsorbent dose, initial Cr(VI) concentration, and temperature.
In addition, adsorption kinetics, thermodynamic parameters,
and isothermal characteristics of the adsorption process at
equilibrium were also studied.

Experimental

Materials. The pinus halepensis bark was collected from the
forest of Boumerdes region, north Algeria. The barks were air-
dried and crushed in a mill and screened to a particle size
below 500 um. Methanol (CH;OH; 99.8% purity), folin
reagent (C;,HsNasOS; 97% purity) reagent (1/10; v/v in
demineralized water), sodium carbonate (Na,COj;; 99% purity)
solution (0.7 M), sodium sulfite (Na,SOs;; 98.5% purity),
sodium bisulfite (NaHSOj; 35% purity), formaldehyde (CH,O;
37% purity), hydrochloric acid (HCl; 37% purity), furfuryl
alcohol (CsH4O,; 98% purity), glyoxal (C.H,O,; 40% in
water), diethyl ether in analytical purity grade 99.5%, p-tol-
uenesulfonic acid (PTSA; 98% purity), potassium dichromate
(K,Cr,07; 99% purity) and sodium hydroxide (NaOH; 98%
purity) were all supplied from Sigma-Aldrich Chemical Co.

Preparation of the Adsorbent (APTF). The extraction of
tannins was carried out in water using the reagents NaOH,
Na,SO; and NaHSO; at 80 °C for 120 min, while the liquid to
solid ratio of the sample in the aqueous phase was fixed at L/
S=8."7 The extraction was carried out in triplicate. Sodium
hydroxide (NaOH) was used to improve the extraction yield
whereas the sodium sulphate (Na,SO,) and sodium bisulphite
(NaHSO;) were used to decrease and stabilize the viscosity of
the extract. Afterward, the supernatant was filtered using
Whatman filter paper (No. 1, 0.45 pm) and the residue was
washed with distilled water. Finally, the extract was evaporated
at reduced pressure on a rotary evaporator and subsequently
lyophilized. The obtained extract was used to preparing pine
foam.

A standard recipe for pine foam preparation has been
described previously with some modifications.' In brief, 30 g
of the extracted pine bark tannin was mixed with water (6 g)
and furfuryl alcohol (19 g). Then, glyoxal (7.4 g) was added as
additional crosslinking agent. Continuous shaking of the mix-
ture was conducted until a homogeneous liquid was ensured.
After that, 1 g of diethyl ether was added as a foaming agent.
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At last, 11 g of p-toluenesulfonic acid (pTSA) solution (65%
(w/v) of mass of PTSA dissolved in distilled water volume)
was added as a catalyst. The foams were evolved in few min-
utes after adding the catalyst. The foams were then divided
into small pieces and cured for 24 h to remove any residual
solvent. Subsequently, grinding was undertaken to convert
them into the powder form in order to maximize the surface
area. The adsorbent derived from pine tannin foam (APTF)
was washed to remove any remaining un-reacted reagents and
eventually dried at 60 °C.

Characterization Methods. FTIR spectroscopic analysis
was scanned in the wavelength range 4000-400 cm™ at a res-
olution of 4 cm™ for investigation of the chemical functionality
of the tannin pine bark and characteristics of the adsorbent
using Bruker Alpha Spectrum equipped with ATR-FTIR module.

The thermal analysis was performed on TA instrument
(TGA Q50 instrument). The temperature run covered the range
from 25 to 600 °C at a heating rate of 10 °C/min under air flow
of 40 mL/min.

The morphology of the APTF adsorbent was examined
before and after Cr(VI) adsorption using field emission scan-
ning electron microscopy (FE-SEM, HITACHI S-4700 ) oper-
ated at 20 kV acceleration voltage.

The point of zero charge of APTF (PZC) is the pH of the
aqueous solution in which the solid exists under neutral elec-
tric potential, which can be identified using the experimental
protocol described by Lopez-Ramon ef al.”® Flasks of NaCl
solutions (0.1 M) with pH values between 2 and 10, normally
adjusted with 0.01 M solutions of HCI or NaOH, were pre-
pared. 0.5 g of the adsorbent was mixed with 20 mL of each
solution separately and stirred for 48 h before filtration. The
pH values of the resulting solutions were then recorded and
plotted as a function of the initial pH for each solution. The
PZC corresponds to the pH of the solution at which the lines
meet at the common point of intersection.

Adsorption Study of Hexavalent Chromium(Cr(VI))
lons. A series of Cr(VI) solutions were obtained at different
concentrations ranging from 50 to 300 mg/L by conducting
dilution of K,Cr,0; stock solution (1000 mg/L). The adsorp-
tion studies were carried out using a known amount of APTF
as adsorbent, thoroughly mixed at 120 rpm with 100 mL of
defined concentrations of Cr(VI) at different pH and tem-
perature values. The pH of the reaction mixture was initially
regulated using HCI (0.1 M) or NaOH (0.1 M). The aliquots
were withdrawn at definite interval times, then filtered and the
remaining Cr(VI) concentration in the solution was estimated

using the analytical Jena 210 Specord spectrophotometer at
Amax = 350 nm. The variables of the experimental conditions
can be summarized as the initial concentration of Cr(VI) (50-
300 mg/L), pH (2-9), the adsorbent dose (0.1-2 g/L)) and the
contact time (5-2880 min). For the purpose of optimization of
adsorption conditions, a given parameter has been changed
while the others were kept constant. The adsorption capacity at
equilibrium, Q.(mg/g) and removal efficiency, 4(%) are rep-
resented using egs. (1) and (2):

_ (CO_Ce)V
o 1)
A(%) = (C‘]Cﬁx 100 @)

0

Where, Q.: is the adsorption capacity (mg/g), V: is the vol-
ume of the solution (L), C,y and C.: are the initial and equi-
librium concentration of Cr(VI) (mg/L) and m: is the mass of
adsorbent (g).

Results and Discussion

Characterization of the Adsorbent. The spectra of the
adsorbent were compared with the IR spectrum of the raw tan-
nin as revealed in Figure 1(a). Generally, the wide bands in the
range of 3200-3600 cm™ are attributed to the OH stretching
vibration. Small peaks near 2900 cm™ can be identified in all
spectra, due to the aromatic C-H stretching vibrations. The bands
at 1441 and 1650 cm™ are characteristic of aromatic (-C=C-)."”
The peaks appearing at 1602, 1514 and 1441 cm™ are assigned
to the stretching vibration of the aromatic rings (-C=C-).*' It is
obvious that the 1254 cm™ band refers to the B-cycle cat-
echetical vibration band present in fisetinidins and catechins.*'*
Additionally, the spectrum of the foam indicates the presence
of ionizable functional groups (i.e. carboxyl, hydroxyl) that are
able to interact with metal ions. The FTIR spectra collected for
the APTF before and after adsorption of Cr(VI) ion are demon-
strated in Figure 1(b). It is interesting to notice that after
adsorption of the Cr(VI) ion, there was a backward shift of the
original characteristic OH stretching vibration from 3277 to
3117 cm™. This perturbation suggests the emergence of new
interaction between Cr(VI) ions and the hydroxyl groups con-
taining sites of the adsorbent.

The thermal gravimetric profile (TG-DTA) of the adsorbent,
performed under air atmosphere, is displayed together with its
derivative curve as well as DTA profile in Figure 2(a) and 2(b),
respectively. It shows that the degradation of pinus helpensis
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Figure 1. FTIR spectra (a) pinus tannin before and after foaming
reaction; (b) APTF material before and after adsorption.

foam takes place in the course of four stages. A first loss of the
mass is observed at about 100 °C, which it is attributed to the
elimination of residual water (almost 12%). The DTA ther-
mogram shows that the first step is endothermic. The decom-
position proceeds only after absorption of a definite amount of
thermal energy that initiates the modification process by break-
ing the molecular chains. This result has already been described
by Moubarik.”’ The second step (observed at a temperature
range between 125 and 231 °C) is exothermic as indicated by
the DTA and corresponds to a mass loss about 24% and can be
attributed to a partial decomposition with oxidation of the
intermolecular bonds. The third degradation step took place
between 231 and 430 °C, which signifies the decomposition of
the aromatic nuclei of the tannin foam.*' The fourth step (430-
600 °C) refers to the oxidation of the residues. The DTA anal-
ysis confirmed all steps proceeding above 200 °C are exo-
thermic reactions. Accordingly, it can be concluded that the
adsorbent APTF is thermally stable. The thermal behavior of
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Figure 2. Thermal analysis of APTF: (a) thermogravimetric anal-

ysis (TGA) and the relevant derivative for APTF adsorbent; (b) def-
erential temperature thermogram (DTA) of APTF adsorbent.

the adsorbent has depends essentially on the nature of the tan-
nin, the type of intermolecular bonds and the rigidity of the
foam structure.

The imaging with SEM was done to identify the mor-
phological features of the adsorbent surface specially any
change occurred on the APTF after Cr(VI) adsorption (Figure
3). It is initially clear that the material exhibits porosity in the
form of cavities, which have been most likely resulting by the
presence of the foaming agent during the foaming stage (Fig-
ure 3(a) and 3(b)). After adsorption of the chromium ions, the
surface of APTF became smoother and encountered overlap
due to Cr(VI) adsorption (Figure 3(c) and 3(d)).

Effect of pH on Adsorption. For any adsorption process,
the solution pH is an essential parameter that can affect the
interaction between the adsorbent and the adsorbate. The
adsorption of Cr(VI) was studied as a function of pH at 20 °C.
As such, 0.04 g of APTF was added to 100 mL (0.4 g/L) to
give 100 mg/L solution of Cr(VI) while the pH was adjusted
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Figure 3. Scanning electronic microscopy (SEM) imaging of APTF: (a, b) before adsorption; (c, d) after adsorption.
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Figure 4. Variation of Cr(VI) adsorption onto APTF as a function
of pH.

to different values ranging from 2 to 9. The adsorption capac-
ity was determined after 2 h of contact (Figure 4). It has been
found that the highest adsorption capacity of APTF was
reached at pH ~ 2. In addition, a decrease of adsorption capac-
ity was attained while increasing the pH from 2 to 9. Very low

adsorption capacities were observed at pH values above 9.
This is related to the nature of surface charge of the adsorbent
and the different complexes that Cr(VI) can form in aqueous
solutions over different pH values. To understand that more
deeply, it was necessary to find out the point of zero charge
(PZC). A plot of the (pHiui-pHs,) difference as a function of
the pH,,;sa Of the solution is shown in Figure 5. The pH at the
point of zero charge (pH,,.) was identified at about 7.5 (Figure
5). When the pH of the solution is lower than pH,,, the
adsorption of the anionic species such as HCrO,™ is favored
whereas at pH values above the pH,,., the adsorption of the
cationic elements predominates. (i) At pH = 2, the dominant
form of chrome is HCrO, ™. Thus, at low pH values, there is a
large number of H' ions in the solution resulting in surface
protonation of APTF, which leads to the formation of pos-
itively charged sites. These protons interact with the chromium
species via electrostatic attraction forces thus HCrO,™ is heav-
ily adsorbed on the APTF surface. (ii) At 2 < pH < 6, the pro-
gressive decrease in the adsorption rate is due to the coexistence
of Cr,0; and CrO,~ with HCrO, causing competition on the

Polym. Korea, Vol. 44, No. 4, 2020
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Figure 5. Determination of the point of zero charge.

adsorption sites. Similar results were reported in previous
study.>*?® The decrease in Cr(VI) adsorption when the pH of
the solution > 6 can be explained by the abundance of OH"
ions in solution, while the surface is negatively charged, which
in turn initiates intensive electrostatic repulsion with the chro-
mate and chromate hydrogen ions during the adsorption
reaction.

Effect of Adsorbent Dose. The impact of the adsorbent
dose on the removal efficiency of Cr(VI) from aqueous solu-
tion was explored by conducting several experiments using
100 mL solutions of Cr(VI) at initial concentration of 100 mg/
L, at which different APTF amounts were charged at a tem-
perature of 20+1 °C and a stirring rate of 120 rpm while the
contact time was 2 h and the corresponding results are revealed
in Figure 6. First of all, the elimination of Cr(VI) was fast in
the beginning of the adsorption process then the increase
became slower until reaching a leveling off state.

It is apparent that the increase of the adsorbent dose was
associated by elevation of the Cr(VI) adsorption level from
30% for 0.01 g to 95% for 0.2 g. This upturn is surely ascribed
to the availability of larger number of adsorption sites by
increasing the adsorbent dose.”” In brief, the best possible
adsorption efficiency was almost 85% and accomplished using
0.04 g of the adsorbent per 100 mL aqueous solution (0.4 g/L)
for initial concentration dose 100 mg/L of Cr(VI).

Effect of Initial Cr(VI) Concentration. It is imperative that
the high initial Cr(VI) presents a significant driving force to
overcome the mass transfer resistance of ions moving from
aqueous solution to a solid phase (adsorbent). This parameter
was studied by formulating several Cr(VI) concentrations in
the range from 100 to 300 mg/L while the APTF dose was
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Figure 7. Variation of Cr(VI) removal (%) by APTF for different
concentrations as a function of time.

kept unchanged. The development of chromium ions adsorp-
tion onto APTF as a function of time is illustrated in Figure 7.
It can be dictated from Figure 7 that three phases are rep-
resenting the mass transfer of Cr(VI) onto APTF. The first
region is related to the external mass transfer effect. This is due
to the initial availability of the free sites and the higher con-
centration of Cr(VI) ions, which provides strength to the ions
to diffuse through the solution to the surface of the adsorbent.
Then, the second region appears as expected to encounter a
low adsorption rate as a result of the gradual decrease in the
number of adsorption sites. Eventually, the third region is
attributed to the low concentration gradient when the adsorp-
tion sites accomplished saturation thereby it remained constant.
In our case, the adsorption was realized after 5 h and remained
stable even after 48 h.
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Figure 8. Variation of adsorption capacity and removal efficiency as
a function of the initial Cr(VI) concentration.

Figure 8 shows the removal percentage of Cr(VI) along with
the equilibrium adsorption capacity g. of Cr(VI) on APTF as
a function of the initial concentration of Cr(VI). This was
achieved by feeding 0.4 g of APTF to 100 mL solutions of
Cr(V]) incorporating various initial concentrations in the range
50-300 mg/L at pH ~ 2 and 20 °C. The results gave rise to the
fact that the removal efficiency of Cr(VI) (%) collapses with
the increase in the initial concentration of Cr(VI) as high con-
centration of Cr(VI) leads to the saturation of the adsorption
sites of the APTF adsorbent, while the adsorption capacity,
which is the amount of Cr(VI) adsorbed per unit mass of the
adsorbent, g., behaves in a different way and increases in par-
allel with the increase in the initial concentration of Cr(VI). It
was found that the Cr(VI) adsorption capacity by APTF
increases without reaching a constant value for 300 mg/L
while the removal efficiency decreased from 100% to 43% for
increasing the initial concentration of Cr(VI) from 100 to
300 mg/L, respectively. The Cr(VI) removal was higher due to
the accessibility of unoccupied binding sites on the APTF
hence Cr(VI) ions are adsorbed rapidly onto the surface. In
contrast, at high concentrations the ratio is low and the Cr(VI)
removal percentage becomes small as most of the adsorption
sites became engaged and not available any longer.

Adsorption Isotherm. The study of adsorption isotherm
provides a good tool to explain the interaction of the adsorbate
with the surface of the adsorbent. In this study, three isotherm
models are investigated for this purpose; Langmuir, Freundlich
and Dubinin-Radushkevich.®® We focus in this study on two
parameters in order to identify the most suitable isotherm that
fits well to the relation between the adsorbate and adsorbent
based on the correlation coefficient (R*) and the APE means

(%). The correlation coefficient R* is described by eq. (3):

5 Z(qm—gfre)2

R = 2 3
D> m=4) D (dm—4e)

€)

Where, ¢,,: Maximum adsorption capacity (mg g).
q,: Average adsorption capacity (mg g'):
ge: Equilibrium adsorption capacity (mg g").

The APE(%) means used to ensure the reliability between
experimental and theoretical values. It is expressed according
to eq. (4):

Z;’ O\((qe)experimental—(qe)prea’icted)/(qe)experimental]
N
%100 4

APE(%)=

Where N is the number of experimental data.

The Langmuir model is applicable in cases of monolayer
adsorption on a homogeneous surface containing a finite num-
ber of adsorption sites without interaction between the
adsorbed molecules.”’ The Langmuir isothermal model is
given by eq. (5):

ES = LJF % (5)

9. 09y 9

Where, C, is the equilibrium concentration (mg/L) and g, is
the adsorption capacity at equilibrium (mg/g). The constant Q,
(mg /g) represents the monolayer adsorption capacity while b
is related to the heat of adsorption. R; is a dimensionless con-
stant called separation factor that can predict whether an
adsorption system is favorable or not. R; is calculated using the
eq. (6)

1

k= 155¢, (©)

Where C, is the initial concentration (mg/L). The favor-
ability of the adsorption process by R; parameter can be
described as follows: For R, > 1, the adsorption is unfavorable
whereas in case of 0 <R <1, the adsorption has high favor-
ability. Otherwise, R;=0, signifies irreversible adsorption and
R;=1 reveals linear adsorption.

Moreover, the Freundlich isotherm model expresses the het-
erogeneous surface energies by multilayer adsorption and is
expressed by the linear form in eq. (7):

Polym. Korea, Vol. 44, No. 4, 2020
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Table 1. Parameters of the Langmuir, Freundlich and
Dubinin-Radushkevich Isotherm Models

Models Parameters Values
gnl (Mmg/g) 400
. K, (L/mg) 0.5952
Langmuir model
R 0.9990
APE(%) 5.56
K (L/mg) 10.83
R 0.9007
Freundlich model
n 9.11
APE(%) 6.093
gnD (mg/g) 374.09
Dubinin-Radushkevich R 0.9491
model b 4. 107
APE(%) 12.96
1
Ing, = InKp+{ -]InC, @)

Where K;: (mg/g) is an indicator of the adsorption capacity
and 1/n is the intensity of the adsorption presents indication of
the adsorption favorability. Therefore, » > 1 means favorable
adsorption conditions.

The Dubinin-Radushkevich model was also used to deter-
mine the porosity apparent free energy and the adsorption
behavior.?” The isothermal model of Dubinin-Radushkevich is
given by the eq. (8)

Ing, = lnqS—Bg2 8)

Where ¢ is the theoretical saturation capacity, B is a constant
related to the biosorption energy and ¢ is the Polanyi potential
that can be calculated according to eq. (9):

1

P ern(l +E,_e) )

Where C, is the equilibrium concentration (mg/L); R = 8.314
J/mol and T is the absolute temperature (°K). The isotherm
parameters were calculated from the linear plots and are sum-
marized in Table 1. Additionally, all data of the different isotherm
models are exhibited in Figure 9(a), 9(b) and 9(c), respectively.
Based on the R* values and the APE means, the results of Cr(VI)
adsorption on APTF are best correlated to the Langmuir isotherm
(R*>0.999) indicating a monolayer adsorption of Cr(VI) ions on
the surface of the adsorbent via electrostatic attraction forces.
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Figure 9. Adsorption isotherm profiles: (a) Langmuir; (b) Freundlich;
(¢) Dubinin-Radushkevich.

The obtained maximum adsorption capacity, ¢, =400 mg/g
and the Langmuir K} constant (0.5952 L/mg) are also suggesting
that the adsorption of Cr(VI) onto APTF proceeds as a single
layer, which corroborates a homogenous surface of adsorbent
as well. Moreover, the R, indicates an irreversible favorable
adsorption is taking place. Further, the value of 1/n, which is
ranged from 0O to 1 signifies a high adsorption intensity.
Adsorption Kinetics. Kinetic parameters are suitable means
for predicting important information about the adsorption pro-
cess. So 0.04 g of APTF was immersed in 100 mL of Cr(VI)
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Table 2. Parameters of Pseudo First Order, Pseudo Second Order and Intra-particle Diffusion Kinetic Models

Cr(VI) Pseudo first order Model Pseudo second order Intra-particle diffusion

mg/L q (exp) R Ki(10% q(cal) )i K, q(cal) kar )i g(cal)
100 245.5 0.9156 1.059 132.91 0.9998 1.394 250 1.040 0.9927 194.93
150 344 0.9210 1.151 192.02 0.9998 0.929 344.18 0.740 0.9794 240.96
200 379.99 0.9398 1.704 259.61 0.9997 1.115 384.61 0.990 0.9620 461.46
300 392.5 0.8122 1.243 131.34 0.9990 2224 400 3.650 0.9870 213.95

Table 3. Comparison between the Adsorption Capacities of Various Tannin Adsorbents and Our “APTF” for Cr(VI) Removal

Maximum adsorption

Adsorbent

Adsorbents capacity (mg/e) dose (/L) References
Poly(tannin-hexamethylendiamine) 283.29 0.5 Q. Liu et al®
Persimmon tannin gel 287.040 0.2 Nakajima and Baba'
Tannin-nanocellulose composite 103.259 0.5 Q. Xu et al.®
Tannin gel 287 2.5 Y. Nakano et al."”
Persimmon tannins immobilized on collagen 49.01 0.1 J. Cui et al®
Quebracho tannin resins 83.33 1 M. Yurtsever et al.**
APTF 370 0.4 This study

solutions (0.4 g/L) possessing different initial concentrations
ranging from 100 to 300 mg/L at pH=2 and 20 °C. The
adsorption kinetics can be explained as the solute removal rate
that controls how long the adsorbate stays at the solid-liquid
interface.*™® This part was achieved to verify the mechanism of
Cr(VI) ions adsorption into APTF. The kinetics have been fit-
ted to different models such as the pseudo-first order, pseudo-
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second order and the intra-particle models,” which are rep-

resented by egs. (10), (11), and (12), respectively:

Kl
log(ge~q,) = logge 5555 (10)
LA (11)
q; qu qe
1 1

=—+K.t 12
4e—q; 9o ° (12)
G = kg < 7+ C* (13)

where ¢, and ¢, are the amounts of Cr(VI) ions (mg/g)
adsorbed at equilibrium and at time 7, respectively; K, and K,
are the rate constant of the pseudo-first order and the pseudo-
second order rate constant, respectively; and # (min) is the con-
tact time, kgr (mg g mn™) is the intra-particle diffusion rate
constant and C is the intercept. The kinetic parameters K;, K,
kam ge g» C together with R* are collected in Table 2.
Based on the values of R* obtained from different models, it

can be decided that the data follow the pseudo second order
model as its R*(0.9998) is closer to unity and the experimental
adsorption capacity is the nearest to the theoretical one. Hence,
the rate constant obtained by applying the pseudo-second order
model was 1.39x10*. The maximum adsorption capacity
(Omax) for Cr(VI) onto APTF was compared with those
reported in the literature as shown in Table 3. It can be noted
from the table that the obtained O, in this study is higher
when compared with most recently reported tannin based
adsorbents.'*1>%>** This finding indicates that the applied foam
in this study, which is formulated from pinus halpensis tannin,
is a better alternative to many other adsorbents especially con-
sidering the price perspective.

Thermodynamic Parameters. Thermodynamic parame-
ters such as enthalpy AH (kJ/mol), standard entropy AS (J/mol
K) and Gibbs free energy variations AG (kJ/mol) were cal-
culated using egs. (14)-(17) in order to understand the adsorp-
tion process more intensely. Figure 10 illustrates the variation
of K, as a function of 1/7. The thermodynamic parameters (7,
AG®°, AH® and AS®) for the adsorption of Cr (VI) by APTF are
calculated at different temperatures as demonstrated in Table 4.

C,—C
K = < 14
= (14)
anC:—AH———RT+A—R§ (15)
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Figure 10. In(X.) versus 1/T plot.

Table 4. Thermodynamic Parameters for the Adsorption of
Cr(VI) by APTF at Different Temperatures

T AG® AH° AS°

(K) (KJ/ mol) (kJ/mol) (J/mol K)

293 -4.608

303 -5.852

30.614 124.46

313 -7.097

323 -8.341
AG=-RT InK_ (16)
AG=AH-AS 17)

Where K. is the equilibrium constant, C, and C, are the equi-
librium and initial concentrations for Cr(VI) adsorption on
APTF (mg/L), respectively, R is a universal gas constant
(8.314 J/K mol) and T is the absolute temperature (K).

From Figure 11, it is clear that the adsorption capacity by the
adsorbent enhances with increasing the temperature. This per-
formance can be explained by the increased molecular move-
ment, which causes weakening of the hydrogen bonds formed
between the water molecules and the solute, thereby increasing
diffusion to the pores. As a result, the positive value of the
enthalpy AH° (30.614 kJ/mol) proves the endothermic nature
of the adsorption reaction. Furthermore, the positive value of
AS° (124.46 J/mol.K) also suggests good affinity of the Cr(VI)
ions to the adsorbent and the high randomness at the solid-lig-
uid interface during the binding of the metal ion onto the active
sites of the adsorbent. The categorization of the adsorption
reaction as favorable and spontaneous was verified from the
negative values of AG°. As an example, the increase in tem-

ZEH, A44H A4%, 202083

100

*

Cr(VI) removal effeicieny (%)
£

m T T T T T T T
10 15 20 25 30 35 40 45

Temperature (°C)

Figure 11. Cr(VI) adsorption onto APTF as a function of tempera-
ture.

perature from 20 to 40 °C was accompanied by a change in the
AG value from 4.608 to 8.341 kJ/mol. The thermodynamic
parameters for the adsorption process of Cr(VI) onto APTF are

matching well with those reported in the literature >3

Conclusions

An efficient adsorbent was formulated mainly from Algerian
natural pinus halepensis tannin (APTF). Various characteri-
zations performed on this adsorbent indicated its promise in
water purification. Thus, adsorption results revealed it was
very efficient in the removal of Cr(VI) ions from aqueous solu-
tions with a maximum adsorption capacity around 390 mg g™ at
pH ~ 2, which was mostly attributed to the contribution
of —OH functional group in interaction with chromium
ions. The rate limiting step for the adsorption process was best
fitted with pseudo-second order kinetic model for the studied
concentrations (100-300 mgL"'). Agreeable correlation for
Cr(VI) adsorption to the adsorbent was found with a single-
layer adsorption capacity of 400 mg g at 20 °C as signified by
the Langmuir isotherm model. The adsorption process could
be classified mainly as chemical ion exchange as concluded
from the average free energy values estimated from the Dubi-
nin- Radushkevich model. The negative values of free Gibbs
energy (AG®) and positive enthalpy (AH®) designated the
spontaneous and endothermic features of the adsorption pro-
cess for the different temperatures examined. The positive
value of entropy (AS°) clearly reflected the increased ran-
domness at the solid-solution interface through the adsorption
of Cr(VI) onto the foam. Based on these facts, it can be
ensured that APTF is an efficient adsorbent and can be suc-
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cessfully employed for the adsorption of Cr(VI) ions from

aqueous solutions for the purpose of water purification.
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