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ABSTRACT

This study targets the comparative efficacy of impregnated and cross-linked chitosan—activated carbon
composite adsorbents for Pd(II) adsorption from Ethylenediaminetetraacetic acid (EDTA)-containing
electroless plating (ELP) solutions. Specific novelty of the addressed research in the article corresponds
to adsorption and desorption characteristics of said adsorbents for Pd(II) recovery from synthetic
ELP solutions that can be characterized to have complex solution chemistry than aqueous solutions.
The Brunauer-Emmett-Teller analyses indicated maximum surface area of cross-linked adsorbent
(1,317 m*g™). The adsorbent provided a highest capacity (8.08-70.14 mg-g™) and removal percentage
(84.17%-97.04%) for variant Pd(II) solution concentration. For ELP solutions, the monolayer Pd(II)
adsorption capacities are maximum (90.91/95.6 mg-g™) for cross-linked chitosan AC adsorbent. These
findings infer that Pd(II)-adsorbed chitosan cross-linked activated carbon can be developed as waste
to value product for low temperature catalysis applications.
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1. Introduction

Platinum group metals (PGMs) and particularly palla-
dium have several functional applications in industries. With
excellent physical and chemical properties such as corrosion
resistance, electrical conductivity, catalytic activity and high
melting point, Pd(Il) has several applications in the manu-
facture of conductors, telephone circuits, heat and corrosion
resistant parts, dental and medical devices, tools and materi-
als in medical industries and noble metal-supported catalysts
for petrochemical and automobile industries [1].

Continuous demand for palladium-based products infers
on a greater demand for the noble metal. Palladium ores are
rare and their low concentration in the earth’s crust is respon-
sible for its high cost. To meet the demands, it is imperative
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to consider the recovery and recycle of Pd(II) from secondary
sources such as metal finishing industries, rinse waters and
post-consumer scrapes. Recently, spent automobile catalysts
have emerged as major secondary sources for both palladium
and platinum. However, only 20% metal has been reported to
be recycled from such sources [1,2].

Conventional methods for palladium and PGMs recov-
ery are solid phase extraction, solvent extraction, co-
precipitation [3], membrane separation [4], leaching [5], cloud
point extraction [6], sorption and post-sorption [7]. Among
these, sorption processes are often regarded to be promis-
ing due to their ability to recover noble metals from dilute
acid solutions. Compared with other conventional meth-
ods, adsorption has several other promising features such as
environmentally friendly, lower cost, availability, profitabil-
ity, ease of operation and high removal efficiency [8].

In the past decade, researchers studied adsorbents such
as activated carbon, clays, metal oxides, silica and zeolite
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for the removal and recovery of heavy and precious metals.
Activated charcoal/carbon (AC) has been extensively studied
due to its high adsorption capacity, adsorption rate, porous
structure, large internal surface area and good abrasion resis-
tance. In such investigations, AC demonstrated its ability to
adsorb wide varieties of undesirable species from gaseous
and liquid phase systems. On the other hand, the removal
and recovery of Pd(Il) from aqueous and synthetic wastewa-
ter solutions was studied using various synthetic chelating
ion-exchange resins [9,10].

An alternative to synthetic chelating resins is adsorp-
tion using biopolymers. Since recent times, biopolymer-
impregnated and cross-linked AC-based adsorbents have
been studied for several applications. Among biopolymers,
chitosan is preferred due to its wider availability and lower
cost in comparison with synthetic chelating polymers [11,12].

During metal adsorption, the hydroxyl and amine func-
tional groups of chitosan enable stronger binding with metal
ions through chelation. In addition, electrostatic interactions
could occur and thereby facilitate ion exchange or forma-
tion of ion pair. These interactions are dependent on metal
type, chemical constituents of interacting medium and pH of
solution. Till date, chitosan and its derivatives, such as cross-
linked chitosan with synthetic polymeric structures, chitosan
beads, impregnated chitosan activated carbon composites,
cross-linked chitosan—AC adsorbents, and so on, have been
studied for the removal of heavy and precious metals [13-17].
In several such investigations, aqueous solutions with sim-
pler chemical constitution were deployed to target adsorbent
separation characteristics. However, it is well known that real
wastewaters from metal finishing industries have complex
solution chemistry and hence, carried out studies may not be
effective to infer on the competence of these adsorbents for
noble metal recovery and reuse [18,19].

From materials engineering perspective, two important
studies targeted the preparation of chitosan—AC adsorbents
by impregnation [20] and cross-linking [12]. Among these,
the cross-linked chitosan-AC adsorbent has been evaluated
to possess higher Brunauer—-Emmett-Teller (BET) surface
area and sorption capacity. Thereby, in comparison with the
AC, the cross-linked adsorbent has been evaluated to capture
higher quantity of CO, from biohydrogen, biogas and flue
gas mixtures. For cross-linked chitosan—-AC adsorbent, Pd(II)
adsorption studies were conducted within the initial Pd(II)
concentration range of 40-300 mg-L™ and for aqueous solu-
tions. The obtained results may or may not be relevant for the
recovery of Pd(II) from industrial wastewater streams.

This study emphasizes on the relevance of chitosan-based
AC adsorbent for Pd(Il) recovery and reuse from synthetic
electroless plating (ELP) solution with compositions sim-
ilar to real ELP solutions. Considering various avenues for
further research, this work addresses preparation and char-
acterization of cross-linked and impregnated chitosan-AC
adsorbents. Subsequent characterizations of adsorbents
were carried out using BET, Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscope
(SEM) instruments. Eventually, batch adsorption studies
were conducted to evaluate equilibrium Pd(II) adsorption
characteristics with synthetic ELP solutions with and with-
out N-cetyl-N,N,N-trimethyl ammonium bromide (CTAB)
surfactant. Desorption studies were carried out to illustrate

the potential of adsorbents for the adsorbed Pd(II) recovery.
Fitness studies were conducted to evaluate the relevance of
standard adsorption models for the measured equilibrium
data. The following section elaborates on experimental pro-
cedures that were adopted for adsorbent preparation and
subsequent studies.

2. Materials and methods

Palladium chloride (99.9%, SRL Chemicals Pvt. Ltd.,
India), Na,EDTA (Merck, India), liquor ammonia (25%,
Merck, India), CTAB (Merck, India) and millipore water
(Milli-Q) were used to prepare Pd(II)-containing synthetic
ELP solutions. Solution pH was adjusted by using analytical
grade HCI, NaOH solutions and pH meter (VSI-301).

2.1. Preparation of Pd(II) stock solution

PdCl, stock solution (1,000 mg-L™") was prepared using
synthetic ELP bath composition presented in Table 1 [21,22].
The synthetic solution was prepared by mixing precise
amounts of various precursors in deionized water for 15 min
at 120 rpm using orbital shaker. Solutions with variant Pd(II)
concentrations were prepared by diluting stock solution.
All chemicals/reagents used were of analytical grade purity.
The ELP solution composition essentially refers to a stabi-
lizer (Na,EDTA) and an optional cationic surfactant (CTAB)
in an alkaline media prepared with liquor ammonia. For all
adsorption studies, the Pd(II) solution concentration varied
between 50 and 500 mg-L.

2.2. Preparation of activated charcoal—chitosan composites
2.2.1. Chitosan-impregnated activated charcoal adsorbents

The procedure involved in the preparation of chi-
tosan-impregnated activated charcoal adsorbent has been
outlined elsewhere [20] and has been followed to obtain chi-
tosan-impregnated AC adsorbent without using CTAB surfac-
tant. To prepare chitosan-impregnated AC adsorbents, first,
activated charcoal powder was washed with deionized water
to remove fines and dirt. Then, it was dried in an oven at 100°C
for 24 h before impregnation process was conducted. Later, AC
was sieved to sizes ranging from 60 to 65 um to prepare two
types of adsorbents, namely, chitosan-impregnated activated
charcoal (CH-AC-I) and chitosan-surfactant-impregnated

Table 1
Composition of synthetic Pd(II) electroless plating solutions

Name of the ~ Palladium solution concentration (mg-L™)
component 50 100 200 300 400 500
PdCl, (mg'L™) 83.31 166.63 333.27 499.90 666.54 833.17

Na,EDTA 1.39
(L™

NH,solution  10.33
(25%), mL-L~!

CTAB, 335-1,340

mg-L7 (if any)
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activated charcoal (CH-AC-IS). CH-AC-I was prepared
with wetness impregnation method with a solution concen-
tration of 2 g-L ! of AC and variant initial concentrations of
chitosan (0.1-2 g-L™). Using similar solution concentrations,
CH-AC-IS adsorbent was prepared using additional CTAB
surfactant (1-2 critical micelle concentration [CMC] solution
concentration). The impregnated adsorbents were prepared
by subjecting the mixture of AC, chitosan and surfactant of
the adsorbent, chitosan and surfactant (if any) in an orbital
shaker (agitation speed of 200 rpm at 25°C) for 3 d. After this
step, the modified AC powder was separated from chitosan
solution by adopting filtration process. The final chitosan con-
centration in solution was evaluated by measuring the absor-
bance of filtrate using a UV-visible spectrometer (Lamda 35,
PerkinElmer, China) at a wavelength of 197 nm (obtained
after conducting calibration studies). Finally, CH-AC-I and
CH-AC-IS were dried in a hot air oven at 100°C for 24 h. The
quantity of chitosan impregnation on the activated charcoal
was further verified by evaluating the weight gain of the
adsorbent after impregnation process. Using the measured
data, chitosan adsorption capacities on the adsorbent and
removal percentage (from the solution) during impregnation
process have been determined using expressions presented in
section 2.3.

2.2.2. Cross-linked chitosan—activated charcoal adsorbent

The method adopted for the preparation of cross-linked
chitosan—activated charcoal (CH-AC-C) adsorbent has been
outlined elsewhere [11,12] and is briefly presented as fol-
lows. To prepare oxalic acid—treated adsorbent, 20 g of AC
was added to 0.2 M oxalic acid and the mixture was stirred
for 4 h. Thereby, the AC was filtered and washed with deion-
ized water and dried in an oven at 70°C for 12 h. Eventually,
chitosan—oxalic acid gel was achieved by continuously agitat-
ing 10 g of chitosan in 1 L of 0.2 M oxalic acid at 45°C-50°C
for 1 h. To the gel, 20 g of acid-treated AC was added slowly
and stirred for 16 h at 45°C-50°C. Subsequently, the gel-AC
mixture was added dropwise to 1 L of NaOH (0.7 M) pre-
cipitation bath at 50°C. Finally, the cross-linked adsorbent
was filtered from NaOH bath and washed several times with
deionized water to achieve neutral pH. Prior to usage in
characterization and batch adsorption studies, the CH-AC-C
adsorbent was dried in a hot air oven at 50°C for 6 h.

2.3. Batch adsorption characteristics

Batch experiments were performed using 0.05-0.3 g of
CH-AC-C powder and 50 mL of ELP solution. In these exper-
iments, the initial Pd(II) concentration was varied from 50 to
500 mg-L™ at a pH of 9-10. All batch adsorption experiments
were performed with 50 mL containing 250 mL flasks at spec-
ified Pd(I) concentrations at 25°C in a wrist action shaker
(Labtop; LSI-125/R; India) operated for 1-5 h at 200 rpm.
After this step, the mixture was filtered using Whatman filter
paper (No. 40) to obtain filtrate for Pd(II) concentration analy-
sis using atomic absorption spectrophotometer (AAS; Varian
spectra, FS240, India, equipped with air-acetylene flame
detector) operated at a wavelength of 247.6 nm [23]. Using the
measured concentrations, capacity and removal percentage of
Pd(II) have been determined using the following expressions:

(C.-C.)
Removal, (%) = %100 1)

e

. . (Co - Ce )
Adsorption capacity, (mg/g) W xV )
where C_ is the initial concentration of Pd(II) in ELP solution
in mg-L, C, is the equilibrium adsorption concentration of
chitosan in mg-L™, Vis the volume of solution in mL and Wis
the weight of the adsorbent dosage in g.

2.4. Adsorbent characterization

FTIR spectral analysis was conducted using FTIR instru-
ment (PerkinElmer, PE-RXI, range: 500-4,000 cm™) for the
determination of various functional groups in CH-AC-C
adsorbent. SEM (Leo, 1430 VP, Carl Zeiss, Germany) was
deployed to determine surface morphology and elemental
composition of CH-AC-I, CH-AC-IS and CH-AC-C adsor-
bents. BET surface areas and monolayer volumes were
measured using a surface area analyzer (Beckman Coulter,
SA-3100) to generate a nitrogen adsorption isotherm at
150°C. In this study, before measurement, the samples were
degassed using helium at 200°C for 2 h. Laser particle size
analyzer (M/s Malvern Instruments Ltd., UK) was used to
estimate the average particle size distribution of CH-AC-],
CH-AC-IS and CH-AC-C adsorbents. Point of zero charge
(PZC) was determined for CH-AC-C using procedures sum-
marized in our earlier work [21,24]. Conceptually, it is well
known that the adsorbent exhibits maximum adsorption at
an adsorbent pH value that is just greater than the PZC [25].

2.5. Desorption studies

For CH-AC-C adsorbent, Pd(II) batch desorption stud-
ies were conducted using adsorbent obtained after batch
adsorption studies, with an initial solution concentration of
300 mg-L. This adsorbent was evaluated to have a capacity
of 44.34 mg-g™ for chosen Pd(II) concentration. Batch desorp-
tion studies were conducted with 0.1 M HCl and 0.1 M NaOH
solutions prepared with millipore water. For batch desorp-
tion experiments, 0.12 g of adsorbent was used to achieve
saturated desorption in 50 mL of reagent volume. Desorption
experiments were conducted for a time period of 300 min.
Subsequently, using final solution concentrations evaluated
from AAS analysis, mass balance was conducted to estimate
Pd(II) surface concentration on adsorbent after desorption.
Eventually, Pd(Il) recovery after desorption was evaluated
using initial and final Pd(II) adsorbent concentrations.

2.6. Fitness of equilibrium and kinetic models

The fitness of measured equilibrium adsorption data
was evaluated for Langmuir and Freundlich isotherms.
Assuming complete monolayer coverage on homogenous
adsorbent surface without any interaction between adsorbed
ions, Langmuir equilibrium isotherm model is expressed as
[26]:

o b.lc ©
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where C, represents equilibrium adsorption concentration
of PA(Il) (mg-L™), g, represents mass of solute adsorbed per
mass of adsorbent at equilibrium (mg-g™") and g, , b and C,
represent Langmuir monolayer capacity (mg-g™), Langmuir
equilibrium constant and initial concentration of Pd(II) in
aqueous solution (mg-L™).

Based on the Langmuir isotherm model parameters, the
favourability towards adsorption is expressed in terms of the
separation factor (K,) as follows:

1

Ky = (+vC) 4

where K, evaluated within the range of 0-1 indicates favour-
able adsorption.

Assuming exponential distribution of active centres with
characteristics of heterogeneous surface and infinite surface
coverage, Freundlich isotherm model is expressed as [27]:

log ¢, =log k, +m log C, (5)

where k, and m are the Freundlich isotherm constants.

Pseudo-first-order and pseudo-second-order models
have been tested for their fitness to represent the kinetics
of Pd(II) adsorption on CH-AC-C adsorbent [28]. The pseu-
do-first-order model to represent adsorption kinetics is
expressed in terms of Lagergren equation [29]:

kl
t 6
2.303 ©)

log(g, —4,) =log(q,) -

where q, g, t and k, represent mass of solute adsorbed per
mass of adsorbent at equilibrium (mg-g™), mass of solute
adsorbed per mass of adsorbent at time f (mg-g™), agitation
time (min) and first-order rate constant (min), respectively.

On integration, the above expression is expressed as [30]:

LI S @)

qi’ kzqg qe
where g, is the mass of solute adsorbed per mass of adsorbent
at equilibrium (mg-g™), t is the agitation time (minutes), k, is
the pseudo-second-order rate constant (g'mg*-min™).

For both equilibrium and kinetic models, errors associ-
ated with fitness of experimental data for the models were
evaluated using following expressions:

Ermin = Min (Er;) (10)
2 Ex
Eravg ==L — (11)
n
2 Er?
RMSE=1=L (12)
n

where Er, i, n, Er _, Er , Er , Er __ are error function,
. max’ m1.n average’ . rms .
index for batch adsorption experiment corresponding to
specific initial Pd(II) solution concentration, total number of
batch adsorption experiments carried out with varying con-
centration, maximum error, minimum error, average error
and root mean square (RMS) error, respectively.

3. Results and discussion

3.1. Chitosan adsorption characteristics for impregnated
adsorbents

Based on calibration chart prepared for variant chitosan
aqueous solution concentration of 0.1-1 g-L™, the chitosan
removal percentage and capacity of CH-AC-I adsorbent var-
ied from 59.73% to 17.05% and 14.93 to 0.42 mg-g™, respec-
tively. However, for the CH-AC-IS adsorbent and for 1 CMC
CTAB solution concentration, corresponding variations in
chitosan removal percentage and capacity are 37.42% and
9.32 mg-g™, respectively. For comparison, literature data are
not available and hence, it is intended that these experimen-
tal findings would serve as a reference for preparation of
chitosan-impregnated AC adsorbents.

3.2. Adsorbent characterization
3.2.1. Surface area and pore size analysis

Activated charcoal was modified with chitosan using
direct impregnation, surfactant-assisted impregnation
and cross-linking to develop chitosan-AC composite
adsorbents. Table 2 summarizes physical properties of
chitosan-modified AC adsorbents. It can be analyzed that the
BET surface area for CH-AC-C was obtained as 13,177 m*g"},
which is higher than the values obtained for CH-AC-I and
CH-AC-IS. Thus, impregnation did not enhance BET sur-
face area and is an ineffective technique to achieve good

Er - |Ciexp - 100 8 quality chitosan—AC composite adsorbents. Among adsor-
= C P x C) bents, it can be observed from Table 2 that CH-AC-C adsor-
' bent possessed a total pore volume, Langmuir surface area
f1.1117 mL-g™ and 1,256.93 m*g, respectively. It is antic-
E =Max (Er. 9y © 8 , g ,resp Y
rrax x ( r’) ©) ipated that adsorbent with highest BET surface area will
Table 2
BET characterization parameters of AC, CH-AC-I, CH-AC-IS and CH-AC-C adsorbents
S.No. Physical properties AC CH-AC-I CH-AC-IS CH-AC-C
1 BET surface area (m*g™) 1,057 787 914 1,317
2 Total pore volume (mL-g™) 0.6567 0.5227 0.7200 1.1117
3 Langmuir surface area (m*g™) 1,197.5 833.83 1,125.331 1,256.23
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exhibit highest adsorption efficiency and facilitate lowest
adsorbent dosage.

Fig. 1(a) presents N, adsorption—-desorption isotherms of
CH-AC-C adsorbent. It can be observed that the isotherms
were Type IV and the existence of H, hysteresis loop confirms
existence of narrow slit-like pores [31]. In addition, it can be
seen that the isotherm rises sharply during early stages of
adsorption. This accounts for micropore filling effect and N,
adsorption later on did not indicate significant enhancement
in adsorption.

Fig. 1(b) represents Barrett-Joyner-Halenda (BJH) pore
size distribution [32] of CH-AC-C that was obtained for both
adsorption and desorption. Pore size distribution indicates
that adsorbent possessed cylindrical pores and BJH analy-
sis provided sharper peaks than isotherm data presented in
Fig. 1(a). Fig. 1(c) illustrates variation in obtained pore area
distribution with pore diameter. The figure confirmed that
the adsorbent pore area was more sensitive to adsorption
process than desorption. This is in agreement with the trends
presented in relevant literature [12].

3.2.2. SEM characterization

SEM images of raw AC, prepared (CH-AC-I and
CH-AC-C) and Pd(II)-adsorbed (Pd-E-CH-AC-C) adsor-
bents are illustrated in Figs. 2(a)-(d). It can be observed
from Fig. 2(a) that raw activated charcoal had regular plain
sponge-like surface. Figs. 2(b) and (c) indicate progressive
changes and well-developed pores on AC surface for chi-
tosan-impregnated AC and cross-linked AC adsorbents. The
pore formation of CH-AC-I and CH-AC-C is due to chitosan
bonding with the adsorbent surface. Due to this, enabled
structural changes occurred and contributed to alterations
in porous structure. In addition, Fig. 2(d) conveys structural
variation in the adsorbent that was brought forward by Pd(II)
adsorption on active sites of CH-AC-C adsorbent.

3.2.3. FTIR analysis

FTIR analysis was conducted for raw AC, CH-AC-],
CH-AC-C adsorbents and Pd(II)-adsorbed CH-AC-C adsor-
bents. Additional nomenclature in the article refers to Pd-E-
CH-AC-C for Pd(Il)-adsorbed cross-linked chitosan—AC
adsorbent that was obtained after adsorption with ELP
solution and Pd-E(S)-CH-AC-C refers for Pd(Il)-adsorbed
cross-linked chitosan—AC adsorbent obtained after adsorp-
tion with CTAB-containing ELP solution. The FTIR spectra
for all adsorbents are presented in Fig. 3. FTIR analysis indi-
cated existence of several functional groups on adsorbent
surface. For the raw sample (AC), several peaks exist at wave
numbers of 3,526, 3,300, 2,416, 2,328, 1,721, 1,520, 1,330 and
970 cm™. For CH-AC-I sample (chitosan-impregnated AC)
peaks exist at wave numbers of 3,514, 3,309, 2,412, 2,301,
1,764, 1,521, 1,336 and 960 cm™. For CH-AC-C (cross-linked
chitosan-AC), peaks can be observed at wave numbers of
3,512, 3,309, 2,420, 2,303, 1,732, 1,525, 1,350 and 966 cm™.
For Pd-E-CH-AC-C and Pd-E(S)-CH-AC-C adsorbent sam-
ples (obtained after Pd(II) adsorption with ELP solutions),
peaks exist at 3,520, 3,290, 2,418, 2,295, 1,759, 1,529, 1,328
and 956 cm™. Thus, several spectral peaks can be observed to
have shifted from low to high intensity. Spectral-functional

group interactions indicate OH stretching (3,500 cm™), C-H
aliphatic stretching (2,920 cm™), -O-CH, of alkoxy group
(2,858 cm™), C-H aldehydes (2,720 ecm™), C=O aromatic
stretching (2,350 cm™), stretching of C-O or O-H deforma-
tion in carboxylic acids (1,747 cm™), C-O stretching of aro-
matic ethers, esters and phenols (1,280-1,240 cm™), C-C
stretching (700 cm™). It is well known that oxygen of OH
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Fig. 1. BET surface area plots for CH-AC-C adsorbent: (a) BET
isotherm (Type IV); (b) adsorption BJH pore volume and pore
area distribution and (c) desorption BJH pore volume and pore
area distribution.
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Fig. 2. SEM micrographs for various adsorbent samples. (a) Raw AC, (b) CH-AC-], (c) CH-AC-C and (d) Pd-E-CH-AC-C.
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Fig. 3. FTIR spectra of raw AC, CH-AC-I, CH-AC-C, Pd-E-CH-
AC-C and Pd-ES-CH-AC-C adsorbents.
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bond has two lone pair of electrons that enables bonding of
positively charged metal ions. Similarly, O-CH,, C=0O, CHO,
COOH, C=0O have lone pair of electrons on which Pd(II)

undergoes chemisorption [12]. Therefore, FTIR spectral anal-
ysis conveys that strong possibilities exist for irreversible
chemisorption and these have to be quantitatively analyzed
from adsorption and desorption studies.

Based on the SEM characterization and FTIR analysis,
a graphical representation of the impregnated and cross-
linked chitosan-AC composite adsorbents is presented in
Fig. 4. The graphical representation in the figure is based
on the following reasoning and analysis. The FTIR analysis
indicates no variations in the peaks correspond to various
functional groups for all samples (AC, impregnated AC and
cross-linked AC samples). Hence, it is affirmed that chem-
ical changes did not occur to the samples on cross-linking
or impregnation. In general, AC has micropores and meso-
pores and on impregnation, the organic moieties might have
blocked the pores to significantly reduce the surface area and
pore volume. This is confirmed by the BET surface analysis of
impregnated samples. However, after cross-linking activity, it
can be observed that the BET surface area enhanced with no
additional functional groups evaluation after FTIR analysis.
Hence, it is presumed that cross-linking facilitated structural
alterations due to oxalic acid-based treatment and thereby
promoted enhanced adsorption of chitosan to the micropo-
rous and mesoporous structure. It is further to be noted that
while impregnated is a mere physical activity, cross-linking
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Raw Activated Charcoal

Surface area = 1057 m?/g
Total pore volume = 0.6567 mL/g

Chitosan Impregnated Activated charcoal
Surface area = 787 mZ/g
Total pore volume = 0.5227 mL/g

Chitosan Cross-linked Activated charcoal
Surface area = 1317 m%/g
Total pore volume = 1.1117 mL/g

Fig. 4. Pictorial representation of cross-linked and impregnated chitosan—AC composite adsorbents.

involved digestive process. Therefore, it is hypothesized that
the adopted cross-linking procedure facilitated structural
alterations in the AC porous morphology and thereby pro-
vided higher surface area of the cross-linked AC adsorbent.
Hence, the adopted procedure is regarded to be excellent due
to the fact that cross-linking allowed both effective adsorp-
tion of chitosan to the AC microporous structure as well as
enhancement in the structural morphology of the AC adsor-
bent. The available literature data do not elaborate on the
presented hypothesis but is indicative to the very fact that
cross-linked AC with chitosan using procedure followed in
this work provided higher CO, capture from biohydrogen,
biogas and flue gas mixtures [20]. The cross-linked chitosan
has been reported to have higher surface area than AC in the
said literature. Hence, these observations in the literature are
affirming to the above presented hypothesis.

3.3. Batch adsorption

To analyze adsorption performance of CH-AC-C, opti-
mality of adsorption parameters, such as pH, contact time
and adsorbent dosage, was evaluated based on hierarchical
selection procedure. For these experimental investigations,
synthetic ELP solution without CTAB surfactant was used.
Optimum solution pH was assessed by considering fixed
choice of adsorbent dosage (2 g-L™), contact time of 360 min
and an initial Pd(II) solution concentration of 50 mg-L™. At
optimum pH of 12, second set of batch adsorption experi-
ments were conducted with varying time intervals and fixed

value of adsorbent dosage (2 g-L™). The initial Pd(II) solution
concentration was 50 mg-L™. After identifying optimal con-
tact time as 300 min and pH as 12, third set of batch adsorp-
tion experiments were conducted for optimum contact time,
pH (obtained from first and second sets of adsorption experi-
ments), 50 mg-L™ Pd(II) solution concentration and with vari-
ant adsorbent dosage from 1 to 7 g-L™".

3.3.1. Effect of pH

Fig. 5(a) presents the effect of pH on the Pd(II) adsorption
characteristics using CH-AC-C adsorbent. For variation in
pH and contact time from 2 to 14 and 50 to 300 min, respec-
tively, the Pd(II) removal percentage and adsorption capac-
ities of CH-AC-C varied from 35.96% to 81.16% and 8.99 to
20.29 mg-g™, respectively. The figure also confirms that the
maximum removal percentage of 87.36% at a metal uptake of
21.84 mg-g™ can be obtained at 12 pH, which is the optimal
pH for the adsorbent. In this regard, it is important to note
that the literature conveys that for Biopolymer modified car-
bon (BPMC) adsorbent and aqueous Pd(II) solutions, for the
batch adsorption parameters of 2 pH, 300 min contact time
and 10 gL' adsorbent dosage, the Pd(II) removal percent-
age and capacity are 98% and 16.98 mg-g™ respectively [12].
Thus, it can be seen that characteristics of Pd(II) adsorption
on CH-AC-C for synthetic ELP solutions were significantly
lower than those obtained for aqueous solutions. Solution pH
affects metal ion solubility, concentrations of counter ions on
functional groups of adsorbent and degree of ionization of the
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Fig. 5. Effect of variation in (a) pH, (b) contact time and (c) adsor-
bent dosage on adsorption capacity and removal efficiency using
CH-AC-C adsorbent.

adsorbate. As shown, metal removal enhanced with increas-
ing pH from 2 to 12 and eventually declined at higher pH. This
is due to the fact that at low pH, H" enables protonation effect
and this does not favour adsorption of Pd(II) on AC [25,33].
As pH increases, protonation effect reduces and availability
of OH" on adsorbent surface favours electrostatic attraction
of PA(II) ions. Beyond pH 12, there might be complexification
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of EDTA and NH, with Pd(Il) and this is not favourable for
the adsorption of Pd(Il) onto CH-AC-C. Observed pH for
maximum adsorption was at 12. The obtained optimal pH
for CH-AC-C adsorbent is in good agreement with the opti-
mal pH of 10.5 reported in the literature for Pd(II) adsorption
from leached cyanide solutions on AC adsorbent [34].

3.3.2. Effect of contact time

Fig. 5(b) shows variation of metal uptake and removal
efficiency with contact time. As indicated, for a pH of 12 and
adsorbent dosage of 2 g-L, a variation in contact time from
50 to 400 min facilitates a variation in removal percentage
and capacity from 65.9% to 85.20% and 16.49 to 21.29 mg-g™,
respectively. From Fig. 5(b), it can be observed that optimal
contact time is 300 min at which maximum percentage removal
(85.16%) and metal uptake (21.26 mg-g™) can be observed.
For BPMC adsorbent reported in the literature that deployed
aqueous Pd(II) solutions, with batch adsorption parameters
of 2 pH, 300 min contact time and 10 g L™ adsorbent dosage,
the removal percentage and capacity are 98% and 16.8 mg-g™,
respectively [12]. Hence, it has been once again inferred that
the adsorption characteristics of ELP solutions are quite dis-
tinct from those reported for aqueous solutions.

3.3.3. Effect of dosage

Fig. 5(c) depicts the effect of adsorbent dosage on adsorp-
tion capacity and removal efficiency with variation in adsor-
bent dosage. For an optimal pH and contact time of 12 and
300 min, respectively, the adsorbent removal percentage
and capacity can be evaluated to vary from 32.96% to 95.46%
and 1649 to 6.81 mg-g”’, respectively, for a variation in
adsorbent dosage from 1 to 7 g-L™". The maximum removal
percentage (97.04%) and capacity (8.08 mg-g™) exist at an opti-
mal adsorbent dosage of 6 g-L™. The literature conveys that
for BPMC adsorbent and Pd(II) aqueous solutions, the opti-
mal adsorbent dosage is 10 g-L! at which the capacity and
removal percentage have been evaluated as 6.8 mg-g™ and
98%, respectively. Hence, it is evident that the optimal dosage
reported in the literature (BPMC adsorbent) for aqueous solu-
tions is higher in comparison with that obtained for CH-AC-C.
However, removal percentage is higher in the literature than
that obtained in this work and capacity is higher for CH-AC-C
adsorbent than BPMC [12]. Therefore, it is essential to exper-
imentally investigate the adsorbent for application with ELP
solutions and the assumption to consider adsorbent charac-
teristics for aqueous and ELP solutions are similar is errone-
ous. The lower optimal dosage of the adsorbent (6 g-L™) is due
to the higher adsorbent surface area (1,317 m*g™).

3.3.4. Effect of initial Pd(1I) solution concentration

Based on preliminary batch adsorption experiments con-
ducted for CH-AC-C adsorbent, the optimum set of adsorp-
tion parameters are 12 pH, 300 min contact time and 6 g-L™
adsorbent dosage. Corresponding optimal parameters for both
CH-AC-T and CH-AC-IS adsorbents have been evaluated as
10, 300 min and 6 g-L™ respectively. For CH-AC-C adsorbent,
synthetic ELP solutions with and without surfactant were
investigated to evaluate the role of initial Pd(II) concentration.
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For CH-AC-I and CH-AC-IS adsorbents, synthetic ELP solu-
tions without CTAB surfactant were used for evaluating initial
concentrations effect. For all cases, Pd(II) concentration was
varied from 50 to 500 mg-L™. For the cases where CTAB was
considered, the concentration of surfactant was 2 CMC.

Figs. 6(a) and (b) present the variation of removal percent-
age and adsorption capacity for all cases. These correspond
to Pd(II) adsorption from synthetic ELP solutions for various
cases, namely (a) case without surfactant on CH-AC-I adsor-
bent, (b) case without surfactant on CH-AC-IS adsorbent, (c)
case without surfactant on CH-AC-C adsorbent and (d) case
with surfactant on CH-AC-C adsorbent. For comparison,
literature data for Pd(II) adsorption from aqueous solutions
on BPMC adsorbent have been presented. For a variation in
Pd(II) solution concentration from 50 to 500 mg-L™, high-
est Pd(II) removal percentage was obtained for case (d)
(98.04%-88.87%) followed by case (c) (97.04%-84.17%), case
(b) (78.78%-51.41%) and case (a) 68.78%-34.81%. In compari-
son with literature, only CH-AC-C adsorbent provided better
percentage removal than values reported for BPMC. Thus,
the prepared adsorbent was effective for Pd(II) adsorption
from synthetic ELP solutions, with and without addition of
CTAB surfactant.

It can be also analyzed from Fig. 6(b) that adsorption
capacity increased almost linearly with an increase in initial
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Fig. 6. Effect of initial Pd(II) solution concentration on Pd(II)
adsorption characteristics for CH-AC-I, CH-AC-IS, CH-AC-C
adsorbents: (a) percentage removal and (b) adsorption capacity.

feed concentration. A comparison of adsorption capacity
for all cases with literature confirms that only CH-AC-C
gave higher values of adsorption capacity. The adsorp-
tion capacities have been evaluated to be best for case (d)
(8.17-74.06 mg-g™) followed by case (c) (8.08-70.14 mg-g™),
case (b) (6.56—42.54 mg-g™) and case (a) (5.73-29.01 mg-g™).
Thus, based on adsorption capacity and percentage removal
profiles for various adsorbents, it can be inferred that
cross-linked chitosan composites perform better than chi-
tosan-impregnated adsorbents. Although literature data do
not confirm the efficacy of chitosan-impregnated adsorbents,
this work confirmed that impregnation is ineffective to max-
imize Pd(II) removal percentage and adsorption capacity of
composite adsorbents. Thus, cross-linking of chitosan needs
to be thoroughly evaluated from preparation as well as pro-
cess engineering perspectives. The significant variation in
Pd(II) characteristics for CH-AC-C adsorbent in comparison
with BPMC [12] is possibly due to variation in solution pH
(which was 2 in literature and 10-12 for investigated cases)
and inclusion of other chemicals such as disodium EDTA,
NH, and optional CTAB surfactant [12,34].

The prepared synthetic ELP solutions are in basic pH
range and in this range, it is well known that chitosan is
chemically stable. From available literature, it has been found
that chitosan is chemically unstable for a pH less than 6 and
greater than 13. During several pH studies conducted for
both impregnated and cross-linked adsorbents, no weight
loss has been existent for both impregnated and cross-linked
adsorbents in the pH range of 2-13. However, as a general
precautionary rule, it can be envisaged that the prepared
adsorbents are highly promising to serve as adsorbents in
the pH range of 6-13 and are not recommended for Pd(II)
from acidic media due to the limitation of chitosan. Hence,
the suggested methodology to recover Pd(II) from synthetic
ELP solutions (in basic pH range) using said cross-linked
adsorbent is valid.

3.4. Modelling
3.4.1. Batch equilibrium models

For all cases, Figs. 7(a) and (b), respectively, illus-
trate fitness plots of batch adsorption data with Langmuir
and Freundlich isotherm models. The cases correspond
to (a) CH-AC-I using ELP solutions without surfactant,
(b) CH-AC-IS using ELP solutions without surfactant, (c)
CH-AC-C using ELP solutions without surfactant and (d)
CH-AC-C using ELP solutions with 2 CMC CTAB concen-
tration. For these cases, the regression coefficient (R?) values
are 0.915, 0.926, 0.951 and 0.832 (cases (a), (b), (c) and (d)),
respectively. Corresponding separation factor (K,) values are
0.266, 0.001, 0.298 and 0.308 for cases (a)—(d), respectively,
and these convey that the adsorbents are favourable for the
adsorbent. Other parameters including Langmuir constant
are presented in Table 3.

Among all cases, Pd(Il) adsorption on CH-AC-C (case
(d)) provided best fitness for Langmuir isotherm with an
estimated monolayer adsorption capacity of 95.23 mg-g™.
Corresponding experimentally obtained monolayer capacity
for CH-AC-C are comparable (70.14 and 74.06 mg-g™ respec-
tively, for cases without and with CTAB surfactant contained
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Pd(II) solution concentration of 50-500 mg-L™). These val-
ues are higher than reported values of adsorption capacity
(43.48 mg-g") for a solution concentration of 300 mg-L™.
Based on evaluated RMS error values, it can be concluded
that significant error exists for fitness of Langmuir isotherm
and model fitness is not promising.

For all cases, Fig. 7(b) represents fitness plot for batch
adsorption data with Freundlich isotherm model. Regression
coefficient (R?) values correspond to 0.987, 0.994, 0.996 and
0.997 for cases (a)—(d), respectively. Thus, it can be concluded
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Fig. 7. Fitness of (a) Langmuir and (b) Freundlich isotherm mod-
els for Pd-CH-AC-I, Pd-CH-AC-IS and Pd-CH-AC-C cases.

that Freundlich isotherm had good fitness with measured
data. Table 4 summarizes Freundlich isotherm parame-
ters obtained for various cases. For various cases, it can be
observed that k, and 7 varied from 1.23 to 7.29 and 11.17 to
1.15. Thus, it is apparent that heterogeneous phenomena
occur for Pd(Il) adsorption from ELP solutions without and
with CTAB surfactant using CH-AC-C adsorbent. For com-
parison purposes, it can be noted that for BPMC adsorbent,
Sharififard et al. [12] reported the fitness of Freundlich iso-
therm with parameters such as regression coefficient (R?), k
and n specified as 0.99, 8.11 and 2.08, respectively, for Pd(II)
solution concentration of 50-300 mg-L™"

A comparative assessment of Pd(II) adsorption charac-
teristics obtained for CH-AC-I, CH-AC-IS and CH-AC-C
adsorbents and literature data are presented in Table 5. Pd(II)
adsorption characteristics of commercial activated carbon and
laboratory prepared BSAC were comparable for various cases
such as agitation and sonication-assisted adsorption. Among
all adsorbents, only CH-AC-C provided excellent adsorption
characteristics. Deviations in solution formulations need to be
noted for comparative purposes, as literature data correspond
to aqueous solution-based Pd(Il) adsorption, which is not
the case in this study. Summarizing the comparison, it can be
concluded that the CH-AC-C adsorbent is effective for Pd(II)
adsorption and reuse from spent ELP rinse waters [35]. Further
experimentation in this regard is necessary. Preliminary
desorption studies have been targeted in this study to indicate
the efficacy of the adsorbent for Pd reutilization purpose.

3.4.2. Fitness of kinetic models

Among pseudo-first-order and pseudo-second-order
kinetic models, the measured kinetic data during Pd(II)
adsorption on CH-AC-C using CTAB-containing solutions,
pseudo-first-order model did not fit well (not shown).
However, good fitness is apparent for second-order kinetic
model. Fig. 8 presents the fitness of second-order kinetic
model for measured kinetic data for the case of 2 CMC sur-
factant solution concentration and Pd(II) solutions with vari-
ant concentrations of 50-500 mg-L™. Corresponding model
parameters and errors are summarized in Table 6. As pre-
sented in Table 6, there is a good agreement with the g, values
determined experimentally and from pseudo-second-order
model. Similar modelling trends exist for data obtained with
other sets of Pd(II) solution concentrations.

3.5. Desorption studies

Table 7 summarizes the eluent efficiency of CH-AC-C
adsorbent. CH-AC-C adsorbent that attained saturated

Table 3

Summary of Langmuir model fitness parameters to represent Pd(Il) batch adsorption on CH-AC-I, CH-AC-IS and CH-AC-C
adsorbents

Case R? 9o (M) b K, RMS error
Pd-CH-AC-I 0.915 38.02 0.00723 0.2982 8.78

Pd-CH-AC-IS 0.926 58.82 0.00878 0.0016 6.14

Pd-CH-AC-C 0.951 90.91 0.03486 0.26603 13.95
Pd-CH-AC-C-S 0.832 95.23 0.04024 0.308752 21.68
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adsorption state with 300 mg-L? initial Pd(I) solution
concentration was evaluated for its elution efficiency in the
conducted batch desorption study. For the case, the exper-
imentally determined capacity corresponds to 44.35 mg-g™.
Based on the Pd(II) solution concentrations obtained after
desorption study, it has been evaluated that Pd(Il) elution
efficiency is significantly lower using 0.1 M HCI. For this
case, the equilibrium Pd(II) concentration on the adsorbent
after desorption has been estimated to be 43.11 mg-L, which
is very high and hence not promising. This corresponds to
a desorption efficiency of 2.8% for 0.1 M HCl. For NaOH-
based desorption study, equilibrium concentration has been
estimated to be about 33.84 mg-L ™ which is significantly high
and conveys a desorption efficiency of 23.67%. On compar-
ing desorption efficiency for the two cases, it can be observed
that NaOH gave a higher desorption performance. Hence,
the use of a strong base like NaOH is favourable for desorp-
tion studies of Pd(II) adsorbed from spent ELP solutions.

The overall desorption efficiency is not significantly high
or promising for chitosan—AC adsorbents. Therefore, the
applicability of Pd(II)-adsorbed CH-AC-C for desorption is
limited and product development by targeting methodolo-
gies such as catalysis would be appropriate to serve as appli-
cation for Pd(I)-adsorbed CH-AC-C adsorbent. Further,
lower desorption efficiencies confirm irreversible chemisorp-
tion and this is in agreement with the insights gained from
FTIR spectral analysis.

Table 4

Summary of Freundlich isotherm fitness parameters to represent
Pd(II) batch adsorption on CH-AC-I, CH-AC-IS and CH-AC-C
adsorbents

Case R? kf n RMS
error
Pd-CH-AC-I 0.987 1.228 11.173 1.108
Pd-CH-AC-IS 0.994 1.634 4.686 0.5562
Pd-CH-AC-C 0.996 6.06 1.278 0.5219
Pd-CH-AC-C-S 0.997 7.29 1.1587  3.8752
Table 5

Pd(II) adsorption capacities of various adsorbents

289

4, Conclusions

This work provided several important inferences based
on carried out rigorous experimental investigations. First,
impregnation process allowed 50%—60% chitosan adsorption
to AC porous structure but reduced its surface area, which
is not the case for CH-AC-C adsorbent. Second, the best per-
forming CH-AC-C adsorbent provided optimal adsorption
characteristics at 12 pH, 300 min contact time and 6 gL
adsorbent dosage. Third, the adsorbent provided compar-
atively better adsorption capacities and Pd(II) removal per-
centage from synthetic ELP solutions than aqueous solutions
[12]. Desorption studies affirmed maximum desorption
(23.6%) with 0.1 N NaOH solutions which is not promising
for Pd(Il) reuse applications. Hence, based on promising
adsorption characteristics but not desorption characteristics,
the CH-AC-C adsorbent is suggested to be applicable as a
catalyst after Pd(II) adsorption for low temperature appli-
cations such as hydrogenation in wastewater streams [36],
hydrodechlorination of phenols [37] and in situ H,0O, genera-
tion for phenol dehydration [38,39].

@® Psuedo-second-order model

t/qt

0 100 200 300 400 500
Time (min)
Fig. 8. Fitness of pseudo-second-order kinetic model for

CH-AC-C adsorbent with 2 CMC CTAB-containing Pd(II) syn-
thetic ELP solutions.

Adsorbent Type of solution Pd solution concentration ~ Adsorbent capacity Reference
(feed; mg-L™) (mg-g™)

CH-AC-I Synthetic ELP solution 50-500 5.73-29.01 Present work

CH-AC-IS 6.5-42.84

CH-AC-C 8.08-70.14

CH-AC-C ELP solution + CTAB 8.17-74.06

Activated carbon Aqueous chloride 20-225 1.5-27 [9]
solution

Thiourea-modified Aqueous 10-400 8.28-112.4 [10]

chitosan microspheres

Activated carbon Pd (A) 50-300 5.3-35.7 [11]

BPMC 6—43.4

Racomitrium lanuginosum  Aqueous 25-300 5-30.2 [31]
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Table 6

Model parameters for pseudo-second-order model to represent Pd(II) adsorption kinetics of CH-AC-C adsorbent and 2 CMC CTAB

containing synthetic ELP solutions

C, (mgL™") g, (mgg?) R? k,=x 107 Error
Exp Cal (g'mol-min™) RMS Average Maximum Minimum
50 21.3 22.5 0.9996 221 1.47 1.17 3.62 0.06

Table 7

Batch desorption characteristics of CH-AC-C adsorbent prepared with 300 mg-L™ initial Pd(IT) solution concentration

Reagent used Chemical used  Adsorbent capacity  Final solution

Equilibrium adsorbent Percentage recovery

(mg-g™) concentration (mg-L!)  concentration (mg-g™)
HCl 0.1M 44.345 2.96 43.106 2.792
NaOH 0.1M 44.345 25.6 33.835 23.698
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