Taylor & Francis
Taylor & Francis Group

Green Chemistry Letters and Reviews

ISSN: 1751-8253 (Print) 1751-7192 (Online) Journal homepage: https://www.tandfonline.com/loi/tgcl20

Preparation, characterization and application of
sorbent envelopes with Carica papaya seeds and
Citrus grandis rind for cationic dyes removal

M. Q. Ho &S. F. Y. Li

To cite this article: M. Q. Ho & S. F. Y. Li (2019) Preparation, characterization and application of
sorbent envelopes with Carica papaya seeds and Citrus grandis rind for cationic dyes removal,
Green Chemistry Letters and Reviews, 12:3, 343-352, DOI: 10.1080/17518253.2019.1643927

To link to this article: https://doi.org/10.1080/17518253.2019.1643927

A
© 2019 The AUthOF(S). Published by Informa b View Supp|ementary material @
UK Limited, trading as Taylor & Francis

Group
@ Published online: 05 Aug 2019. Submit your article to this journal &
. ' A
||I| Article views: 1870 & View related articles &'

RN

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tgcl20


https://www.tandfonline.com/action/journalInformation?journalCode=tgcl20
https://www.tandfonline.com/loi/tgcl20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17518253.2019.1643927
https://doi.org/10.1080/17518253.2019.1643927
https://www.tandfonline.com/doi/suppl/10.1080/17518253.2019.1643927
https://www.tandfonline.com/doi/suppl/10.1080/17518253.2019.1643927
https://www.tandfonline.com/action/authorSubmission?journalCode=tgcl20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tgcl20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17518253.2019.1643927
https://www.tandfonline.com/doi/mlt/10.1080/17518253.2019.1643927
http://crossmark.crossref.org/dialog/?doi=10.1080/17518253.2019.1643927&domain=pdf&date_stamp=2019-08-05
http://crossmark.crossref.org/dialog/?doi=10.1080/17518253.2019.1643927&domain=pdf&date_stamp=2019-08-05

GREEN CHEMISTRY LETTERS AND REVIEWS
2019, VOL. 12, NO. 3, 343-352
https://doi.org/10.1080/17518253.2019.1643927

Taylor & Francis
Taylor &Francis Group
8 OPEN ACCESS

Preparation, characterization and application of sorbent envelopes with Carica
papaya seeds and Citrus grandis rind for cationic dyes removal

M. Q. Ho® and S.F. Y. Li ®2P

®Department of Chemistry, National University of Singapore, Singapore. Singapore; PNational Environment Research Institute (NERI), Singapore,
Singapore

ARTICLE HISTORY
Received 30 December 2017
Accepted 11 July 2019

ABSTRACT

The sorption of cationic dyes was studied using sorbents derived from pulverized papaya seeds
and pomelo rind. A convenient fixed sorbent envelope protocol with methods for quality check
on the readiness of sorbent material for subsequent sorption was developed. Sorbents based
on papaya seeds had higher affinity for methylene blue and brilliant green dyes than pomelo
rind. Amongst Langmuir, Freundlich and Temkin isotherms, the sorption of both cationic dyes
fitted the Langmuir isotherm best. The multi-step linearity behavior on the intra-particle
diffusion model with a positive intercept indicated that intra-particle diffusion was not the sole
sorption rate-determining factor. The utility of the envelope protocol as a convenient
evaluation method for sorbent characteristics and effectiveness was also demonstrated. Magic
angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy was explored and found
to differentiate between the two fruit wastes and had the potential for elucidating sorbent-
sorbate interactions.
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Introduction

Sorption with sorbents derived from agricultural waste
generated growing interest amongst researchers as evi-
denced by several reviews in literature (7-9). Various
methods have been used to treat these types of sorbent
materials before sorption studies, as highlighted in a
review by Patel (8). However, detailed sorbent preparation
methods were seldom given together with sorption
capacity for target pollutants. This may be due to investi-
gators using sorbent materials as they are or with
minimal preparation to maintain their cost-effectiveness.
An attempt was made here to use chemical oxygen
demand (COD) and conductivity contributions of the
agro-waste in the water used for cleaning to define the
state of the biomaterial before use as sorbents. Depending
on the subsequent remediation stage, a certain level of
COD could be desirable and a COD determination of the

and sorbent-dye
interactions

sorbent cleaning effluent could provide an estimate of
the contribution of organic content by the sorbent
material into the water. In addition, conductivity measure-
ment would give an idea of the inorganic contribution by
the agro-waste under sorption conditions.

As landfill options were un-attractive for solid wastes
like fruit wastes from plantations and juice makers, the
utilization of such wastes for water remediation was
also investigated. Carica papaya seeds were reported
to form up to 15-22% of the papaya fruit (10-12). The
reported sorption capacity for methylene blue (MB) dye
were 555.557 mg/g (13) for C. papaya seeds, 769 mg/g
for non-defatted papaya seeds and 1250 mg/g for
defatted papaya seeds (74), and 344.83 mg/g (75) and
133 mg/g (16) for Citrus grandis rind. C. grandis rind
were found to contain up to 30% pectin and to consti-
tute close to 40-50% of the fruit (717). The potentially
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high % solid wastes available from C. papaya and
C. grandis fruit, juice and confectionary production,
together with the reported high MB dye sorption
capacity make it worthwhile to investigate their potential
as sorbent materials. Therefore, a comparative study of
pomelo peel and papaya seeds in sorption using a sim-
plified envelope protocol was carried out.

For the harmonization of a protocol for sorbent per-
formance evaluation (78), several factors had been high-
lighted in a study of fungal by-products for removal of
metallic pollutants including, preparation of sorbent,
sorbate concentration ranges, sorbent-to-sorbate ratio,
and conditions of monitoring methods, just to name a
few. Here the sorption of C. grandis rind and C. papaya
seeds for MB and brilliant green (BG) dyes were com-
pared using both the standard protocol reported in lit-
erature and a simplified envelope protocol developed
in this study. The Langmuir, Freundlich and Temkin iso-
therm fits, together with pseudo-second order and
intra-particle diffusion plots were used to validate the
proposed envelope protocol for sorbent performance
evaluation. In addition, magic angle spinning nuclear
magnetic resonance (MAS NMR) and Fourier Transform
Infrared (FTIR) spectroscopies were used to confirm the
presence of sorbent surface sites responsible for
sorbent-sorbate interactions, and to obtain new insights
for determining the quality of the sorbents and charac-
terizing the sorbent-sorbate interactions.

Experimental
Sorbates and chemicals

MB and BG dyes were selected for this study as they can
be model cationic dyes. MB dye had been a popular
choice as sorbate for sorption studies (713-16) as evi-
denced by a dedicated review on the sorption of MB
dye (6). MB and BG dyes are structurally different from
each other with MB dye having a relatively flat 3-D struc-
ture. Cationic sorbates are expected to have high sorp-
tion onto largely anionic surfaces of fruit waste
biomass. These dyes had high solubility in water and
MB dye sorption had been widely reported. The intent
of this paper is to assess and compare different aspects
of sorbent behavior for bulk removal of dyes from
water using a laboratory protocol.

Sorbent type and preparation

C. papaya (papaya) seeds and C. grandis (pomelo) rind
were selected here due to their reported advantages
such as minimal pre-treatment needed and high
affinities for MB dye. As the aim was to show the

utility of the envelope protocol, both papaya seeds
and pomelo rind were used in the optimization and
comparison studies. These fruits were purchased from
a local supermarket. The papaya fruit was from Malaysia
and the pomelo fruit was from Thailand. Upon separ-
ating from the edible portion, the papaya seeds and
pomelo rind were sun-dried for five to seven days
after which they were pulverized with a coffee
grinder, sieved to required size and stored in desiccators
before use. They were cleaned with water either in a
column set-up or in envelopes prior to sorption exper-
iments. Cleaning of sorbent by the column method
involved packing the material in a glass column and
passing water through it till the spent water was color-
less and conductivity values were less than 5 uScm™".
No further preparation was performed on the sorbent
material other than cleaning with water. Conductivity
measurements were made on a HACH Q40D Multi-ver-
satile pH-Oxygen-Conductivity meter and pH determi-
nations were performed with Metrohm 827 pH Lab
meter. Upon cleaning or chemical treatment, the
sorbent were dried in a 70°C oven. The solid sorbent
before and after sorption were characterized using
BET (Brunauer, Emmet and Teller) surface analyses and
CHNS measurements, FTIR and MAS NMR. BET surface
analyses were performed using a Micrometrics ASAP
2020 Surface Analysis and Porosity Analyzer, using N,
at 77 K. CHNS measurements were made on an Elemen-
tar Vario Micro Cube Analyzer. FTIR analyses on KBr disc
were performed on a Bio-Rad Excalibur Series Infrared
spectrometer with Varian Resolution 4.0 software. MAS
NMR scans were obtained using Bruker 400 with
Xwinnmr 2.6 software and signal processing was per-
formed with TopSpin 1.3 software.

Sorption and desorption

Free and fixed sorbent processes

Free sorbent process had been most widely employed
in current sorption research which involved weighing
a fixed amount of sorbent material and allowed it to
come into direct contact with the dye sorbate solutions
in stoppered flasks or bottles (79). A further step to sep-
arate the sorbent with dye pollutant from the sorbate
solution was required to determine the concentration
of the dye in solution. Another common process used
was the column protocol (20, 27) where the sorbent
was packed into columns or discs and the sorbate sol-
ution was allowed to pass through the column for sorp-
tion to occur. Here, a fixed sorbent envelope protocol
i.e. a modified “tea-bag” procedure (22, 23) was
studied. This involved packing the sorbent material
into envelope form prior to suspending it in sorbate



solutions for sorption experiments. A comparison of the
advantages and disadvantages of these protocols are
summarized in Table 1.

Equilibrium studies

Equilibrium studies at several different concentrations
were conducted. 0.05-0.06 g of sorbent powder was
allowed to contact with 20 mL MB or BG dye solutions
in water of varying concentrations (1, 10, 20, 50, 100,
200 mg/L) in glass culture tubes with screw-cap or
100 mL conical flasks with stopper, allowed to equilibrate
overnight before determination of dye concentration in
solution with UV spectroscopy using the free sorbent
process reported widely in literature (73-16). The wave-
lengths for maximum absorbance were 664 nm for MB
dye and 623 nm for BG dye.

Kinetics and thermodynamics studies

For kinetics study, 0.5-1.0 g of sorbent powder was
allowed to contact with 200 or 250 mL of dye solution
with 30 mg/L using both free sorbent and fixed sorbent
envelope technique. For kinetic and thermodynamic
studies, larger amounts of sorbent then that for the
equilibrium studies were used to allow sorbate sol-
utions to be drawn over different time intervals and
at different temperatures. This also permitted
sufficient dye-laden sorbent to be collected for sub-
sequent characterization experiments. At regular time
intervals of 15-60 min within the first 3 h and sub-
sequently on hourly basis thereafter for up to 24 h,
samples of the sorbate solutions were drawn for UV
analysis. For thermodynamics study, 0.5 g of sorbent
powder was allowed to equilibrate at 25°C (298 K),
40°C (313 K) and 50°C (323 K) overnight before the con-
centration of the dye in each of the sorbate solution
was determined by UV analysis.

Desorption
The sorbent powder system was allowed to be saturated
with the BG dye by allowing 1 g of sorbent to equilibrate

Table 1. A comparison of enveloped and free sorbent systems.
Free sorbent Fixed sorbent

Fixed sorbent

Factors process process envelope
Sorbate contact Best Better with Mass diffusion
slower flow- dependent
rate
Sorbent-sorbate Required Not required  Not required
separation for
monitoring
Process scalability Complex Expensive Simple and
Economical
Material re-usability ~ Poor Good Best

Limitations Material loss Pumps needed No material loss using
sieve cloth of right

size
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overnight with a low concentration of 5 mg/L of dye
sorbate solution followed by a second equilibration
with a higher concentration of 150 mg/L of dye sorbate
solution till concentration of dye sorbate solution
remained constant based on UV analysis. It was noted
that the sorbent could swell during first stage equili-
brium and dye molecules could get into interaction
sites readily at the second stage equilibrium. The dye-
laden sorbent powder was allowed to undergo deso-
rption in water-ethanol mixtures. Concentration of
dyes in the aqueous mixtures were measured with UV
analysis over time for desorption studies.

Results and discussion
Sorbent characterization

Surface area, elemental analysis, pH at point zero
charge determination

The BET surface area and porosity data in Table 2 show
that papaya seed (PAP) sorbent exhibits larger pore
size, surface area and pore volume than pomelo rind
(OP) sorbents. From CHNS elemental analysis data
shown in Table 3, papaya seed cleaned with water
using column set-up (PAw) had lower P content, slightly
higher C/N ratio than pristine papaya seed (Pau) (13.3 vs.
11.1 resp.). Pristine papaya seed had a lower C/N ratio
than pristine pomelo rind (POu) (11.1 vs. 38.0). pH
measurements at point zero charge (pH,,) were made
using the immersion technique (24). The values were
found to be 3.54-3.97 for pristine pomelo rind, 6.95 for
pre-boiled papaya seed and close to 6 for pristine
papaya seed, as shown in Table 4. The pH,,. for defatted
papaya seed was reported to be around 6 (74). A value of
3.5 had been reported for orange rind (25) which was
part of the Citrus family that pomelo belonged to.
Although pH,. was found to be not useful for directly
elucidating sorption mechanism, it gave an idea of the
overall surface charge of the sorbent under study and
thus the sorbent natural affinity for a specific class of sor-
bates or target pollutants. With a lower than neutral

Table 2. BET surface area and pore size analysis.

OP 150- OP>  PAP> PAP not
Parameters 300 300 355 PA 80 sieved
BET surface area (mz/g) 0.4249 04957 0.6480 0.5539 0.8277
BET pore size (nm) 6.283 7.747 8362 17.172 15.778
BJHads pore volume 1.865 2,067  3.093 4.385 6.476

(1072 em’/g)
BJHdes (10~° cm®/qg) 1839 2374 3073 4372 6.521

Notes: OP 75-150 = fresh pomelo rind sieved to 75-150 um; PAP > 355 =
papaya seeds sieved to 355 pm. PA 80 =papaya seeds: pomelo rind
80:20 respectively on weight basis. BJHads pore volume = BJH adsorption
cumulative volume of pores between 85 and 1500.0 A radius. BJHdes
pore volume =BJH desorption cumulative volume of pores between 8.5
and 1500.0 A radius.
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Table 3. CHNS and elemental analysis data of pomelo rind and
papaya seeds fruit waste sorbents (wt %).

Table 6. Shift in FTIR band positions (cm™") of C. grandis rind
before (OP) and after BG dye sorption (OP + BG).

C H N S Fe Ca P C/N Ratio oP OP + BG A shift
PAw 557 738 419 <050 <010 0.71 <0.10 13.3 3420 3436 +16
PAu 5003 772 45 <0.50 <0.10 0.69 0.61 1.1 2923 2922 -1
POu 3956 5.7 1.04 ND <0.10 153 <0.10 38 1744 1727 -17
Notes: PAw = washed papaya seed, PAu = pristine (as-is) papaya seed, POu = 1624 1639 +15
papay P (asis) papay 1439 1431 -8

pristine (as-is) pomelo rind.

Table 4. pH at point zero charge (pHp,) using immersion
technique.

Table 7. Shift in FTIR band positions (em™ " of C. grandis rind and
C. papaya seeds before and after MB dye sorption.

PHpzc PAPpristine PAPpre4boil VN POM TH POM (013 OP + MB A shift PAP PAP + MB A shift
24 h 5.61 6.95 3.54 3.97 3402 3425 +23 3415
Notes: PAP pristine = PAP as-is, PAPpre4boil = PAP washed with hot water, 2933 2922 =1 2919 2926 +7
VN POM=pomelo labeled to be from Vietham, TH POM = pomelo 1744 1742 +2 1711 1654 =57
labeled to be from Thailand. 1638 1639 +1 1455 1406 —49
1430.98 1431.06 +0.62 1249.6 1243.8 —-5.8

surface charge, the higher affinity for cationic targets by
a negatively charged surface was expected.

Infrared spectroscopic analysis

Band assignments of FTIR spectra with respect to poss-
ible function groups present on the rind are tabulated
in Table 5. Tables 6 and 7 show the magnitude and direc-
tions of the band shifts observed.

Large shifts post MB dye sorption observed for the —
OH stretch around 3407-3420 cm™'. Bands for non-
ionic carboxylate at 1727-1744 cm™' and ionic carboxy-
late vibration at 1624-1639 cm™' showed that these
functional groups present in fresh pomelo rind (OP) par-
ticipated in the sorption process. It was also shown that
the —OH stretch and ionic carboxylate vibration partici-
pated in the adherence of cationic MB dye to the rind
surface. These findings were consistent with MB dye
sorption by Brazilian pine-fruit (25), divalent cadmium
sorption by orange rind (26), and divalent copper,
nickel, cadmium, lead and zinc sorption by orange,
lemon and banana peels (27). For the sorption of divalent
cadmium by orange rind (26), it was noted that fre-
quency shifts in the polysaccharide fingerprint IR
regions were difficult to assign unambiguously. Hence,
MAS NMR was performed to further confirm that the
polysaccharide anionic functionalities participated in
the sorption process for the cationic dyes under study.

Table 5. FTIR based on KBr discs or pellets of C. grandis rind
samples.
FTIR band positions

(em™) Function group assignment

3407-3420 —OH stretch

2922-2924 Alkyl C-H stretch

1727-1744 C=0 bond of non-ionic -COOH

1624-1639 Asymmetric or anti-symmetric C=0 vibration of
ionic -COO™

1420-1439 Symmetric vibration of ionic -COO™

Solid-state nuclear magnetic resonance
characterization

Cross Polarisation Magic Angle Spinning Nuclear Mag-
netic Resonance ('*C CP-MAS NMR) measurements of
fresh pristine C. grandis rind were made using different
spin rates. It was found that 8 kHz spin rate was suitable
for obtaining the characteristic NMR trace of the rind
sample (see Figures S1 and S2 in Supplementary
Information).

Hence, further *C CP-MAS NMR on the rind sample
before and after sorption of MB dye were performed at
8 kHz spin rate and the NMR spectra are illustrated in
Figure S1 where OP =fresh pristine pomelo rind and
OPMB = fresh pristine rind post MB dye sorption.

The High Resolution Magic Angle Spinning Nuclear
Magnetic Resonance ("H HR-MAS NMR) spectrum of
fresh pomelo rind is shown in Figure S2(a). Compared
to the spectrum for fresh pomelo rind sorbed with MB
dye in Figure S2(b), it can be seen that there is a
change in chemical shifts (8) in the region of around
3.0-4.5 ppm.

When the '"H HR-MAS NMR spectra for the fresh
pomelo rind and decayed pomelo rind were compared,
a similar change was also found in the same shift
region. The '"H HR-MAS NMR results were found to
be more discerning between fresh and decayed
rind, pristine rind and rind sorbed with MB dye com-
pared with >C CP-MAS NMR. The peak assignments
for 'C CP-MAS NMR and 'H HR-MAS NMR of
C. grandis rinds and C. papaya seeds are compiled
together with that obtained from wood chars (27) in
Tables 8 and 9.

From the NMR shifts of >*C CP-MAS NMR of pomelo
rind and papaya seed in Table 8, it was found that car-
bonylic C was non-participating in the dye sorption
process. There was, however, an indication that alkylic



Table 8. Function group assignments of '>C CP-MAS NMR.

6, ppm for 6, ppm for
6, ppm for wood OP (This PAP (This 6, ppm for wood char
char (28) study) study) (28)
90-45 (O-alkyl) ~ 70-60 80-70, 70-50  90-45 (O-alkyl)
110-90 110-90 130-100 146-90 (non-proton.
(di-O-alkyl) arom C-C, proton.
arom C-H)
184-165 (COOR) 180-170 185-165 184-165 (COOR)
45-20 (CH,) Absent 40-15 45-20 (CH,)
20-0 (CHs) Absent 15-0 20-0 (CHs)
220-184 Absent Absent 220-184 (aldehyde/
(aldehyde/ ketone)
ketone)

Table 9. Function group assignments of 'H HR-MAS NMR.

6, ppm for
6, ppm for humic fractions on olive OP (This 6, ppm for PAP (This
waste and soil (29) study) study)
3.3-  aliphatic methyl and 4-0.5,35-  3.5-038, 1.5-1.4 major
0.5 methylene groups; a and 3.4 major
B protons of carboxylic,
aminic or amide groups
5.5- H bonded to C attached 3.5-34 3.6-3.4 broad
33 with O or N sharp
8 -6 Aromatic and olefinic Absent Absent
protons

Cin papaya seed was accessible to the dyes investigated,
but not pomelo rind. The results obtained in this study
showed that MAS NMR is a powerful tool to elucidate
chemical groups participating in the sorption. In
addition, "H HR-MAS NMR could be a useful identification
tool as it was able to distinguish between pomelo rind
and papaya seed. Furthermore 'H HR-MAS NMR can
potentially be used as a tool to ascertain the quality of
agro-waste for applications as sorbents.

Column and envelope protocol

Cleaning of sorbents

It was found that when conductivity of the wash effluent
reached below 5 uScm™', up to 80% reduction in COD
contribution of the C. grandis rind could be achieved.
For C. papaya seeds, close to 98% reduction in COD con-
tribution was achievable. Thus conductivity measure-
ment of the wash effluent could potentially serve as a
quick and useful quality control parameter for sorbent
preparation in the field.

Equilibrium, kinetics and thermodynamics of
sorption

Several studies had reported and demonstrated the
adsorption isotherms and kinetics fits of the sorption of
cationic dyes and metallic ions (30-34). The findings in
terms of linear correlation factors (R?) for the Langmuir,
Freundlich and Temkin isotherm fits are summarized in
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Table 10. Comparison of linear isotherm fit of pomelo rind (OP),
vs. papaya seeds for MB cationic dye sorption at 25°C.

Sorbent Sorbate Langmuir Freundlich Temkin
oP MB 0.9371 0.8130 0.8458
PAP MB 0.9606 0.7958 0.8656

Tables 10-12. The pseudo-second-order kinetics fits are
shown in Table 13.

For both pomelo rind and papaya seed sorbent, the
linear isotherm fits were the best for Langmuir, fol-
lowed by Freundlich and Temkin. The worst fit was
found with Temkin isotherm. The Temkin isotherm
also did not describe divalent nickel sorption by
Sargassum wightii (35) (a dark brown seaweed) well.
This could implied that the assumption of the Temkin
isotherm, i.e. linear reduction of heat of adsorption
with increase sorbent surface coverage, might not
hold true for the sorption of MB and BG dyes by pul-
verized pomelo rind and papaya seed. The linear iso-
therm fit pattern with Langmuir being the best and
Temkin being the worst was also found with the sor-
bents pre-treated in a column using different
washing solvents like hot water and methanol as
shown in Table 10 and 11. Sorption of both MB and

Table 11. Linear isotherm fits (R%) for hot water washed (HOP)
and MeOH washed (MOP) pomelo rinds vs. papaya seeds (PAP)
for cationic dye sorption at 25°C.

Sorbent Sorbate Langmuir Freundlich Temkin
MOP MB 0.9997 0.9693 0.6443
MoP BG 0.9836 0.9760 0.7406
HOP MB 0.9934 0.9251 0.7448
HOP BG 0.9965 0.9777 0.5914
PAP MB 0.9676 0.9676 0.8656
PAP BG 0.9807 0.9604 0.7928

Table 12. Linear Langmuir isotherm fits (R®) for hot water
washed (HOP) and MeOH (MOP) washed pomelo rind vs.
papaya seeds (PAP) for cationic dye sorption at different

temperatures.

Sorbent Sorbate 298 K (25°C) 313 K (40°C) 323 K (50°C)
MOP MB 0.9997 0.9997 0.9955

MOP BG 0.9836 0.9478 0.9207, 0.9146
HOP MB 0.9934 0.9903 0.9925

HOP BG 0.9965 0.7784 0.9507

PAP MB 0.9676 0.9935 0.9888

PAP BG 0.9807 0.8936 0.8600

Table 13. Pseudo-second-order kinetics linear fit for pristine and
blended fruit waste for sorption of MB dye.

Sorbent Label y-Intercept Slope q = 1/slope R?
Pomelo rind oP 22.723 03616 2.765 0.9988
Papaya seed PAP 19.195 0.3369 2.968 0.9997

Note: Blend ratios indicated were on weight basis.
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BG dyes by C. grandis rind cleaned with MeOH till
effluent was colorless or with hot water till effluent
achieved COD <50 mgL™" and conductivity values <
5uScm™' also demonstrated good fit with the Lang-
muir isotherm. This could be a reason why researchers
studying pristine sorbents did not report exactly how
“clean” their sorbent materials were. All agricultural
biomass may leach color into water streams and
hence some researchers employed activated charcoal
or other carbonized forms of sorbents derived from
biomass sources as alternative low-cost sorbents (32,
33). The methods based on mild treatment with
water or alcohol of C. grandis rind at ambient con-
ditions as used in this study, and Soxhlet extracted
C. papaya seeds or defatted papaya seeds were also
found to exhibit excellent linear fits to the Langmuir
isotherm, suggesting that the bulk sorption behavior
should be predictable across cellulosic-based materials.
The Langmiur and Freundlich isotherms were ident-
ified by most dye sorption studies in literature to
best fit in their linear forms at ambient. Since the
reported correlation coefficients were generally quite
close for those isotherms, for instance 0.98 for Freun-
dlich and 0.99 for Langmuir or vice versa, there had
been no conclusion to-date that the Freundlich iso-
therm did not describe satisfactorily the processes
that best fit Langmuir isotherm in its linear form. In
our opinion this is suggestive of multi-modal adsorp-
tion mechanisms, consistent with the FTIR and MAS
NMR spectroscopic data presented here that varied
functional groups present in the natural polymers
were responsible for the sorption affinity. The

underlying assumptions of the Langmuir isotherm
were that all sorption sites were identical and energe-
tically equivalent. Consequently, once the dye sorbate
occupies a site, no further adsorption would occur. On
the other hand, the key assumption of the Freundlich
isotherm was that reversible adsorption could occur
and was not limited to formation of a monolayer.
High correlation to Freundlich isotherm implied that
more than one mechanism and some degree of het-
erogeneity could be possible for the ionic sorbates in
solution and the sorbent surface. Simple sorbent prep-
aration like washing with water or alcoholic solutions
conducted in this study did not significantly change
the linear modeling fits of the equilibrium isotherms.
It could be seen that the envelope protocol did not
produce significantly different linear kinetics fits of
the sorption system under study.

Pseudo-second-order kinetics

Slope of the pseudo-second-order rate law linear fit gave
the inverse of the sorption capacity. Sorption of pomelo
rind and papaya seeds was investigated individually in
enveloped form. This protocol did not significantly alter
the linear fit of pseudo-second-order kinetics described in
literature (36). The data are presented in Table 13. Sorption
of divalent lead by citrus pectins (37) also followed well the
pseudo-second-order kinetics rate law. Similar findings with
MB sorption by sugar beet pulp had been reported (38).

Intra-particle diffusion
Figure 1 shows the intra-particle diffusion plots of envel-
oped and free pomelo rinds and it illustrated that the
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Figure 1. Intra-particle diffusion plot for enveloped and free pomelo rind sorbent.
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Figure 2. Desorption cycle | using 100% H,O0.

fixed envelope protocol showed similar trend and profile
with the widely employed free sorbent protocol. The
sorption of dyes by fruit waste blends also showed
similar profiles.

Desorption

Desorption kinetics of methanol-washed sorbents

Figures 2 and 3 show desorption kinetics plots of BG dye in
different washout solvents. The increase in the concen-
tration of BG dye was plotted against the square root of
time. In these figures the label d1 referred to desorption

cycle 1 and the letters that follow, i.e. PO referred to
pomelo rind and mPO referred to pomelo rind washed
with methanol.

It is shown in Figure 2 that the BG dye desorption
from pomelo rind samples (dIPO and dImPO) was
faster and a higher final equilibrium concentration was
achieved relative to papaya seed samples (dIPA and
dimPA). It was found that for subsequent third deso-
rption in an ethanol (EtOH): water mixture, the metha-
nol-washed pomelo rind (dlImPO) had higher initial
desorption rate than pristine pomelo rind (dIPO) and
the methanol-washed papaya seed (dllimPA) also had
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Figure 3. Desorption cycle lll using 50:50 EtOH to H,O0.
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higher desorption rate than pristine papaya seed. These
results implied that waste-stream containing residual
alcohol from synthetic processes could potentially be
used to prepared fruit waste sorbents for color removal
and subsequent regeneration.

Discussion
Envelope protocol

The envelope protocol used does not produce results
that deviate from previous results reported in literature
in terms of linear equilibrium isotherms and kinetics
expression fits (19, 39-42). Thus the protocol can poten-
tially be used for convenient screening and evaluation of
sorbents both on a small laboratory scale and larger field
trials. It may offer advantages of ease of handling and
transportation in larger scale sorption evaluation. The
column set-up is attractive due to its efficient used of
material and influent. However for the use of fruit rinds
containing thickening or gelling polysaccharides like
C. grandis rinds, there would be practical problems in
the scaling up of the sorption process. The use of the
envelope system partially alleviates these problems
whilst at the same time facilitating large scale handling
and transportation. Shaker-bath based free sorbent sorp-
tion processes would be difficult to scale-up and hence
lack practical utility. Either the column or the envelope
system is expected to have better scale-up potential.
The envelope system would be more manageable in dis-
tributed rural areas of developing countries. It is also
useful for reutilization of fruit wastes generated in the
household, dispersed fruit stalls and juice manufacturing.

Sorbent characterization

As agro-waste like C. grandis rinds and C. papaya seeds
were susceptible to decay, methods to determine
quality or state of sorbents would be useful. To our knowl-
edge, this is the first time MAS NMR for pomelo rind and
papaya seeds were presented. Traditional techniques of
solid sorbent characterization included elemental analysis,
particle size and surface area analysis and FTIR spec-
troscopy. To our knowledge, solid-state NMR had been
less extensively employed in sorption studies. '*C-MAS
NMR was reported for metallic sorption in a previous
study (39). It was shown that "H HR-MAS NMR could differ-
entiate the two sorbents under study more distinctively
than FTIR techniques and was able to provide useful infor-
mation on chemical groups participating in sorption. Key
benefits of using MAS NMR techniques are that dried
biomass samples can be probed directly and less than
500 mg sample are required (47).

The results of higher MB sorption can be explained as
follows. Since MB has three N-sites and is relatively planar
compared to BG dye with two N-sites and trigonal about
the central C to which the three aromatic rings are directly
attached. MB dye could potentially adhere onto surfaces
like a plaster. Furthermore both MB and BG dyes are cat-
ionic dyes and are expected to have affinity for negatively
charged surfaces or surfaces possessing electron-donating
groups or function of Lewis base character.

Equilibrium and kinetics modeling

Langmuir and Freundlich isotherms had been widely
reported in sorption studies to fit systems involving fruit
and vegetable wastes to remove cationic dyes and
metals in aqueous systems. Pseudo-second-order kinetics
and intra-particle diffusion models had also been success-
fully applied to such systems. As modeling results
obtained for the proposed envelope protocol also
suggested similar fits, it is considered that future research
efforts should be focussed on practical means to effec-
tively transfer sorption techniques from the bench-top
to the field. One such practical approach would be clean-
ing and preparation of sorbent material in columns with
subsequent packing in thins envelopes for sorption. Pre-
packed sorbent could be conveniently used in recovery
operations, storage for further bioconversion, and even-
tually for disposal. Sorbate or sorbent recovery could be
performed both in columns and envelope systems. Com-
parison of inorganic and organic wash liquors in deso-
rption cycles, sorption of single and multi-case envelope
systems using anionic dye model and laboratory-consti-
tuted textile dye effluent are potential aspects to be
studied. Although linear correlation fit data suggested
Langmuir isotherm as the best fit, other isotherm con-
ditions could also apply. For example, good but not the
best linear correlation for the Freundlich isotherm may
suggest multi-modal adsorption mechanisms. This obser-
vation is consistent with FTIR and NMR spectroscopic data.
The presence of various function groups in natural poly-
mers could be responsible for the sorption affinities. A
practical scheme has been developed in this study for
both laboratory evaluation of sorbents and field study
protocols for colored wastewater remediation with
simple and readily available apparatus and instruments.

Conclusions

Sorbents derived from papaya seeds showed better
sorption capacity towards cationic dyes than pomelo
rind both in this study. pH and COD determinations of
the wash effluents used for sorbent cleaning served as
good indicators of sorbent quality. pH,,. measurements



could be used to characterize different classes of sorbent
like citrus vs. non-citrus based sorbents.

A practical framework to utilize abundant solid bio-
wastes like rinds and seeds in the envelope systems
was developed. This scheme can be used to prepare sor-
bents for bulk removal of dyes from dye-house waste-
water with the convenience of handling in the field. A
suitable laboratory protocol which can be used to
rapidly evaluate diverse types of biomaterials for use as
sorbents is proposed. Since waste materials may not be
available in the right quantity and quality at any time,
the simple and expeditious laboratory protocol develop
in this study would be useful in such situations to deter-
mine the performance of various materials and blends.
Low-cost sorbents based on fruit rinds and seeds can
be employed as initial stage bulk removal of dye pollu-
tants thereby extending the service life-time of mem-
brane filters or activated carbon with additional
benefits of solid waste re-utilization.

The envelope protocol shortened sorption exper-
iments by saving a separation step in determining
sorbate concentration in solutions and facilitate deso-
rption studies immediately after sorption in a similar
way as column set-ups. This would allow ease of com-
parative studies of the wide array of waste sorbents for
a targeted wastewater stream. Schweier and co-
workers (26) studied extensively the use of orange rind
for sorption of divalent metal ions, including desorption
of Cd (Il) from orange rind. It may not be economically
attractive to recover inexpensive dyes compared to
more expensive metals like platinum or gold-based cat-
alysts. Nevertheless, desorption studies could shed light
on the reversibility of the sorption process.

MAS NMR was found to be useful to probe more
deeply into the molecular interactions involved in sorp-
tion. This tool could be further harnessed to profile the
vast varieties of agricultural wastes for environmental
remediation through sorption. This tool had not only
been utilized for sorption of humic substances by soil
particles (29) but also assessment of compost maturity
(43). These studies use 13C NMR for characterization of
sorption of organic compounds by plant materials
(44,45). Thus the potential of its applicability in sorption
or “sorption-omics” to develop predictive sorbent-
sorbate models can be envisaged. The results obtained
in this study also show that more sophisticated instru-
ments like solid-state NMR could be useful for sorption
research.
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