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ABSTRACT

Nitrate (NOs3") and chromium (Cr(VI)) ions from contaminated aqueous solutions were
successfully adsorbed onto functionalized cocoa shell (ECAB, an agricultural waste material) via
chemical grafting of 3-aminopropyltriethoxysilane (APTES). The resulting adsorbent — ECAB-
APTES-HCI - was characterized by SEM, zeta potential, calorimetry, FTIR spectroscopy and
point of zero charge. The adsorption parameters were investigated to optimize the removal of
chromium and nitrate ions. The maximum removal efficiency stabilized at around 91-99% for
chromium and 58% for nitrate, for an initial concentration of 50 mg.L~! of the ions. The
adsorption process fitted well with both Freundlich and Langmuir isotherms, and with the
pseudo-second order model. Accordingly, adsorption onto ECAB-APTES-HCI involved both
physisorption and chemisorption. Desorption studies demonstrated that 82% of nitrate and 79.8%

of chromium were recovered in less than 2 hours. These results open onto the possible removal of
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heavy metals from aqueous solutions in the absence of energy constraints, using low-cost

biomass relevantly functionalized for high adsorption efficiency.

1. Introduction

Nitrate (NO3") and heavy metals such as chromium [Cr(VI)] are more and more utilized with the
continuous progress of industrialization. The water contaminants produced by industrial
manufacturing can not only directly damage the water ecosystem but also greatly threaten human
health because they are usually toxic, persistent, non-biodegradable, and accumulate in the food
chain [1-4].

The environmental hazards associated with these effluents are toxicity, bioaccumulation, and
effects on human health like skin irritation, dermatitis, conjunctivitis and painful colic if absorbed
orally [5-8]. In view of these environmental concerns and health issues, scientists have to develop
approaches and efficient adsorbents to remove heavy metal pollutants from wastewaters before
discharging them into natural water bodies. Numerous methods are available for nitrate and
heavy metal remediation from water, e.g., reverse osmosis, electrochemical methods, filtration,
ion exchange, flocculation, or coagulation [9-11]. Adsorption is one such method. It has several
advantages when compared to other methods such as ease of operation, improved efficiency,
limited cost, and reusability that reduces sludge disposal issues [12, 13].

Many adsorbents have already been evaluated, but, except for biomass and derivatives, most
materials have showed low adsorption capacities towards pollutants in aqueous solution [14-16].
Intensive research is being focused on promoting ecofriendly and low-cost agricultural waste
materials for water treatment. Biomass is widely available in nature, and growing interest is now

focused on its use as a promising source for the production of activated carbon and as a potential
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alternative for adsorbing hazardous pollutants in aqueous solution [17-19]. However, biomass
materials remain a major issue as to surface functionalization and activation, and several studies
have already been carried out to overcome these shortcomings. The relatively limited number of
functional groups at the biomass surface seriously impedes the efficient use of numerous
adsorbents for practical applications in the removal of toxic molecules from water.

A relevant approach consists in functionalizing non-polluting biomass through impregnation
with polymers and amines. Adsorbent-pollutant interactions are an essential requirement in this
respect, and can be achieved using basic chemical functions of materials such as hydroxyl and
amine groups. Amine-enriched materials have already showed high affinity towards toxic
pollutants in water [20-22]. The improvement of their affinity was explained in terms of mere
incorporation of a vegetal source of -OH and -NH> groups. Unlike composite materials (zeolites,
metal-organic frameworks (MOFs), and others) tested in the removal of chromate and nitrate
ions, low-cost natural materials such as vegetal waste display low surface acidity and do not
require sophisticated modification procedures. The structure of all vegetal materials bears
terminal hydroxyl and amine groups but does not necessarily exhibit interesting affinity towards
organic and inorganic pollutants due to structure constraints. This is why vegetal waste
modification often turns out to be an essential requirement to improve affinity for pollutants.
Nitrate and heavy metal binding is required to use amine derivate to remove heavy metals from
water by adsorption. Structural groups like -COOH, -NH and -OH present in natural and
modified polymer (cellulose, chitosan, lignin) act as active sites for nitrate and heavy metal
binding by hydrogen bonding, hydrophobic interactions or complexation [23, 24].

The present study is focused on cocoa shell (ECAB), a byproduct of the cocoa industry.
ECAB was chemically modified by 3-aminopropyltriethoxysilane grafting through silanization,

followed by a protonation step. Such a chemical modification is supposed to improve the
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adsorption properties of ECAB. Nevertheless, the role of amine in nitrate and chromium
adsorption onto a solid surface remains to be elucidated, more particularly on OH- and/or NH>-
enriched solid surfaces, where competitive interactions can occur between pollutants and
adsorbent surfaces bearing -NH> and/or -OH and -COO- groups. The originality of this approach
lies in (i) the attempts to induce both physical and chemical interactions to capture pollutants, and
(i1)) a comparative study with our similar recently published work. For this purpose, the
comparison with our previous work was correlated with the surface properties and adsorption
performances [21, 25]. A comprehensive characterization through physicochemical techniques
such as FTIR and DSC spectroscopy, scanning electron microscopy and zeta potential provided
valuable insights. Moreover, the behavior of the adsorbents towards pollutants was examined in

terms of equilibrium isotherms and kinetic studies.

2. Materials and methods
2.1. Chemicals
Potassium dichromate (K2Cr207, 99%), sulfuric acid (95%), absolute ethanol (EtOH, 99%), 1.5-

diphenylcarbazide (Ci3HisN4O, 98%), 3-aminopropyltriethoxysilane (APTES, 98%),
hydrochloric acid (37%), acetic acid (CH3COOH, 96%), sodium hydroxide (98%),
ethylenediaminetetraacetic acid disodium salt (CioH14N2Na2Os, 2H20, 99%), sodium nitrate
(NaNOs3, 99%), potassium nitrate (KNOs3, 99%), salicylic acid (C7HsNaOs, 99%), sodium
phosphate monobasic monohydrate (H4sNaOsP), and sodium azide (NaN3, 99.5%) were purchased
from Merck (France) and used as supplied. All the solutions were prepared using double distilled

water (Merck, Millipore).

2.2. Preparation and functionalization of modified cocoa shell

The functional ECAB-APTES-HCI and ECAB materials were prepared as follows:



98 1) Firstly, cocoa shell was collected from a local farm managed by the IRAD (Institute of

99 Agricultural Research for Development) at Yaoundé, Cameroon. It was cut, washed
100 with acidic water (HCI, 1 mol.L™!) to remove organic matter, sun-dried for 5 days and
101 then heated at 70 °C overnight to remove moisture. Then it was ground and sifted at
102 160 um. The resulting powder was named ECAB.

103 ii) Secondly, APTES was chemically grafted using water/ethanol 1:3 (V/V) as a solvent,
104 and a mixture of ECAB/APTES 1:3 (W/W) at 80 °C for 5 hours. The synthesized
105 product, named ECAB-APTES, was filtered (0.45 pum filter paper under vacuum
106 (Fisherbrand)), washed several times, and then dried at 70 °C overnight [26].

107 i) Finally, ECAB-APTES was acidified using HCI solution to protonate the amino
108 groups and lead to positively charged ammonium moieties [27]: 1 g of ECAB-APTES
109 was stirred in 100 mL of 0.5 mol.L~! HCI for 2 h at room temperature. The acidified
110 material, named ECAB-APTES-HCI, was recovered by filtration, washed several
111 times, and then dried at 70 °C overnight (scheme 1).

%, r"y & o
H

H
\\ ‘
Y 0,0)\~O P 3O

APTESZ) 0.5M HCI
BOH/E,0 RT.2h
¥ 80°C:5h
112 ECAB ECAB ECAB-APTES ECAB-APTES-HCI
113 Scheme 1: Schematic illustration of the ECAB-APTES-HCI preparation procedure: 1)
114 preparation of ECAB agricultural waste; 2) chemical grafting of APTES; 3) protonation step.

115

116  2.3. Characterization of the material
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ECAB, ECAB-APTES and ECAB-APTES-HCI were characterized by scanning electron
microscopy (SEM), EDS (energy dispersive X-ray spectroscopy), Fourier transforms infrared
spectroscopy (FTIR), and differential scanning calorimetry (DSC); moreover, the points of zero
charge (pHp.c) were determined. For SEM, adsorbents were metallized by a gold layer at 18 mA
for 360 s using a Biorad E5200 device. Then, SEM images were acquired using a ZEISS EVO 15
electron microscope. Two types of images were recorded: secondary ion images to observe the
morphology of the surface, and EDS images to evaluate the chemical contrast. FTIR analysis was
performed using a Tensor 27 (Bruker) spectrometer with a ZnSe ATR crystal in the 4000 — 500
cm! wavenumber range. For each spectrum, 20 scans were recorded with a resolution of 4 cm!.
DSC of the samples was carried out with a DSC — 131 Setaram, with a 20 °C to 500 °C
temperature range and a heating rate of 10 °C.min~!. The zeta potential was measured for each
sample dispersion using the phase analysis light scattering (PALS) mode and a Malvern zeta sizer
nano ZS setup.

The pH values at the point of zero charge (pHp.) of ECAB, ECAB-APTES and ECAB-
APTES-HCI] were determined by the solid addition method [28], using a Consort C 863
electronic multiparameter analyzer. The initial pH value (pH;) of 50 mL of 0.1 mol.L.~! of NaNOs3
solution was roughly adjusted in the 2 -12 pH range using 0.1 mol.L~! NaOH and HCI. Then, 0.1
g of each sample was placed in a 100-mL conical flask for 48 h to reach equilibrium at ambient
temperature. After that, the final pH (pHr) of the solutions was measured, and pHp,. was
determined as ApH = 0 from a plot of (pHr— pH;) versus pHi.

2.4. Adsorption study
Batch adsorption experiments were carried out at 300 rpm and at room temperature in 100-mL
shaking flasks containing 0.2 g of adsorbent and 50 mL of ions at different concentrations (from

50 to 400 mg.L™"). The effects of different parameters (contact time, pH, initial concentration),
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were also examined. Adsorption kinetics were obtained at T = 20 °C and pH; = 5.5 and 4.5 for
nitrate and Cr(VI), respectively. After shaking for an appropriate time, ECAB and modified
ECAB samples were separated from the solution using 0.45 um filter paper under vacuum
(Fisherbrand). Then, the solutions were analyzed by colorimetry with the 1,5-diphenylcarbazide
method (A = 540 nm) for Cr(VI) [29] and with the sodium salicylate method (A = 415 nm) for
NO3™ [30], using a UV-visible spectrophotometer (SHIMADZU UV-1640). The influence of
competitive PO4* ions was also evaluated. A mixture of 50 mg.L~! of Cr(VI) and 50 mg.L™! of
PO43 ions was prepared and incubated with ECAB-APTES-HCI for 300 minutes. Then, 10 mL of
the mixture were filtered (0.45 um filter paper under vacuum (Fisherbrand), mixed with
ammonium molybdate (1 mL) and hydrazine sulfate (0.4 mL) heated at 60 °C for 30 min. Then,
the absorbance of the ammonium phosphomolybdate complex was measured at 830 nm.

The amounts of adsorbed Cr(VI) or NOs3 (g. in mg/g) at equilibrium were calculated using

equation (1),

_(Co-Co)xV

ge =—7— (D

m

where C, and C. are the initial and equilibrium concentrations of Cr(VI) (mg.L™"), respectively, V

is the volume of solution (L) and m is the mass of adsorbent used (g).

The adsorption yield was estimated using equation (2):
E (%) =2 x 100 )
0

2.5. Desorption experiments

Batch desorption experiments were conducted by stirring a solution of the adsorbent and 0.1

mol.L.=! NaOH for 180 minutes. When NaOH was used as an eluting agent, the interactions
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between ECAB-APTES-HCI] and Cr/nitrate were disrupted, and chromate/nitrate ions were
released into the eluent. Therefore, NaOH was selected to better compare and understand the
results with previously published ones [25]. Then, the solutions were filtered under vacuum and
analyzed by the 1,5-diphenylcarbazide method for Cr(VI) and the sodium salicylate method for
NO3™ using a UV-Vis spectrophotometer. The amount of desorbed Cr(VI) et NO3™ ions (qaes in

mg.g~!) were calculated using equation (3) [31]

_ Cges XV

Qdes =~ — ()
where Cgs is the delivered concentration of Cr(VI) or NO3™ (mg.L™"), V is the volume of solution
(L) and m is the mass of adsorbent (g). Then, desorption yields were estimated using equation (4).

amount of desorbed NO3 or Cr(VI)
amount of adsorbed NO3 or Cr(VI)

Percent of desorption = X100 4)

3. Results and discussion

3.1. Characterization
The surface morphologies of ECAB and ECAB-APTES-HCI were analyzed by SEM microscopy
(Figure 1a). The surfaces of the untreated cocoa shell and modified cocoa shell were obviously
different. ECAB exhibited a smoother surface than modified ECAB. ECAB also presented
particle agglomerates coming from pectin, cellulose, lignin and wax, which were less visible after
APTES modification [32]. Foils corresponding to silane grafting were observed only on the
ECAB-APTES-HCI surface. HCl post-treatment caused holes to appear on the APTES foils
(Figure S1). This trend can be explained by the strong interaction between amino groups and

acidic protons.
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To confirm the successful chemical grafting of APTES, the samples were analyzed by EDS
(Figure 1). The Au, Cu and Pd heteroatoms in the EDS spectra came from the metallization
process. After APTES modification, the peaks corresponding to carbon, oxygen and silicon were

more intense, confirming the presence of organosilane grafting. The peak at 2.6 keV was

assigned to chlorine from HCI treatment.

“TAu Au ECAB ]

cpsleV

'E 7 100 pm s @ @ e
fBh-Vac. -std. p) § w1\t
?ix-;vac SEl PG-std. 15KV . x300 14/10/2015 000729 il 1 e - ‘@ )
’ ’ Encray(luw) .
. ECAB-APTES-HCI
M ®
>
% %
= cl
»
Au
$ i
N : Ca
S Lo i P
1 2 s . s § » 1}
Energy (k.eV)

Figure 1: SEM images, with elemental composition and morphology of the ECAB and ECAB-
APTES-HCI adsorbents.
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The ECAB adsorbent and its modified counterpart were characterized by FTIR analysis (Figure
S2b). The spectra of the APTES molecules is reported separately in Figure S2a to facilitate
comparisons and interpretations. The absorption bands of hydrolyzed APTES were described by
different vibrational modes related to NH2, CH», and Si-O bonds. The peaks observed at 3300
cm~! and 3290 cm~! were associated to the asymmetric and symmetric stretching modes of NHb,
respectively [33]. However, the band was related to the Si-OH groups at 3200 cm™!, whereas the
stretching modes of CH, were observed at 2932 cm™' and 2883 cm™'. In addition, the amine
function (NH2) was observed at 1562 cm™! and 1484 cm™!. The Si-O-Si bond was observed at
1130 cm™! and 1044 cm™' [33]. Regarding the initial adsorbent (ECAB), FTIR spectra displayed
distinguishable peak patterns in agreement with the literature [34]. The FTIR spectra of ECAB
presented a characteristic strong band at around 3350 cm’! associated with the stretching
vibration of the hydroxyl groups from cellulose, hemicellulose and lignin. Some bands at 2923
and

2881 cm’! corresponding to the stretching vibration of the ~CH» groups were also present. The
band at around 1000 cm™! was associated to the oxygen functional groups C-O [35]. After APTES
grafting, the intensity of these bands was lower due to the formation of C—O-Si— bonds. New
bands at 1062 and 916 cm™ associated to the stretching vibration of Si—O-Si and Si—O-C,

respectively, confirmed this hypothesis [36]. Small bands at 709 and 644 c¢m!

assigned to the
stretching vibration of Si—C came from the propylsilane function. After acidic treatment, the
increase of the IR peak at 3336 cm™! was associated to the stretching vibration of NH3*, whereas
peaks at 1720 and 1514 cm™ were assigned to the symmetric and antisymmetric stretching
vibration of N-H, respectively [37, 38]. Furthermore, new bands at 676 and 1180 cm™ attributed

to the stretching vibration of Si—C and C-N, respectively, confirmed the chemical grafting of

APTES and its protonation [38, 39]. Some visible changes on the FTIR spectra were observed
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after the adsorption of chromate and nitrate (Figure S2c¢). The intensity of the peak at 1180 cm!
corresponding to the C—N band was lower and even absent after Cr(VI) adsorption, confirming
that the amino group was involved in the binding of anions. After nitrate adsorption, the peak at
3336 cm! shifted to a higher wavenumber, indicating that NH3* was involved in the interaction.
Nitrate adsorption was also confirmed by the increase of the signal at 1400 cm', which is

characteristic of the NO3; asymmetric stretching vibration.

DSC analysis in the 25 - 500 °C temperature range was also performed to investigate the thermal
stability of modified ECAB (Figure 2a). The endothermic peaks observed at around 126 °C were
attributed to the dehydration of the samples. From 200 to 250 °C, an exothermic peak
corresponded to the degradation of cellulose, lignin and hemicellulose [26, 40]. In the 350 - 400
°C range, the two exothermic peaks at 363 and 392 °C corresponded to silane degradation. Thus,
APTES and APTES-HCI treatment increased the thermal stability of ECAB in the 250 - 400 °C

range. All these results are in agreement with the literature and with SEM and IR data.

a0 ®
1 “=—ECAB
60 ——ECAB-APTES 24
{ ——ECAB-APTES-HCI
B 404
R 0
z 207 . 12
2 T
L 9T -2
@ 4 -
@ 50 100 150 250 300 350 400 T
T -20 a
4 -4
40 4 —a—ECAB
| —e—ECAB-APTES
1 —&— ECAB-APTES-HCI
-60 4 -6
-80 -
-8
H
Temperature (°C) vy

Figure 2: DSC (a) and point of zero charge profiles (b) of ECAB, ECAB-APTES and ECAB-
APTES-HCI.
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To determine the surface acidity of all adsorbents, their points of zero charge were measured
(Figure 2b). pHp,c were found at pH values of around 3.4 for ECAB and 7.2 for ECAB-APTES.
When comparing the pHp.c values of different adsorbents, it was clear that the lowest pHpzc was
recorded for the initial material (ECAB), lower than that of other agricultural waste materials

such as olive stone (4.2) and sugar cane bagasse (5.7) [41].

ECAB was altogether negatively charged over a wide range of pH values, suggesting the
presence of functional groups (COO-, OH") on its cellulose and lignin moieties. pHy,c analyses of
ECAB-NH; indicated that APTES treatment affected the deprotonation of the cellulosic structure
with a positive surface charge over a wider pH range (2.0 - 7.2) than ECAB [42]. Therefore,
pHpzc measurements confirmed the successful grafting of amino groups onto the ECAB surface.
These results are in agreement with those obtained by DSC, SEM and FTIR analyses. After
acidic activation, pHp, decreased from 7.2 for ECAB-APTES to 2.8 for ECAB-APTES-HCI,
indicating a lower surface charge. In addition, the zeta potential recorded at pH 7 shifted from -20
mV for ECAB to 0 mV for ECAB-APTES-HCI, suggesting high stability of the adsorbent.
Importantly, zeta potential (ZP) measurements performed after Cr(VI) and nitrate adsorption
indicated a negative ZP (-4 mV). This negative value confirmed that anions were adsorbed onto
ECAB-APTES-HCI. Consequently, functionalized ECAB could be a good candidate for Cr(VI)

and nitrate capture via electrostatic interactions.

3.2. Adsorption study

3.2.1. Parameter effects

12
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Figure 3 describes the amounts of Cr(VI) and NO3™ adsorbed by different adsorbents as a
function of the contact time. The adsorption process was dependent on the initial amounts of
anions: the higher the initial anion concentration, the more anions were adsorbed. We evaluated
the adsorption yields of ECAB and ECAB-APTES as controls. The adsorption capacity of the
raw material ECAB was 0.94 mg.g™' for Cr(VI) and 1.04 mg.g~' for NOs at an initial
concentration of 50 mg.L~!. The weak adsorption yield recorded for ECAB can be explained by
the presence of substantial numbers of hydroxyl groups at its surface, which caused electrostatic
repulsion preventing the capture of pollutants. This result was confirmed by the ZP
measurements, where ECAB displayed negative values (-20 mV) due to the hydroxyl groups that
decreased the adsorption process. The adsorption capacities of ECAB-APTES were ~ 0 mg.g™!
for Cr(VI) and 1.87 mg.g~! for NOs". For the same initial concentration of Cr(VI) and NOs", the
adsorption capacity of ECAB-APTES-HCI was 7 mg.g™! for Cr(VI) and 12 mg.g™! for NO3". The
profile of the adsorption curve of ECAB-APTES-HCI could be explained by a large amount of
active sites on the surface that were not totally in interaction with ions at low concentrations. The
adsorption rate proceeded in two steps, with a fast adsorption process from O to 60 minutes and a
lower rate later. First, all the adsorption sites of the adsorbent surface were available, and the
mass transfer of anions from the solution to the adsorbent was facilitated [40, 43, 44]. Then, the
adsorption rate decreased, and was lower in the presence of higher anion concentrations because
diffusion into the boundary film layer at the surface and into the structure was slower. The

equilibrium state was reached at t = 180 minutes for NO3™ and t = 240 minutes for Cr(VI).
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Figure 3: Effect of (a-b) the contact time, (c) the pH, (d) the initial concentrations, and (¢) PO4*
on NO3™ and Cr(VI) adsorption onto ECAB-APTES-HCI (m = 0.2 g; 300 rpm; pH; = 5.6 for
nitrate and 4.6 for chromate; V = 50 mL).

The role of pHi on Cr(VI) and NOs3™ adsorption was examined (Figure 3c). It revealed a pH-

independent adsorption process within a large range of pH values. The maximum removal

efficiency indeed stabilized at around 91 - 99% for chromium ions between pH 2 and pH 10. To

clarify the mechanisms involved in these interactions, the diagram of Cr speciation in the pH

range is presented in Figure S3. At higher pH values, the adsorption capacity plummeted from

91% to 0.9%. Such a drop may result from a lower transfer of protons from the surface to the

solution resulting in a negatively charged surface [29, 37, 43]. This drop may also come from the

high amount of hydroxide ions, which competed with hydrogen chromate [37, 40, 45]. As for

NO3’, maximum removal efficiency reached 57.8% at pH 4. In the 5 to 11 pH range, the
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adsorption yield was close to the maximum value, indicating that the process was mainly pH-
independent. Similarly to Cr(VI) ions, NO3™ ions were sensitive to high pH values due to the large
amount of hydroxide anions in competition in this context [28, 46]. So, in this work, the
adsorption mechanism of ECAB-APTES-HCI seemed to be sensitive to electrostatic interactions.

The amount of phosphate ions is limited in natural water bodies. However, phosphate ions
can be found in domestic or industrial water, so they were used to evaluate the effect of
coexisting ions on NO3 or chromate adsorption onto ECAB-APTES-HCI (Figure 3e).
Contaminated solutions were prepared with equal concentrations of NO3", phosphate or Cr(VI)
ions to carry out a competitive assay. The NO3™ and Cr(VI) adsorption yields were not influenced
by the presence of phosphate ions. These results confirm that the adsorption process onto ECAB-
APTES-HCI is controlled by electrostatic interactions but also by the structural organization of
the ECAB-APTES-HCI surface. For nitrate, the negative charge is delocalized between the 3
oxygens, and this facilitates multiple electrostatic interactions with different positive charges

distributed across the surface of ECAB-APTES-HCI [47].

3.2.2. Adsorption kinetics
The kinetics of heavy metal and organic pollutant adsorption onto solid adsorbents are usually
investigated using pseudo-first order and pseudo-second order kinetic models. Our experimental
data were simulated by applying the pseudo-first order (Eq. (5)), pseudo-second order (Eq. (6)),

Elovich (Eq. (7)), and intra-particle diffusion (Eq. (8)) equations.

t
2.303

log(qe — q¢) =logqe — k4 Q)

t 1 t
= +X
ac k202 qe ©6)

15



308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

Qe =5In(@p) +5In(®) ()

q =kiatY?2+C; (8)

where ge and q; (mg.g™") are the amounts of the adsorbate adsorbed per unit weight of adsorbent
at equilibrium time and time t (min), respectively; ki (min7'), k2 (g.mg'.min™!), and kiq
(g.mg~!.min""3) are the pseudo-first order rate constant, pseudo-second order equilibrium rate
constant, and intra-particle diffusion rate constant, respectively; as regards Elovich coefficients, o
is the initial adsorption rate (mg g~'.min™") and P is the desorption constant (g.mg~') during any
one experiment; C;is the intercept related to the thickness of the boundary layer.

The pseudo-first order kinetic model generally suggested that adsorption occurred through
physisorption, whereas the pseudo-second order indicated that adsorption occurred through
chemisorption [48]. Figure 4 and Table 1 show that most of nitrate and heavy metal are adsorbed
onto functionalized ECAB. These datas fitted well with the pseudo-second order kinetic model,
as supported by the correlation coefficients. Therefore, for instance the ECAB adsorbent involved
chemisorption, as well as physisorption as estimated by the pseudo-first order model.

In this respect, other researchers created an intraparticle diffusion kinetic model that determines
the adsorption process of adsorbates [49, 50]. Mohan et al. assumed that intraparticle diffusion
was the best model describing the mass transfer of adsorbates [51]. Experimental data closely
fitted with this model (R?>=0.98), indicating that the intra-particle diffusion model could be
satisfactorily applied in 2 steps. The first step can be attributed to the diffusion of the ions
through the solution to the external surface of the adsorbent. The second step, describes the final
equilibrium where the intra-particle diffusion is limited. Thus, at the beginning, the rate of the

adsorption is controlled by intra-particle diffusion and then it was mostly due to chemisorption.
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Regarding the intraparticle diffusion curves, a visible change in the slope was observed,
beginning at t = ~ 10 min. The results evidenced the existence of two adsorption types (i.e.,
physical and chemical). Afterward, physisorption was probably involved during the adsorption of
pollutants onto functionalized ECAB. In addition, a previously published work also reported
adsorption through physisorption [52]. Physisorption is an easily reversible phenomenon, which
improves the regeneration process. ECAB-APTES-HCI allowed for substantial regeneration of
both pollutants (will be discussed in the following section), suggesting the presence of weak
physisorption. Consequently, NO3; and Cr adsorption occurred via physisorption and

chemisorption.
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359  Table 1: Summary of the kinetic parameters (k, R%, ge) of NO3 and Cr(VI) adsorption onto
360 ECAB-APTES-HCI. (m = 0.2 g, pH; = 5.6 for nitrate and 4.6 for chromate, 300 rpm, V = 50 mL,

361 room temperature).

Concentration of NO3 (mg/L) Concentration of Cr(VI) (mg/L)

Parameters/coefficients 50 100 150 50 100 150
/constants

Qe, exp (mg.g™h) 7.41 14.00 17.86 12.33 23.94 31.85
Pseudo-first order
ki (min™) 0.022 0.015 0.012 0.035 0.033 0.017
Qecal (Mg.g™1) 4.076 6.159 5.445 9.287 35.538 18.570
R? 0.9943 0.9933 0.9911 0.9540 0.8973 0.9691
Pseudo-second order
k> (g.mg~L.min™1) 0.015 0.007 0.008 0.010 0.002 0.002
Qecal (mg.g 1) 7.524 14.368 18.083 12.626 25.510 33.112
R? 0.9996 0.9994 0.9996 0.9998 0.9982 0.9997
Elovich
o (mg.g~L.min™1) 9.656 44.422 900.848 79.014 3.017 35.398
B (g.mg™h 1.072 0.646 0.719 0.785 0.218 0.248
R? 0.9482 0.9772 0.9708 0.8734 0.9229 0.9749
Intra-particle diffusion
kia(mg.g~L.min"?) 0.427 0.584 0.479 0.854 1.817 1.384
Ci(mg.g™h 2.841 6.850 11.485 4.642 2.952 14.360
R? 0.9544 0.9796 0.9871 0.9427 0.9208 0.9574
ka2a (mg.g~L.min""?) -0.01 -0.003 -0.012 0.027 -0.026 0.1989
Cy(mg.g 71 7.510 14.030 17.99 11.837 24.274 28.026
R?% 0.5668 0.3181 0.3662 0.5020 0.7176 0.6802

362

363  The diffusion mechanism involved in the adsorption process was predicted more precisely by
364  calculating correlation factors. The correlation factor for nitrate showed estimated values ranging
365  from 0.95 to 0.98, indicating that the intra-particle diffusion model could be satisfactorily applied
366  for the first step of the nitrate adsorption process. Therefore, during the first 60 minutes, the
367  adsorption process was mainly controlled by intra-particle film diffusion [23, 43, 53]. For Cr(VI),
368 the adsorption process was also attributed to intra-particle diffusion during the first step, but other

369 mechanisms were also probably involved because the correlation factor ranged from 0.92 to 0.95.
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The second part of the curves corresponded to the slower process, when pore diffusion is the
limiting step because the main parts of the active sites are occupied [53]. The kig constants were
consistently higher with Cr(VI) than with nitrate, indicating that the sorption process was more
intense and faster with Cr(VI) than with nitrate. This phenomenon could be explained by the

higher molecular weight of Cr(VI) anions as compared to nitrate anions [54].

In both cases, the intra-particle diffusion model was not the only rate-determining mechanism, as
the g: versus t*° curve did not go above zero. Therefore, other mechanisms such as mass transfer
from the bulk solution to the adsorption center underneath the adsorbent surface were probably
involved [55]. The mass transfer factor model developed by Fulazzaky et al. was applied to
Cr(VI) and nitrate data (Figure S4) [56]. The global mass transfer factors (kia); of both ions
decreased quickly, confirming that the number of occupied active sites increased with time. The
low value of the external mass transfer factor (kra)r indicated that the process was controlled by
the internal mass transfer factor (kra)qs. Therefore, the adsorption rate was mainly controlled by

ion diffusion to the acceptor site of the adsorbent.

3.2.3. Adsorption isotherms

Exploring the adequate mechanisms involving adsorption onto functionalized ECAB requires
the study of adsorption isotherms. The most useful isotherms to investigate adsorption
equilibrium data are Freundlich and Langmuir isotherms. The adsorption data were fitted with
Freundlich (Eq 9), Langmuir (Eq 10), Temkin (Eq 11) and Dubinin-Radushkevich (Eqs 12-14)

models to optimize the design of the adsorption process and remove both anions from water.
Inq, = InKy + S InC, (9)
nr
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2: 1 + 1

de AmaxKL Amax

C. (10)

qe =BlnA + BInC, (11)

Inqe = INGmax — Bpe* (12)
1

e=RTin(1+ C—e) (13)

E =ﬁ 14)

where ge (mg.g™") and Ce (mg.L™") are the sorbate equilibrium concentrations in the solid and
liquid phases, respectively; gmax(mg.g~!) is the monolayer capacity of the sorbent; Ky, (L.mg™!) is
a constant of the Langmuir isotherm. Kg (L.g™') is the Freundlich constant, and 1/n is the
heterogeneity factor. B and A are the Temkin constants. Bp (mol®.kJ?) is the activity coefficient,
useful to obtain the mean sorption energy E (kJ.mol ™), and € is the Polanyi potential. R is the gas

constant (J.mol'!.K™"), and T is the temperature (K).

Figure 5 shows the adsorption isotherms recorded for all adsorbates. Table S1 presents the
calculated isotherm constants and the square of the regression coefficients. The highest
correlation coefficients were obtained with the Langmuir model, indicating that sorption was a
chemical phenomenon that took place on a homogeneous surface through monolayer adsorption
[23, 46]. Based on the Langmuir model, the maximum monolayer adsorption capacity was high
and estimated to be 31.64 mg.g™! for nitrate and 53.19 mg.g"'for Cr(VI). The fitting of the
Freundlich model also gave a good correlation coefficient, indicating that the adsorption process
of the two anions was reversible. This interpretation is in accordance with the low affinity
constant (Ki) obtained from Langmuir data. K represents the adsorption capacity of the

adsorbent and nr the adsorption intensity. The high values of the two parameters confirmed that
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ECAB-APTES-HCI had a good and strong adsorption capacity [43, 57]. The positive value of
the Temkin constants A and B indicated that the adsorption of nitrate and Cr(VI) was
endothermic and mainly occurred through physisorption [58, 59]. The Dubinin-Radushkevich (D-
R) model was used to estimate the apparent free energy of adsorption and the type of adsorption.
Based on the low value of the mean sorption energy E for nitrate and Cr(VI), D-R calculations
confirmed that biosorption was mainly physisorption. These results altogether confirmed again
the occurrence of both physisorption and chemisorption [60].

By comparing the results obtained in this work with those from numerous adsorbents reported in
the literature for removal of nitrate and Cr(VI), ECAB-APTES-HCI adsorbed more nitrate than
biochar or modified activated carbon did, indicating that this simple strategy of modification is an

efficient way to capture nitrate (Table 2).
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Figure 5. Elovich model (a-b) and equilibrium adsorption isotherms: (c) Freundlich, (d)
Langmuir, (e) Temkin, and (f) Dubinin-Radushkevich models for NO3™ and Cr(VI) adsorption
onto ECAB-APTES-HCI (m = 0.2 g, pH;= 5.6 for nitrate and 4.6 for chromate, 300 rpm, V = 50

mL, room temperature).
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431  Table 2: Comparison of the results obtained in this work with other recently published studies

Biosorbent name Functionalization Capacity (mg/g) Reference
NO5

Modified granular activated carbon [3-(methacryloylamino)propyl]- 26 [46]
trimethylammonium chloride

Cellulose epichlorohydrin 218.23 (293 K) [5]

Giant reed triethylamine 118.9 [61]

Corn stalks ethylenediamine 65.36 (298 K) [62]

Sugarcane bagasse biochar ethylenediamine 28.21 [28]

PEG/chitosan and PV A/chitosan polyethylene glycol and polyvinyl 50.68-35.03 [44]
alcohol

Modified steel slag aluminum hydroxide 16.40 [63]

Corn stalks diethylamine 13.60 [64]

Modified cocoa shell PEI-HCI 86.95 [25]

Modified cocoa shell APTES-HCI 31.65 Present study

Cr(VI)

Corn stalks diethylenetriamine 200.00 (303 K) [23]

Modified granular activated carbon [3-(methacryloylamino)propyl]- 81.00 [46]
trimethylammonium chloride

Spent mushroom (7. lobayense) dodecyl dimethyl benzyl ammonium 43.86 [65]
bromide

Sugarcane bagasse iron(Il)-impregnated 13.72 [66]

Brown algae hydrochloric acid 52.63 [67]

Lagerstroemia speciosa bark chemical treatment 24.39 [68]
(H2SOy/formaldehyde)

Giant reed triethylamine 135 [61]

Lantana camara sulfuric acid 83.00 [69]

Masau stone diethylenetriamine 87.32 [37]

Spent substrate (Auricularia cetyl trimethyl ammonium bromide, 27.25 [70]

auricular) immobilized by sodium alginate

Macadamia nutshell powder HCl 4483 [71]
NaOH 42.44

Modified cocoa shell PEI-HCI 94.34 [25]

Modified cocoa shell APTES-HCI 53.19 Present study

432
433 3.2.4. Thermodynamic parameters

434  Thermodynamic parameters such as AH°, AS°® and AG® were determined based on Van’t Hoff’s

435  equations (15-19) to elucidate the adsorption process [72].

436 6, = Qe (15)
qmax
O

437 = 00 (16)
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Kaeq = % (17)

AS®  AH°
R RT

ln(Kaeq) = (18)

AG® = =R X T X In(Kgeq) (19)

where 6, is the fraction of the surface coverage at equilibrium, g, (mg.g™!) is the amount of ions

adsorbed at equilibrium, gm« (mg.g') is the maximum capacity of the adsorbent, b is the

isotherm constant, C. (mg.L™") is the equilibrium concentration of ions in solution, Kz, is the
equilibrium constant, Ma is the molecular weight of the adsorbent, v is the activity coefficient, R

(8,314 J.K''.mol ™) is the universal gas constant, and T (K) the absolute temperature. The values
of AG®, AH® and AS° were obtained from eq.19 and Figure S5, respectively; they are summarized
in Table 3. Nitrate and Cr(VI) adsorption presented different behaviors. The negative enthalpy for
nitrate proved that the adsorption process was exothermic, indicating that the total energy
absorbed in bond breaking was less than the total energy released by adsorbate-adsorbent bond
making. Therefore, nitrate adsorption was mainly driven by enthalpy. The negative value of
entropy implied a decrease of disorder at the solid-liquid interface associated with a strong
interaction at this interface during the adsorption process [73, 74]. Thus, the internal structure of
the adsorbent did not seem to be modified during adsorption [72]. Negative values of Gibb’s free
energy indicated that nitrate adsorption was spontaneous which is in accordance with the fast

adsorption process observed in Figure 3.
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Table 3: Thermodynamic constants for NO3™ and Cr(VI) adsorption onto ECAB-APTES-HCI
(V=50mL, m=0.2 g, 300 rpm).

AH°(kJ.mol") AS°(J.K'.mol?) AG°(kJ.mol™)
R? 293K 303K 313K 323K
NOs 0.993 -21.57 -28.41 -13.21 -12.98 -12.78 -12.32
Cr(VD 0.995 41.70 241.5 -29.09 -31.36 -34.05 -36.25

For chromium ions, the positive value of enthalpy implied that the adsorption process was
endothermic and mainly controlled by physisorption [75]: the ions had to cause more than one
water molecule to move. The positive value of entropy indicated some disorder at the liquid/solid
interface, suggesting a spontaneous reaction and good affinity of the ions for ECAB-APTES-HCI
[76]. AG® was negative, confirming the feasibility and the spontaneity of the adsorption process.
Gibb’s enthalpy decreased as the temperature increased, so that the diffusion of chromium ions
across the external layer boundary and the internal pores was improved when temperature

increased [75-77].

4. Desorption of NO3 and Cr(VI)

To be useful for industrial applications, the adsorbent should be reusable once saturated with
pollutants. Regeneration of the adsorbent should be cheap, effective and harmless to its structure.
Sodium hydroxide 0.1 mol/L was a good candidate to remove nitrate and chromium ions [78, 79]
from ECAB-APTES-HCI (Figure 6). Respective recovery rates of 82% and 79.8% were reached
in less than 2 hours. The desorption kinetic confirmed that the adsorption/desorption process was
mainly controlled by both physisorption and chemisorption [60, 65]. IR analysis of ECAB-
APTES-HCI after desorption studies evidenced a chemical composition of the surface

comparable to that of ECAB-APTES-HCI.
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480 Figure 6: Desorption of NO3™ and Cr(VI) from ECAB-APTES-HCI (V = 50 mL; m= 0.2 g; 300
481 rpm, pHi= 5.6 for nitrate and 4.6 for chromate).
482

483 5. Proposed adsorption mechanism

484  The above results show that adsorption is achieved through different steps. Firstly, the pollutants
485  in aqueous solution cover the adsorbent, creating a film layer. Secondly, NOs™ and Cr(VI) diffuse
486  into the external surface. Thirdly, the pollutants diffuse into the internal adsorption site (Scheme
487  2). Finally, adsorption occurs on the surface of ECAB-APTES-HCI [49, 80]. As the adsorption
488  process involves both physisorption and chemisorption onto ECAB-APTES-HCI, heavy metal
489  and NOs  adsorption can be postulated to take place as follows: (1) an electrostatic interaction
490  occurs between the heavy metal ions (Cr(IV)) and oxygenic functional groups such as hydroxyl
491  and carboxyl functional groups present on ECAB-APTES-HCI; (i1) protonation of the adsorbent

492  introduces NH3z* groups, and the surface becomes positively charged. The positively charged
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surface slows down/ the interaction with Cr(VI), and NO3™ adsorption is favored at the adsorbent
surface. In addition, the repulsion of Cr(VI) can result in complexation of the solution that
reduces chromium ions. In both cases [(i) and (i1)], the pH of the solution plays an important role
in the adsorption process: more H* ions are available in acidic media, and consequently more
NOs" is adsorbed, whereas more OH™ ions are available at high pH values and then Cr(VI) is
easily adsorbed. This is supported by the kinetic and isotherm studies, pHp. and ZP

measurements. The above results are in agreement with those obtained elsewhere [81].
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Scheme. 2. Postulated mechanism of nitrate and chromium ion adsorption onto ECAB-APTES-

HCL.

Conclusion

Environment-friendly and cost-effective functional cocoa shell (ECAB) was prepared to remove
chromium and nitrate pollutants from aqueous solution. Modified ECAB was characterized by
FTIR, SEM, EDS, XRD, ZP and DSC, and the successful synthesis and functionalization of

ECAB-APTES-HCI was confirmed. Nitrate and chromate are adsorbed onto protonated ECAB-
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APTES via physical and chemical interactions. Batch mode experiments of nitrate and Cr(VI)
adsorption were conducted to determine the kinetic parameters. More than 31 and 53 mg/g of
nitrate and Cr(VI) was adsorbed onto the functionalized ECAB-APTES-HCI. These
performances were promising in comparison to datas already published with modified vegetal
wastes ot biochar. The results fitted well with Langmuir and Freundlich isotherms. Accordingly,
functionalized ECAB-APTES-HCI involves physisorption and chemisorption during the
adsorption process. The results show that the ECAB-APTES-HCI adsorbent can be used as an

efficient and low-cost alternative material to remove chromium and nitrate ions from wastewater.
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