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ABSTRACT

Due to their significant disposal problem during oil extraction and biofuel production, Eucalyptus
camaldulensis leaves as an abundant forestry waste in the Mediterranean region, was investigated
in this study as a precursor for the preparation of a low-cost adsorbents for the treatment of water
laden with ascorbic acid (AA) as contaminant. A single step involving activation and carboniza-
tion in which the raw material was impregnated with chemical agent (KOH 20% and 40%) and
then thermally decomposed at 600°C to produce K-Eucal-20 and K-Eucal-40 adsorbents, respec-
tively. Prior to adsorption tests, Fourier-transform infrared analysis, pH  _ determination, scan-
ning electron microscopy, X-ray diffraction, Brunauer—-Emmett-Teller surface area, iodine number
and methylene blue index were performed for structural and surface characterization. Important
parameters affecting AA uptake including equilibrium time, adsorbent dose, solution pH and
temperature were also evaluated. Adsorption isotherms were better described by the Langmuir
model than those of Freundlich and Temkin. The maximum adsorption capacities achieved for
AA were 190.80 and 305.78 mg/g, by K-Eucal-20 and K-Eucal-40, respectively. Kinetics was found
to obey the pseudo-second-order model. Thermodynamic analysis confirms the spontaneity and
endothermicity of AA adsorption process. This study shows that activated Eucalyptus camaldu-
lensis leaves can be successfully used as an alternative to the commercially available adsorbents
for the removal of such pollutant from liquid media.
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1. Introduction

For decades, the world has been witnessing a rapid
increasing of surface and ground water pollution mainly
linked to human activity such as industrial discharges
(heavy metals, dyestuff and chemicals), phytosanitary
products (surfactants, agricultural treatment products) and
pharmaceutical products (veterinary products and thera-
peutic molecules such as antibiotics, anticancer drugs and
synthetic hormones). Known to save lives and cure diseases,
pharmaceuticals have emerged as a new class of environ-
mental contaminants. Their excessive use worldwide by
human and veterinary can contaminate the environment
with varying concentrations levels in various ways: their
residue may infiltrate surface waters during manufactur-
ing process, since they are excreted in trace quantities into
the sewage system once being metabolized by humans,
finding then their way to water supply after treatment sys-
tems. Also, veterinary pharmaceuticals are excreted in soils
and surface waters by pasture animals. In addition, unused
drugs are often dumped into public water supplies through
sinks, toilets, and landfills contributing then to this type of
pollution [1].

Since the 1980s, a number of studies have been carried
out on the analysis of drug residues in wastewater showing
the presence of traces of several pharmaceutical compounds.
Thus, their presence in wastewater has been part of major
concerns since they become contributors to environmental
degradation [2,3]. Largely used material in the pharmaceu-
tical manufacturer, ascorbic acid (vitamin C) can perform to
high values of chemical oxygen demand and biochemical
oxygen demand promoting bacteria, and another micro-
organism once in rivers and fields, causing thus a serious
potential threat to the environment. So, their elimination is a
must before dumping them in sewage network [4].

In fact, ascorbic acid may be considered as a pharmaceu-
tical residue in some areas such as senior residences where
the intake of pharmaceuticals like painkillers, vitamins, anal-
gesic and antipyretic drugs is largely used. These kinds of
drugs are also frequently used in hospitals and clinics, espe-
cially by the elderly population, for pain relief and disease
fighting. High amounts of ascorbic acid are sometimes used
for the prevention of viral infections or the slowing of the
progression of cancer, although the health benefits are not
obvious. In water, ascorbic acid may mainly be found in the
form of metabolites-ascorbic acid-2-sulfate, dehydroascor-
bate, 2,3-diketogulonic acid, erythrulose, threosone, oxalic
acid, which justifies the need to monitor their amounts in
wastewater in the areas mentioned.

As for toxicity, although ascorbic acid is essential for
good health being an antioxidant, a facilitator of iron-ab-
sorption, an intake of amount higher than 2 g may cause
nausea and diarrhea. These are the main reasons why we
used ascorbic acid as a model pharmaceutical pollutant. In
addition, ascorbic acid excretion depends mainly on kidneys
and sweat. Gastrointestinal, renal and haematological sys-
tems are the main target organs for toxicity. In addition, it
has been reported that vitamin C was being extensively used
as a coronavirus treatment during the pandemic (COVID-
19) with varying medication protocols from patient to
patient. It has been reported that patients in intensive-care

receive up to 1,500 mg of intravenous vitamin C (3-4 times
a day) representing then 16 times the National Institutes of
Health’s daily recommended dietary allowance, which is
just 75-90 mg.

Overuse of medicines has been increasing over the last
decade due mainly to ageing population and the improve-
ment of the health systems in many parts of the world,
including developing countries. The increase of drug intake
has lately dramatically increased, especially in dense-
ly-populated areas. Ascorbic acid is an obvious instance of
such a phenomenon because it is widely known as a good
antioxidant, playing a vital role for bone and blood-vessel
health. However, its acute oral toxicity (LD50) is 3,367 mg/
kg in mice; it may be mutagenic for mammalian somatic
cells, and for bacteria and yeast. Ascorbic acid may cause
adverse reproductive and birth effects based on anima test
data. It passes through the placenta and is secreted through
maternal milk in humans. An intake of amount higher daily
may promote iron overload in patients with thalassemia.
Ingestion of large amounts of ascorbic acid may cause gas-
trointestinal tract irritation, hypermotility, diarrhea, acidi-
fication of urine resulting in stone formation in the urinary
tract. In some people, vitamin C might cause side effects
such as stomach cramps, nausea, heartburn, and headache.
The chance of getting these side effects increases with higher
doses.

In order to reduce its harmful effect by lowering the
concentration, several processes of wastewater treatment
containing this emergent pollutant, are in general imple-
mented such as biological processes [5], advanced oxidation
processes [6], electrocoagulation [7] and in particular, the
technique of adsorption using activated carbons as adsor-
bents developed from wide range of materials [8-13] has
gained much scientific attention in the last decades since it
is economical, efficient and highly selective method for the
removal of variety of pollutants from wastewater, air, food,
beverages and pharmaceuticals.

With a highly developed porosity and an extended sur-
face area, activated carbons are the most commonly used
adsorbents in a growing range of health, environmental,
safety and industrial applications such as pharmaceuti-
cals removal from wastewater [14,15]. They are mostly
prepared from available raw materials and agricultural
by-products. By being lignocellulosic materials with rela-
tively high carbon content, Eucalyptus leaves, a raw material
abundantly available locally, presenting no value and often
presenting expensive disposal problems [16] after essential
oil extraction were chosen in this study as an alternative
for activated carbon production for ascorbic acid removed
from simulated wastewater.

The massive use of ascorbic acid during the last 34 y
(COVID-19) has resulted to the release of large quantities,
thus increasing water pollution in all its form. The aim of
this research work is to propose a way to clean up this water
loaded with this type of pharmaceutical species by using a
cheaper adsorbent obtained from locally available lignocel-
lulosic waste. The waste chosen in our case is the Eucalyptus
leaves obtained from essential oil extraction plants. Using
chemical and physical methods, leaves were valorized by
converting them into activated carbon for the above-men-
tioned pollutant removal from aqueous solutions and to
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solve the storage problem caused by the huge amount of
waste left when separated from its essential oil.

2. Materials and methods
2.1. Solutions preparation

Stock solution of the relevant substance of ascorbic acid
(from Saidal - Algeria, 99% purity) of known concentra-
tions were prepared according to the standard procedure
by dissolving 500 mg of the substance in 1 L flask using
distilled water. Working solutions of desire concentrations
were prepared by successive dilutions using distilled water.
Potassium hydroxide (purchased from Sigma-Aldrich,
Germany). Analytical reagent-grade chemicals were used
for solutions preparation. Table 1 shows some important
properties of ascorbic acid.

2.2. Adsorbent preparation

The biomass used in the trials — Eucalyptus camaldulen-
sis leaves a widespread lignocellulosic plant found in the
Mediterranean region — was collected from (Mostaganem
region-west of Algeria) washed with tap water to remove
dust, then dried in sunlight and oven heated at 100°C over-
night, ground using a jar mill (Vierzen grinder) to increase
the reactivity and sieved to pass through a 0.14 mm sieve
(obtained sample was called NT-Eucal). For adsorptive
properties enhancement, 50 g of Eucalyptus camaldulensis
leaves were simultaneously pyrolyzed in a tubular furnace
(Nabertherm LE14 C290/11) at 400°C then impregnated sep-
arately in known potassium hydroxide solution (20% and
40%) in order to activate the material pores. The mixtures
were agitated for 24 h at ambient, filtered, dried and then
pyrolyzed again at 600°C for 1 h. The obtained K-Eucal-20
and K-Eucal-40 samples described by Fig. 1, were washed
with HCI solution (0.1 N) then with hot distilled water till
constant pH, filtered, oven-dried overnight at 105°C and
kept in desiccators before adsorption tests.

2.3. Adsorbent characterization

2.3.1. Iodine and methylene blue adsorption for surface area
estimation

Known as relative indicators of adsorbents available
surface area, iodine number and methylene blue index were
evaluated in this study. Having a surface occupied by one
molecule equal 20.96 A? iodine number defined in mg of I,
adsorbed by 1 g of adsorbent is mainly adsorbed in micropo-
res giving then a good approximation of the samples micro-
porosity according to ASTM D-4607 standard method [17]
and described in previous work [18]. However, by having
a surface occupied by one larger molecule, methylene blue
as a typical dye is mainly adsorbed in larger pores for bet-
ter mesoporosity approximation according to Chemviron
Carbon TM-11 standard method (Zoning Industriel C,
B-7181 Feluy, Belgium). The mesoporous available surface
is then calculated using the following equation:

_bxN, x Ay,

= M)

BM

Table 1
Chemical structure and characteristics of adsorbed ascorbic acid

Ascorbic acid

Structure Ho
HO OH
IUPAC name (2R)-2-[(1S)-1,2-dihydroxyethyl]-3,

4-dihydroxy-2H-furan-5-one

Molecular formula CH,0O,
Molecular weight (g/mol) 176.124
Density (g/cm?®) 1.65
Solubility (g/L at 20°C) 300
CAS number 50-81-7

where S, is the surface area (m?/g), b is maximum adsorp-
tion capacity (mg/g) based on a monolayer coverage
(determined previously from the Langmuir model), N, is
Avogadro’s number (6.023 x 10® mol™), A, is the surface
occupied by one molecule of methylene blue (taken as
119 A?), and M, is the molecular weight of methylene blue
(319.86 g/mol).

2.3.2. Brunauer—Emmett-Teller analysis for surface area
estimation

Nitrogen adsorption-desorption measurements at 77 K
were performed using Quadrasorb evo™ Gas Sorption ana-
lyzer (Anton Paar) to obtain a specific surface area, total
pore volume and pore-size distribution. To calculate the
specific surface area (S,,;) Brunauer-Emmett-Teller equa-
tion was applied. Total pore volume was estimated based on
the N, volume adsorbed at the P/P 1. Pore size distribution
was calculated by Barrett—Joyner—-Halenda method.

2.3.3. pH of zero-point charge (pH,,)

Commonly used to indicate the adsorbent net surface
charge in solution is the point of zero charge (pH, ), pH for
which the net surface charge is equal to zero. It is also used
to predict solid-liquid affinity. Obtained from the intersec-
tion point of (pH, - pH. .. vs. pH .. plot, the adsorbent

surface is considef;gld to bém}l;a(l))sitively lrgil{qz]argecl atpH<pH, )
and negatively charged at pH>pH . To do this, experiments
were carried out as follows: initiallpy; 50 mL of 0.01 M NaCl
solutions were put into several closed Erlenmeyer flasks.
The pH within each flask was adjusted to a value ranging
from 2 to 12 by adding HCl (0.1 M) or NaOH (0.1 M) solu-
tions, measured once stabilized and noted as pH__ . Then,
0.15 g of activated carbon sample was added into each
flask. After 48 h of magnetically agitation pH news were
measured and noted as pH, . The pH__is the value at

which both pHs are equal (pH, ., = pH ) f19].

final)

2.3.4. IRFT-surface functional groups determination

Infrared analysis was used for principal functional
groups identification present at the surface of the adsorbent.
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Fig. 1. Steps-process carried out on activated process on Eucalyptus camaldulensis leaves (Cases: NT-Eucal, K-Eucal-20 and

K-Eucal-40 adsorbents preparation).

The IR spectra were determined using sampling in KBr on
an IRPrestige-21, SHIMADZU spectrometer. In addition,
scanning electron microscopy observations (SEM) analy-
sis was also performed for samples characterization using
SU8020 Ultra-High Resolution Field Emission Scanning
Electron Microscope; Hitachi Ltd., Japan, 2012.

2.3.5. Burn-off

Defined as the ratio of % weight decrease of the mate-
rial during the preparation to the original weight of the raw
material, burn-off is often used to evaluate the degree of
activation process and it can determined from the follow-
ing equation.

Burn — off(%) =

M,-M,
—1100 @)
M

i

where M, is the initial mass (g) of the raw material and
M, is the product final mass (g).

2.4. Batch adsorption studies

Adsorption studies on batch mode were performed
by mixing an amount of adsorbent (initially chosen on the
basis that it was the dosage giving a high removal rate) in
stoppered conical flasks with 25 mL of ascorbic acid solu-
tions of known concentration. The resulting suspension was
then agitated magnetically at ambient. After the adsorption
process had occurred, the solutions were centrifuged at
5,000 rpm for 15 min and the supernatants were analyzed
by spectrophotometry for the determination of remaining
concentrations in the solution. Experiments were repeated in
triplicate and the average values were reported for further
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calculations. Also experiments were carried out at different
parameters affecting adsorption rate, such as pH range 2-8,
initial dye concentration range 25-125 mg/L, contact time
range 0-240 min, adsorbent dose range 2-12 g/L and tem-
peratures equal to 293, 298 and 303 K.

Analyses for supernatant concentrations were per-
formed using a UV-Vis spectrophotometer (SHIMADZU-
Europe UV mini — 1240) to determine the extent of ascorbic
acid removal from which the amount retained by the solid
phase (g, was determined according to the mass balance
represented by the following relationship:

:(CO—CF)V

3
=" 1000m ®)

3. Results and discussion
3.1. Samples characterization

The samples were characterized prior to adsorption tests
using different chemical and physico-chemical methods
such as available surface area via iodine number, and meth-
ylene blue index, pH, , Fourier-transform infrared analy-
ses, scanning electron mlcroscopy, Brunauer-Emmett-Teller
(BET) and X-ray diffraction.

3.1.1. Mesoporous and microporous available areas

As reported in previous works [17], classical stan-
dard methods were used for global porosities determina-
tion of both samples such as iodine number related to the
microporosity, expressed in mg of iodine per g of adsor-
bent since it has been reported in the literature that 1 mg
of iodine adsorbed is approximately equal 1 m?/g [20]. As
expected, the iodine numbers of treated Eucalyptus leaves
(K-Eucal-20 and K-Eucal-40) increase compared to their
untreated states. This is due to the removal of VOCs and
impurities from samples as a result of their simultane-
ous treatments (chemical and thermal) that have under-
gone, creating then more porous spaces. For larger pores
related to the mesoporosity evaluation, methylene blue
index was used for this purpose. Values of iodine num-
ber, methylene blue index and its available area (S;,,) are

Table 2
Characteristics of prepared samples surfaces

summarized in Table 2. Samples treatment conditions of
24 h impregnation (20 and 40 wt.%) and then heating at
600°C for 1 h, were effective in developing microporosity
for K-Eucal-40 (iodine number = 673 mg/g) and mesoporos-
ity for K-Eucal-20 (MB index = 62.72 mg/g).

3.1.2. pH,, determination

The point where the adsorbent do not induce the release
of either H* or OH" ions into the solution (net surface charge
is equal to zero) is called the pH . Values of the latter are
indicated by the intersection pomt of (ApH = pH, .. - pH,
) Vs (pH,..) plots shown in Fig. 2. As seen from Fig. 2,
there is a distinct common point of intersection at ApH =0
line at pH, ., = 8.20 and 8.40, corresponding to the pH,
values of K-Eucal-20 and K-Eucal-40 adsorbents, respec-
tively which is in accordance of the activating agent used
in this study. The pH, is also related to functional groups
(acid or basic) on the adsorbent surface usually deter-
mined by infrared analysis.

3.1.3. Burn-off and moisture content
3.1.3.1. Burn-off

The degree of burn off is often used to evaluate the extent
of activation [21,22]. Activated carbons pores enlargement

4 -
3 Positive surface charge
2 -
3o
3.1 C 14
£ ® KEucal-20
£ -2
b 34 ® KEucal-40
L300
% -4 4 Negative surface charge
-5
-6
-7

PHinitial

Fig. 2. pH change of K-Eucal-40 and K-Eucal-20 adsorbents as a
function of pH,

initial®

Adsorbents NT-Eucal* K-Eucal-20 K-Eucal-40
Iodine number (mg/g) 446 475.87 673.00
Methylene blue index (mg/g) // 62.70 28.25
S, available area (m*/g) // 140.51 63.30
Sper (M%/g) / 92.00 200.00
Total pore volume (cm?/g) /! 0.138 0.075
Pore diameter (A) // 94.44 85.98
Efficiency (%) // 79.00 62.12
Burn-off (%) // 21.00 37.88
Moisture (wt.%) // 1.03 1.46
pH,, 6.37 8.40 8.45

*NT-Eucal: non-treated Eucalyptus leaves.
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generally occurs at high burn-off. But due to the ablation
of the external surface of the carbon particles, precursors
very rarely go beyond 50% because production is domi-
nated by the compromise between porosity development
and yield of the process. The obtained burn-off values of
21.00% and 37.88% for K-Eucal-20 and K-Eucal-40 samples
are well below the recommended maximum value produc-
ing then an increase in micropore and mesopores spaces
in agreement with the iodine number and methylene blue
available area values represented in Table 2.

3.1.3.2. Moisture content

Plays an important role in adsorption capacity determi-
nation of activated carbons. It involves heating the adsor-
bents to a temperature slightly above the boiling point of
water (377-383 K) and holding it at that temperature until
no further weight loss is observed.

The average moisture content of the K-Eucal-20 and
K-Eucal-40 samples, respectively 1.03 and 1.46. Lowering
the moisture content, results better in adsorption capacity
of ascorbic acid, because water vapors compete in adsorp-
tion process and fill the adsorption sites within the pores,
thus reducing the adsorbents efficiency [23,24].

3.1.4. Functional groups identification by Fourier-transform
infrared spectroscopy

The principal functional groups present at the surface
of Eucalyptus leaves biosorbent and Eucalyptus leaves-based
activated carbons, were identified using the Infrared anal-
ysis in the 4,000-400 cm™ range. The infrared transmission
spectra of the powdered raw Eucalyptus (NTEuca) and
Eucalyptus-based activated carbon materials (K-Eucal-20
and K-Eucal-40) are shown in Fig. 3. They exhibit a num-
ber of bands or peaks, which correspond to hydroxyl
groups (v-OH) of carboxylic acids, phenols or alcohols, and
adsorbed water (strong band at 3,438.57 cm™). Furthermore,
the absorption peak at 2,937.6 cm™ could be attributed to the
valence vibration of C-H (stretching). The adsorption peak
at 1,644.91 cm™ confirms the presence of the carboxyl group

709.52—

3388.92—{ 34114

124414
1039.24.

1314.31

8 Eucal §
g —— KEucal-20 <
—— KEucal-40
T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3. Fourier-transform infrared spectrum of K-Eucal-40 and
K-Eucal-20 sample insert: raw Eucalyptus leaves.

C=0 and a weak peak of carbonyl group at 1,321.49 cm™ may
be related to the COO-ion. A band observed at 1,044.14 cm™
may be attributed to an elongation one in the C-O group
of acids, alcohols, phenols, ethers or ester groups. Peaks
observed at 513.4 cm™ suggest the presence of CH vibra-
tions attributed to cellulose. The IR spectra of K-Eucal-40
and K-Eucal-20 show peaks at 3,324.33 and 3,388.92 cm,
respectively, that can be attributed to hydroxyl groups
vibrations. The spectrum between 2,949 and 2,522 cm™ can
be attributed to elongation vibrations of C-H/OH and C-H
group of CHO. Peaks ranging between 1,713 and 1,627 cm™
can be attributed to the symmetric C=C and C=O stretching
of pyrone, aldehyde or carboxylic groups. Signals 1,428.98
and 1,433.11 cm™ for both samples correspond to the C-O
bonding of phenols, carboxylic acid or ester. Elongation
bands in the C-O of acids, alcohols, phenols, ethers or ester
groups are detected at 1,143.95 and 1,174.64 cm™. Peaks at
670 and 802.8 cm™ suggest the existence of halogen groups.

3.1.4. Samples surface morphology

The microstructure of Eucalyptus leaves-based activated
carbons was examined by SEM. Fig. 4 gives an overview
on the surface Eucalyptus leaves-based activated carbons
(K-Eucal-20 and K-Eucal-40 samples). A relatively heteroge-
neous non-porous surface was observed for the raw mate-
rial in which the particles are mainly arranged in layers,
they possess a cotton-like appearance with almost no voids
or cavities as expected, since it did not undergo any treat-
ment. Furthermore, K-Eucal-40 sample presents a relatively
heterogeneous surface, as well as the presence of cavities, as
a result of the activating agent reaction on its surface com-
pared to K-Eucal-20, where almost a clear surface is shown.

3.1.5. Identification of crystalline phases

X-ray diffraction analysis is performed on Eucalyptus
leaves-based activated carbons powder with a diffrac-
tometer (D8 Advance Bruker) in the range of 20:5° to 100°.

The diffractograms (Fig. 5) show that the main struc-
ture of both K-Eucal-20 and K-Eucal-40 activated carbons
is crystalline. Comparison of the obtained diffractograms
with the referenced ones stored in powder diffraction file
(pdf) confirms the presence of calcite (CaCO,: peak at 29°)
(pdf-03-0596) in both samples. This can be explained by the
presence of an amount of calcite in the Eucalyptus powder
which did not disappear because the low pyrolysis tempera-
ture (<900°C). A small peak at 43° in the figure is attributed
to the dehydrated hemicellulose. Its appearance shows that
the activation process has been correctly performed. The
peaks at 6 = 23.5° in the two graphs are attributed to the
presence of carbon and graphite. In the case of K-Eucal-40
sample, the characteristic peaks persist but some low
intensity peaks have disappeared, which can be explained
by the high percentage of KOH (40%).

3.1.6. Surface area determination

Nitrogen adsorption/desorption isotherms at 77 K as
a function of relative pressure (P/P;)) of both K-Eucal-20
and K-Eucal-40 samples were performed using the BET
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Fig. 5. X-ray diffraction patterns of K-Eucal-20 and K-Eucal-40
samples.

method for their pore structure characterization are shown
in Fig. 6. They exhibit type II isotherm, indicating an indef-
inite multi-layer formation after completion of the mono-
layer (lower relative P/P values). This type of isotherm is
found in adsorbents with a wide range of pore sizes such
as macroporous materials. H, type hysteresis loop associ-
ated to capillary condensation defined by IUPAC [25] is
also observed. This is the most common isotherm obtained
when using the BET method. A gradual increase of N,
adsorption reflecting monolayer to multilayer adsorption
process is observed at higher P/P; values. Slight capillary
condensation of N, occurs in larger pores. A broader hys-
teresis loop covering the range of P/P, from 0.10 to 0.99
for both samples. The lower values of surface specific area
obtained and shown in Table 2 are mainly due to the lim-
ited temperature used during the activation for good yield.

K-Eucal-40
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Fig. 6. Adsorption-desorption isotherms of N, onto K-Eucal-20
and K-Eucal-40 adsorbents.

To limit high adsorbent weight loss at high temperatures, a
value of 600°C was selected as the activation temperature.

3.2. Modeling of adsorption kinetics

Both diffusion and adsorption-controlled models are
usually used to evaluate the equilibrium time and to describe
the kinetic mechanism of adsorption process. In order to
do that, well know models such as Lagergren pseudo-first-
order, pseudo-second-order and intraparticle diffusion in
their linear forms were used in this study to the experimen-
tal data of ascorbic acid uptake onto Eucalyptus camaldulensis
leaves-based activated carbons.

3.2.1. Lagergren’s equation

Also known as Lagergren pseudo-first-order model is
based on the assumption that the rate of change of solute
uptake with time is directly proportional to difference in
saturation concentration and the amount of solid uptake
with time, which is generally applicable over the initial
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stage of an adsorption process and is given by the following
equation.

ln(qg —qt):lnqg —k.t 4)

where g, and g, (mg/g) are the amount of pollutant adsorbed
at equilibrium and at time t (min), respectively, k, (min™)
is the pseudo-first-order adsorption rate constant, ¢ (min)
is the contact time. Values of g, and k, determined from the
intercept and slope of log(q, — g, vs. t plots are summa-
rized in Table 3. Adsorption of ascorbic acid data do not
obey the pseudo-first-order model in its linear form since
R? values are lower due to the scattered data (Fig. 7a) and
also there is disagreement between the experimental equi-
librium adsorption capacities (4, experimentar) and the calculated
ones (4, icaea) (1able 3). Hence, adsorption might not be
diffusion-controlled phenomena.

3.2.2. Pseudo-second-order equation

One of the most popular model used to describe
adsorption kinetics developed by Ho and McKay [26,27] is
given by Eq. (5):

f 1 +lt

Y

where k, (g/mgmin) is the rate constant of the second-
order equation. Parameters g, and k, are determined from
the intercept and slope t/g, vs. t plots.

As shown in Fig. 7a and b, and in contrast to the pseu-
do-first-order, the pseudo-second-order model is very rep-
resentative for ascorbic acid adsorption data in its linear
form since the calculated (q, ., ...q) Values appear to show
reasonable agreement with the experimental (4, .ene)
values. In addition, R?* values are higher. From the above
analytical data, it is clear that the pseudo-second-order
model provides better correlation of ascorbic acid adsorp-
tion onto both samples, suggesting that the rate-limiting
step of adsorption process might be the chemisorption,

©)

2,0
= KEucal-20 (100 mg/L)
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involving valence forces through sharing or exchange of
electrons between the considered adsorbents and the pol-
lutant. Same finding were reported in the literature using
different adsorbents [14].

3.2.3. Intraparticle diffusion model

For adsorption kinetics adsorption analysis, a widely
used model namely the intraparticle diffusion model pro-
posed by Weber—Morris [28] given by Eq. (6) is used in this

Table 3
Kinetic parameters for ascorbic acid uptake onto K-Eucal-20 and
K-Eucal-40

K-Eucal-20 K-Eucal-40
Cluna (Mg/g) 100 200 100 200
Pseudo-first-order
Tyenp) (mg/g) 22.24 43.69 23.90 49.87
oqeale) (mg/g) 1.31 0.908 0.691 0.493
k, (x10?/min) 0.0056  0.0136  0.0047 0.015
R? 0.9429  0.073 0.018 0.17
Pseudo-second-order
ogealey (mg/g) 22.35 45.27 24.34 51.23
k, (g/mg-min) 0.115 0.073 0.021 0.016
h (mg/g-min) 10 57.04 74.30 78.23 100.00
R? 1.00 0.988 0.991 0.993
Intraparticle diffusion

k.., (mg/gmin®?) 0.6003  0.0859  0.4383  0.9626
k.., (mg/gmin®?) 0.0874 0.1761  0.0889  0.1068
C, (mg/g) 19.541  41.750 22.880  45.102
C, (mg/g) 21.552 42529 23261 49.174
R? 0.999 0.964 0.960 0.992
R}? 0.976 0.998 0.747 0.957
3,0

B KEucal-20 (100 mgiL) (b)

® KEucal-20 (200 mg/L)
254 A KEucal-40 (100 mg/L)

v KEucal-40 (200 mg/L)

— Linear fit
2,0 1
f 1,5
1,0
0,5
010 T T T T T T
0 10 20 30 40 50 60

Time (min)

Fig. 7. (a) Pseudo-first-order and (b) pseudo-second-order adsorption kinetics of ascorbic acid onto K-Eucal-20 and K-Eucal-40

samples.
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study to interpret experimental kinetics data of ascorbic
acid onto both adsorbents.
g =k 1 +C 6)
where k_, (mg/g-min'?) is the intraparticle diffusion rate
constant, and C (mg/g) is a constant related to the thickness
of the boundary layer. C and k,, are the intercept and the
slope of g, vs. t'2 plots, respectively. C values determine the
boundary layer effect (higher values, the greater the effect).
As shown in Fig. 8, two related straight lines were obtained
meaning that the adsorption process of ascorbic acid onto
K-Eucal-20 and K-Eucal-40 samples is not controlled by
intraparticle diffusion only. The first straight line depict-
ing larger pores diffusion in which the external resistance
to mass transfer surrounding the particles (boundary layer
diffusion) is significant only at the early stage of adsorp-
tion process. In the first sharp portion, a rapid adsorption
onto adsorbents active sites in which most of the pollutant
was adsorbed outward. The second line represents smaller
pores diffusion which is the gradual adsorption step with
controlling intraparticle diffusion of ascorbic acid from
the surface to the internal pores of the adsorbent [29]. The
thickness of the boundary layer given by constants C are
all positive implying that the intraparticle diffusion is not
alone the rate limiting step as seen in Fig. 8.

25 ® K-Eucal-40, Co = 100mg/L
@ K-Eucal-20, Co = 100mg/L
24 -
/;--.-".'-_._ n
o kint-2 =0.0889
23 b
g & K =0.4383 o
E 2 & S el
S—' '/” Kim‘—_’ :0()874
21 &  K..=0.6003
20
0 2 4 6 8
t 0,5

Fig. 8. Intraparticle diffusion for ascorbic acid, onto both
samples.

Table 4
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3.3. Modeling of adsorption isotherms

In order to depict the equilibrium adsorption isotherm
of ascorbic acid onto K-Eucal-20 and onto K-Eucal-40 sam-
ples, both solid and liquid phase concentrations plots were
used. Most commonly two-parameter adsorption isotherms
equations have been also tested in the present work to fit the
experimental data, namely Freundlich isotherm model [30]
usually used to describe adsorption tests taking place on
heterogeneous adsorbent surface given by Eq. (7), Langmuir
model [31] which assumes that the adsorption takes place
at specific homogeneous sites within the adsorbent with no
further adsorption taking place at a site once filled given
by Eq. (8) and Temkin model [32] represented by Eq. (9)
which assumes that the energy of adsorption is a linear
function of the surface coverage due to adsorbent-adsor-
bate interactions. Table 4 summarizes linear and non-lin-
ear forms of the above-mentioned isotherms models fitted
to experimental data to describe the adsorption process of
ascorbic acid at the solid-liquid interface.
where g, is amount of solute adsorbed per unit weight of
adsorbent (mg/g), C, is the solute concentration remaining
in solution at equilibrium (mg/L), b (mg/g) is the maximum
adsorption capacity corresponding to complete monolayer
coverage and K, is a constant related to the energy or net
enthalpy. K, and n are the Freundlich constants related to
adsorption capacity and adsorption intensity. For Temkin
isotherm, B = (RT)/b,. T the absolute temperature (K) and R
is the universal gas constant (8.314 J/mol-K). The constant b,
is related to the heat of sorption (J/mol) and K, is the equi-
librium Temkin constant corresponding to the maximum
binding energy.

The adsorption isotherms of ascorbic acid at work-
ing conditions (contact time = 30 min, carbon dosage 4 g/L
and pH = 2.5) determined are shown in Fig. 9. The non-lin-
ear forms of these isotherms have been used in order to
describe in a satisfactory way the uptake of ascorbic acid
onto K-Eucal-20 and K-Eucal-40 samples.

From the same figure, we can see that the adsorption
rate increases rapidly at low concentrations in solution
then attenuates to reach saturation at higher concentrations
corresponding to maximum adsorption capacities.

The obtained isotherms models parameters from dif-
ferent plots (Fig. 9) are given in Table 5 from which we can
depict the maximum adsorption capacities obtained from
Langmuir model onto K-Eucal-40 and K-Eucal-20, respec-
tively 305.78 and 190.80 mg/g. Compared to other adsor-
bents reported in the literature [14,33-35] and summarized

Linear and non-linear forms of Langmuir, Freundlich and Temkin isotherms

Isotherm Non-linear form Linear form Parameters
Freundlich q,= KFC3/ " ln(qe) =Ink, +(1jln C, K, and n from In(gq ) vs. In(C ) plots
n
Langmuir g, = bKC, G = G + 1 K, and b from (C/q,) vs. C) plots
° 1+K.C, q, b bxK,
Temkin q,= B]n(KTCS) q,=BInK, +BInC, K, and B from g, vs. InC, plots
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in Table 6, implying that the surface modified Eucalyptus
camaldulensis leaves can be efficiently be used in removing
ascorbic acid as a pollutant from wastewater.

In addition, R, (R, =1/(1+b = C))) values ranging between
0 and 1, indicate that ascorbic acid adsorption onto both
adsorbents is a favorable process in agreement with the
adsorption intensity factor n > 1 derived from Freundlich
model which states that the magnitude of n depicts the
adsorption process favorability, with 2 < n <10 (very favor-
able), 1 <n <2 (moderately difficult) and 1 < 1 (poor adsorp-
tion potential). The obtained n values are >1 meaning that

Ce (mg/L)
[} 50 100 150 200 250 300

275

I 250

225

I 200

F175

Cy L 150
£ 60+ £
2 125 <@
40 4 - 100
® K-Eucal-20 L 75
20 4 ¢ K-Eucal-40
Langmuir model - 50

Freundlich model
Temkin model

T T T T T T T 0
o 10 20 30 40 50 60 70 80 90 100
Ce (mg/L)
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Fig. 9. Adsorption isotherms of ascorbic acid onto K-Eucal-20.

Table 5
Langmuir, Freundlich and Temkin parameters for ascorbic acid
removal

K-Eucal-20 K-Eucal-40
Langmuir R? 0.991 0.973
b (mg/g) 190.80 305.78
K, (L/mg) 0.027 0.016
R, 3.494 x 10°° 2.181 x 107
Freundlich R? 0.969 0.901
n 1.657 2.399
K, (mg/g) 10.308 24.994
Temkin R? 0.960 0.974
K, (L/mg) 0.491 0.129
B 31.895 71.345
Table 6

the biosorption processes are all favorable and then adsorp-
tion process is moderately difficult (n = 1.657 to 2.399).

Based on R? values, Langmuir model is more represen-
tative. Data of all three models studied can be classified in
the following order (from best fitting to least one): Langmuir
model > Temkin model > Freundlich model. Temkin model
was not well represented for ascorbic acid onto K-Eucal-40
with positive B parameters related to the heat of sorption
indicating the existence of weak sorbent—sorbate interaction.

By being an anion, negatively charged, ascorbic acid
functions are considered to an electron donor or reduc-
ing agent. The mechanism of ascorbic acid onto K-Eucal-20
and K-Eucal-40 samples can be explained that in the alka-
line media (pH > 8.5), lower values of the removal effi-
ciency was observed mainly due to the repulsion between
both negatively charged adsorbate and adsorbent surface
as shown in pH,__study (Fig. 2) as OH" covered the adsor-
bents surfaces. In the acidic media, the adsorbents surface
is positively charged increasing then the electrostatic force
of attraction between ascorbic acid and adsorbents surface
resulting in an increase of the removal efficiency.

3.4. Thermodynamic study

Thermodynamic functions such as changes in the stan-
dard free energy (AG°®), the enthalpy (AH°) and entropy
(AS°) were evaluated graphically as functions of tempera-
ture in order to determine the spontaneity, nature and the
adsorbent applicability of ascorbic acid adsorption onto
both prepared adsorbents. These functions were calculated
from the adsorption distribution coefficient (K,) using the
following equations [36]:

C

K === 10
=C (10)

AS°  AH®
InK, ==——- 1
nkg=—"7 an
AG®=-RTInK, =TAS° - AH® (12)

. E
InS" =In(1-6)-—= (13)

RT

Fig. 10a shows plots of InK, vs. T™' from which AS° and
AH?® are obtained using the intercept and the slope, respec-
tively. Thermodynamic functions values are summarized
in Table 7. Negative values of AG® indicate that nature of

Maximum adsorption capacities of various adsorbents for ascorbic acid

Adsorbents .. (Mg/g) References
Activated carbon 520.80 [14]

Fe,O, magnetic nanoparticles 6.90 [33]
PAN:SiO, composite 45.66 [34]
Entrapped activated carbon in alginate 21.59 [35]

Treated Eucalyptus camaldulensis leaves with KOH 20% 190.80 [This study]
Treated Eucalyptus camaldulensis leaves with KOH 40% 305.78 [This study]
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Fig. 10. (a) Van't Hoff plots and (b) modified Arrhenius plots for ascorbic acid adsorption.
Table 7
Thermodynamic parameters of ascorbic acid adsorption
Adsorbent K-Eucal-20 K-Eucal-40
R? 1.000 0.948
—-AH® (kJ/mol) 17.248 86.649
AS° (kJ/K-mol) 0.140 0.376
298 K 303K 313K 298 K 303K 313K
—AG° (kJ/mol)
24.52 25.22 26.62 24.96 27.77 30.75
K, (L/g) 2.02 2.27 2.82 241 6.24 13.80
K, (dimensionless) 19,758.47 22,174.02 27,577.42 23,553.31 60,974.63 134,843.95
E, (kJ/mol) 15.62 82.80
Sticking probability (5%) 2.02 x 10 2.56 x 1071

ascorbic acid adsorption onto K-Eucal-20 and K-Eucal-40
samples at different temperatures is spontaneous. Also, the
negative values of AH® and their magnitude are both an
indication that adsorption processes were taken place via
physisorption (for the case of K-Eucal-20) and chemisorp-
tion (for the case of K-Eucal-40) associated with exo-
thermicity in both cases.

KOH activation is mostly a chemical to create a more
porous surface. In the case of more concentrated KOH
(K-Eucal-40) probably we are creating more functional
groups that are causing stronger binding which is in accor-
dance with chemisorption process. One can conclude that
chemical functionalization is happening in the case of high
concentration KOH.

Increasing the temperature from 298 to 313 K, pro-
motes the diffusion of molecules across the outer bound-
ary layer and the internal pores of the adsorbent which has
a negative effect on the ascorbic acid adsorption rate.

The positive values of AS° indicate the increased ran-
domness at the adsorbent-adsorbate interface during the
adsorption process and a good affinity of ascorbic acid
towards K-Eucal-20 and K-Eucal-40 adsorbents.

Two other parameters of great utility, the activation
energy (E ) and sticking probability (5*) estimated from the
experimental data are commonly to support the adsorption
mechanism predominance [37]. The relationships between
the above-mentioned parameters and the surface coverage:

0 = (1 - C/C) are given by the modified Arrhenius-type
equations in its linearized form [Eq. (13)]. E, and S$* values
are obtained from the slope and the intercept of In(1-6)
vs. (1/T) plots represented by (Fig. 10b) and is summa-
rized in Table 7.

Comparable with AH®, the positive values of E and their
magnitudes confirm the physisorption of ascorbic acid onto
K-Eucal-20 and its chemisorption onto K-Eucal-40 asso-
ciated with exothermicity in both cases. Defined as a mea-
sure of the potential of a sorbate to remain on the sorbent
indefinitely which is in relation the proportion of collisions
with its surface leading to adsorption and depending on
the system temperature. S* values were estimated from the
surface coverage (0) in the temperature range of 298-313 K
as shown in Table 7. The obtained results suggest that the
probability of ascorbic acid to stick very well on both adsor-
bents surfaces since 0 < §* <1, confirming that the adsorp-
tion processes are favourable (physisorption mechanism is
dominant for the case of K-Eucal-20) and (chemisorption
mechanism is dominant for the case of K-Eucal-40) according
to the following classification: S* > 1 (Sorbate unsticking to
sorbent: weak adsorption exist), S* = 1 (linear sorbate-sor-
bent relation of sticking exists: existence of both chemisorp-
tion and physisorption mechanisms), S* = 0 (Indefinite
sticking of sorbate to sorbent: chemisorption mechanism
is dominant) and 0 < $* <1 (Favourable sticking of sorbate
to sorbent: physisorption mechanism is dominant).
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4. Conclusion

Treatment of pharmaceutical-laden wastewater using
activated carbon derived from raw and carbonaceous
Eucalyptus camaldulensis leaves was the aim of this inves-
tigation. A two-step route using impregnation of ground
leaves into potassium hydroxide solutions at different con-
centration followed by pyrolysis at 600°C for 2 h was per-
formed to enhance uptake rate. Different characterization
methods were performed on obtained sample. Significant
improvements in surface area (from 92 to 200 m?%g) and
uptake (190.80-305.78 mg/g) were noticed. A quick equilib-
rium time was reached for batch adsorption experiments
at ambient temperature. Ascorbic acid adsorption was best
described by Langmuir model at working conditions (con-
tact time = 30 min, carbon dosage = 4 g/L and pH = 2.5).
Adsorption process was taken place via physisorption
associated with and spontaneity at different temperatures.
Kinetics was found to obey the pseudo-second-order model
and thermodynamic analysis confirms the spontaneity and
endothermicity of ascorbic acid adsorption process. This
study shows that activated Eucalyptus camaldulensis leaves
can be successfully used as an alternative to the commer-
cially available adsorbents for the removal of such pollutant
from pharmaceutical wastewater industries.
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