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ABSTRACT

The removal of humic acid (HA) from aqueous solution onto cellulose (CE) and powdered
activated carbon (PAC) was investigated in a batch adsorption system as a function of pH,
sorbent mass and contact time. The optimum conditions for HA uptake by CE were 2-3,
50 mg and 30 min, respectively. For PAC, they were 2, 50 mg and 30 min, respectively. PAC
and CE sorbents were characterized by Fourier transform infrared spectroscopy and
scanning electron microscopy. The kinetic adsorption data was analysed on the basis of
Lagergren pseudo-first-order, pseudo-second-order, Bangham and the interparticle diffusion
models. The Lagergren pseudo-first-order fitted the kinetic data best. Experimental sorption
data were fitted on different adsorption isotherm models, and it was established that the

fitting followed the order:

Langmuir > Freundlich > Temkin > Dubinin-Radushkevich

(D-R). According to the Langmuir isotherm models, the maximum adsorption capacities of
CE and PAC for HA were 89.3 and 30.4 mg g~ ', respectively.
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1. Introduction

Humic acids (HAs) are complex products of decay-
ing vegetation, and are usually aromatic and acidic in
nature [1]. The presence of HA in water resources has
been of concern in water supply and there is consider-
able practical interest to minimize the presence of
these compounds in drinking water [2]. Humic sub-
stances adversely affect water quality in several ways,
causing undesirable colour and taste [3]. The presence
of HAs in water does not directly cause toxicity but
can (after disinfection process) result in the production

*Corresponding author.

of undesirable and dangerous post reactive molecules
called disinfectant by-products [4]. HA can react
with chlorine during water treatment producing
trihalomethanes (THMs) which are carcinogenic
substances [5]. The United States Environmental
Protection Agency (USEPA) commends a maximum
contamination level of below 80 ug L™' for THMs in
drinking water [6]. THMs can be reduced by remov-
ing humic materials prior to chlorination [7]. HAs
have many organic functional groups that provide
abundant potential binding sites for various pollu-
tants, which also influences contaminants’ dispersion
and mobility in the environment. HA elimination from
aqueous solution is of great significance. Furthermore,
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HA is thought to be one of the major reasons for the
transport of metal ions in the environment [8]. There
are several methods used to remove HA in natural
water, including electrocoagulation [9], membrane
technologies [10], photocatalytic ~degradation on
Ti-modified silica [11] and adsorption [12,13]. Among
these methods, adsorption is generally regarded as a
promising method, and has been extensively studied
for the removal of humic substances.

Activated carbon (AC) is a widely used adsorbent
for industrial water treatment as well as municipal
water purification [1,14]. It is a highly porous
amorphous solid consisting of microcrystallites with a
graphite lattice structure. The preparation involves
carbonization where a carbonaceous material is
exposed to elevated temperatures of between 400 and
600°C in an oxygen-deficient atmosphere. This is
followed by activation, where carbonized particles are
subjected to a stream of CO, at high temperatures. AC
can be in powdered (PAC) or granulated (GAC) form
which is a form of AC with a high surface area and
adsorbs many toxic compounds. Since it is from a
non-renewable source, there is need for an alternative.
AC is also expensive [15,16] which is becoming
unaffordable to poor municipalities in developing
countries in Asia and Africa. The fouling rate of AC
adsorbent is high so the replacement rate or the
regeneration efficiency is also high. Since AC is in the
powdered form, it makes handling a big problem.

Cellulose (CE) was selected as a sorbent in this
work because it is a natural organic compound with
the formula (C¢H;0Os), and is the most abundant
organic polymer on earth [17,18]. This insoluble
polysaccharide consists of a linear chain of several
hundreds to over ten thousands B(1 — 4) glycosidicly
linked p-glucose units. CE is mainly obtained from
wood pulp and cotton because structural component
of plants are formed primarily from cellulose. It
forms crystals (cellulose I,) where intramolecular
(0O3-H— 05" and 06 —H-02") and intrastrand
(O6-H — 03" hydrogen bonds hold the network flat,
allowing the more hydrophobic ribbon faces to stack
[19]. Each residue is oriented 180° to the next with
the chain synthesized two residues at a time [20].
Although individual strands of cellulose are intrinsi-
cally no less hydrophilic, or no more hydrophobic,
than some other soluble polysaccharides (such as
amylase), this tendency to form crystals utilizing
extensive intra- and intermolecular hydrogen bonding
makes it completely insoluble in normal aqueous
solutions.

In the light of the above-mentioned negative effects
of the HA’s presence in water, this research aims to
study the effects of parameters such as initial pH,
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sorbent mass (PAC and CE), contact time and initial
concentration on adsorption efficiency of HA by
cellulose and powdered activated carbon (PAC).
Kinetic and adsorption modelling studies were done
to determine the rate limiting steps and gain some
mechanistic information.

2. Materials and methods
2.1. Chemicals and reagents

HA was bought from Sigma Aldrich (Steinheim,
Germany). The pH of the KNO; solution was adjusted
with NaOH and HCl. Cellulose was bought from
Merck (Darmastadt, Germany), while AC was
obtained from Sigma Aldrich (Steinheim, Germany).
All other chemicals used were of analytical reagent
grade from Merck (Darmastadt, Germany), and were
used without further purification.

Perkin Elmer UV-vis Lamda 25 spectrophotometer
(MA, USA) was used for the analysis of humic acid
concentration. For mechanical agitation, a Wisecube
Fuzzy Control System from Wisd Laboratory Instru-
ments was used at 155 rpm at a fixed temperature of
37°C. A Rotofix 32 A Centrifuge from Hettich Lab
Technology (Tuttlingen, Germany) was used to sepa-
rate the HA solution from the sorbent, and was set at
3,000 rpm. Fourier transform infrared spectroscopy
(FTIR) analysis was done as KBr disc on a Perkin
Elmer Paragon 2000 FTIR spectrophotometer (Shelton,
USA) in the range 400-4,000 cm™'. For morphological
feature studies of the sorbents, scanning electron
microscopy (SEM), FEI Quanta 200 at 5 kV was used.
Ultrapure water (Milli-Q, MA, USA) was used in all
experiments. A 766 Calimatic pH meter, equipped
with a Shott N61 pH electrode from Knick (Berlin,
Germany) was used to measure pH.

2.2. Preparation of HA stock and standard solutions

HA (0.25 g) was transferred to a 250-mL volumet-
ric flask where 3.3 mL of 1M NaOH was added to
necessitate its complete dissolution. The flask was
shaken then topped up to the mark with distilled
water. The stock solution was stored at 25°C in a dark
cupboard when not in wuse. Standard solutions
(5250 mg L") were then prepared in 100-mL
volumetric flasks from the HA stock solution. The cali-
bration curve for the absorption of HA gave a good
linear curve with a correlation coefficient (R value of
0.999, and was confidently used for quantification. The
molar absorption coefficient of HA is equal to the
gradient of the calibration curve, and was determined
to be 0.0053 L mol ' cm™.



N.T. Tavengwa et al. | Desalination and Water Treatment 57 (2016) 16843-16854

2.3. Determination of physicochemical properties of the
sorbents

2.3.1. Determination of moisture content

Moisture content of PAC and CE was determined
by weighing 3 g of the sorbent into a crucible. This
was placed in the oven and heated for 3h at a
constant temperature of 120°C. The sample was then
removed and put into a desiccator in order to prevent
moisture uptake from the atmosphere before the
sample was reweighed. This procedure was repeated
until a constant weight was obtained. The difference
in the mass constituted the amount of moisture
content of the adsorbent.

2.3.2. Determination of loss of mass on ignition

The determination of loss of mass on ignition was
done by weighing 5 g of the PAC adsorbent and put
inside a furnace at constant temperature of 600°C for
1.5 h. After heating, the sample was removed and put
in a desiccator to cool. The residual product was then
weighed, and the difference in mass represented the
mass of organic material.

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

For the point of zero charge (pHy,.) determination,
0.1 mol L' KNOj; solution was prepared, and its
initial pH (pH;) was adjusted to between 1 and 12
using NaOH and HCI in different test tubes. A 12 mL
aliquot of pH-adjusted KNOj3; and 100 mg of adsorbent
were then mixed in a test tube and placed in a Wise-
cube shaker at 37°C set at 155 rpm. After 24 h, the
mixture was centrifuged for 5 min at 3,000 rpm, and
the final pH (pHp of the solution was measured. This
was done for each pH.

2.4. Batch adsorption

HA solution was transferred to a 100-mL conical
flask were 50 mg of the sorbent (PAC or CE) was
placed. The mechanical agitation of the mixture in a
Wisecube Fuzzy Control System for maximum sorp-
tion of HAs was ensured through a steady shaking of
155 rpm. At too high stirring speed, the shaking
became violent and the HA sorption was affected by
the generation of air bubbles. The HA-adsorbent
mixture was then allowed to equilibrate for preset HA
initial pH (2-11). Mass of sorbent (10-500 mg), agita-
tion time (5-120 min) and initial HA concentration
(20-250 mg L") were also optimized. After sorption,
the mixture was centrifuged for 5 min before the
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supernatant was analysed for HA using a Perkin
Elmer UV-vis spectrophotometer set at a wavelength
of 465 nm which was a wavelength used by other
researchers [21,22]. All experiments were done in
triplicate at 37°C by varying one parameter and fixing
the rest. The influence of adsorption parameters was
evaluated by calculating the adsorption capacity,
g (mgg™") defined as mass of substrate bound on a
gram of adsorbent (Eq. (1)).

where C, (mg L) is the initial concentration, and C,
(mg L") represents the final equilibrium concentration
after adsorption. V (L) is the volume of the sample
solution and m (g) the mass of the adsorbent.

2.5. Kinetic model estimation

The kinetics of adsorption is important as it
controls process efficiency. Kinetic studies were car-
ried out to determine the rate and mechanism of reac-
tions. In the present investigation, pseudo-first-order,
pseudo-second-order, intraparticle diffusion and the
Bangham’s models were studied to determine the
rate-limiting step of HA sorption onto surfaces of CE
and PAC sorbents across the liquid phase.

A simple kinetic analysis of adsorption can be
expressed by a pseudo-first-order equation (Lagergren
equation) [23], as shown in Eq. (2):

k
]Og(qe — qt) = log Je — ﬁt (2)

where g, and g, are the loading capacities (in mg g™")
at equilibrium and at time f (min), respectively. The
rate constant k; (min~!) was determined from the
slope of a plot of log(g. — g¢) vs. t.

For the pseudo-second-order chemisorption kinetic,
the rate equation can be expressed as [24]:

t 1 1
P + qet ®)
where k, is the rate constant of pseudo-second-order
(g mg min~") obtained from the intercept of the plot of
t/q; vs. t. The other terms are as previously defined.
To examine the diffusion mechanism of the
adsorption process, the Weber and Morris intraparticle
diffusion model [25] was applied to analyse the kinetic
results:
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where kig (mg g~' min~%°) is the diffusion rate constant,
and C reflects the boundary layer effect. If intraparticle
diffusion is involved, then the plot g; vs. t'/? gives a
straight line with the slope k;q and the intercept, C.

The slowest step in the adsorption process can be
determined by plotting the kinetic data with Bangham
equation [26] which is expressed as:

o kO

log log c = log
Co — qim 2.303V

+ o log t )

where C, is the initial concentration of the solution
(mg L™Y, V (L) is the volume of the solution, m is the
mass of the adsorbent used per litre of the solution
(gL™, g (mgg") is the amount of the adsorbent
retained at time ¢t (min), and a and k, are constants.

2.6. Adsorption modelling

Sorption equilibrium is usually described by iso-
therm equations whose parameters express the surface
properties and affinity of the sorbent at a fixed tem-
perature and pH [27]. Distribution of HA between the
liquid phase and the solid phase (PAC and CE) can be
described by several isotherm models, four of which
were considered in this study; Langmuir, Freundlich,
Dubinin-Radushkevich and Temkin isotherms.

The Langmuir isotherm assumes that the highest
adsorption happens when a saturated monolayer of
solute molecules exists on the adsorbent surface
(homogenous system) [28].

11 1
Je  qmbCe  Gm

(6)

where g, is the adsorbed amount (mg g™!) of HA and
C. is the equilibrium concentration in solution
(mgL™"). g, is the monolayer adsorption capacity
(mgg™") and b is the constant related to the free
energy of adsorption (L mg~ ') obtained from the plot
of Eq. (6). The essential features of Langmuir adsorp-
tion isotherm parameter can be used to predict the
affinity between the sorbate and sorbent using a
dimensionless constant called separation factor or
equilibrium parameter (Ry), which is expressed by the
following relationship:

1
Ry = (1+bC,) )
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where b (Lmg™") is the Langmuir constant and C,
(mg L™") is the initial concentration. The value of Ry
provides information as to whether the adsorption is
irreversible (Ry =0), favourable (0 < Ry <1), linearly
favourable (R = 1) or unfavourable (R > 1).

The Freundlich isotherm model is an empirical
relationship describing the adsorption of solutes from
a liquid to a solid surface, and assumes that different
sites with several adsorption energies are involved,
and is represented by Eq. (8) [29].

1
log g. = log kr + o log C. (8)

where g, is the amount of HA adsorbed per unit mass
of adsorbent (mgg™") and C. is the concentration of
HA at equilibrium (mgL™). kg (Lmg ') roughly
shows the adsorption capacity and 1/n represents the
adsorption intensity.

Dubinin-Radushkevich isotherm does not assume
a homogeneous surface or constant sorption potential.
It is commonly applied in the following form [30]:

In g. = In gy — fpe? ©

where g, (mgg ') is maximum adsorption capacity
and fp (mol®] ™) is the activity coefficient associated
with adsorption energy. The Polanyi potential () is
given in Eq. (10), R  mol ' K™") is the universal gas
constant and T (K) is temperature. fp and g, are
calculated from the slope and intercept of the plot
In g, vs. &%, respectively. The mean adsorption energy,
E k] mol™), is obtained from Eq. (11) and its value
determines the type of adsorption process as physical
(E < 8 k] mol™") or chemical (E > 16 k] mol ™).

e=RT In (1 + Cie) (10)
1

E=— 11

V2Bp) (an

By ignoring the extremely low and large values of
concentration, the Temkin isotherm model assumes
that the heat of adsorption of all molecules in a layer
would decrease linearly rather than logarithmically
with coverage. Its derivation is characterized by a uni-
form distribution of binding energies up to some
maximum binding energy, which was determined by
plotting the quantity sorbed g, against In C.. The con-
stants were determined from the slope and intercept
of Eq. (12) [31].
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qezglnAT—&—ElnCe
br br

(12)
where At (L g_l) and br are the Temkin isotherm
equilibrium binding constants.

3. Results and discussion
3.1. Characterization studies

HA can be characterized as a loose assembly of
aromatic polymer of varying acidity and reactivity
with a hypothetical structure as shown in Fig. 1.
Table 1 summarizes some important physicochemical
characteristics of the sorbents (PAC and CE).

Moisture content is an essential component of any
sorbent material which determines the ability of the
sorbent to hold the moisture. Moisture content
depends on many factors such as the composition of
the sorbent, thus the different values for CE and PAC
which were 6.7 and 7.0%, respectively. A material
with high moisture content has a high porosity and
the active groups are spaced further apart from each
other [33].

FTIR spectra of CE, HA, and CE-HA complex
were investigated to determine the functional groups
which participated in the formation of the complex
(Fig. 2). The shaded bands are included to highlight
the several differences in the three spectra. For HA,
the prominent peak at 3,439.03 cm ' confirmed that it
had hydroxyl groups. This band, due to —-OH, was
one of the functional groups used in the adsorption of
HA to the CE adsorbent. The peak at 1,611.57 cm™"
signified the presence of double bonds. The bond at
1,622.18 cm™' suggested the presence of double bonds
in CE. HA itself have been found to be a good sorbent
for different analytes such as metal ion contaminants
[34] because of its functional groups. Previous FTIR
studies have shown absorbance wavelengths at 3,416,

COH COH
HO COCH
¢ R—-CH H
| I N
LY o
HO
OH CH o) 0

0 NH

Fig. 1. A model structure of HA [32].
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Table 1
Physicochemical properties of the sorbents
Sorbent
Sorbent property CE PAC
Colour White Black
Specific gravity (g cm ™) 1.62 0.8-2.1
Moisture content (%) 6.7 7.0
Loss of mass on ignition (%) - 8.9
Point of zero charge (pHp..) 7.8 9.2
BET surface area (m” g ) 102 834
a.} I'\.
r'l."

Q ‘\ 4 A ~

g Io)™ ".\ ) / ;_,. s

£ T A

A

[2]

% ) \I 7

= \\ / Il."'\‘ _J'x
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Wavenumbers (cm™")

Fig. 2. FTIR spectra of (a) HA, (b) CE and (c) CE-HA
complex (shaded regions highlight the differences).

2,916, 1,638, 1,417, 1,323, 1,161, 1,046 and 895 cm™" to
be associated with native cellulose [35,36]. The FTIR
spectrum of CE-HA was basically an overlap of the
CE’s and HA'’s. There were bonds in HA which were
not present in its spectrum but appeared in that of the
CE-HA complex (1,430 and 1,300 cm™). However,
bands at 900, 825, 700, 450 and 440 cm™ ! were strongly
present in the pure HA spectrum but their intensity

COOCH
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Fig. 3. FTIR spectra of (a) PAC and (B) PAC-HA complex
(shaded regions highlight the differences).

were greatly diminished in the spectrum of the
complex. The absorption band of the carboxyl group
at 1,700 cm™' for CE remained considerably strong
after reaction with HA indicating that only part of the
carboxyl group participated in the bonding process.

Fig. 3 shows an FTIR spectrum of PAC with no
detail in the functional group region. However, after
adsorption of HA from a solution, several adsorption
bands appeared both in the functional group and the
fingerprint regions. The presence of the band around
3,350 cm™' was indicative of the hydroxyl ions from
water where the HA was spiked. The C=C bond of
the HA was observed in the PAC-HA complex and
was an indication of bonding between PAC and HA.

The surface physical morphology of the sorbents
was evaluated by SEM. Both the SEM images showed
surfaces that were not smooth (Fig. 4). This is an
important surface feature, as the roughness of the
sorbent meant high available surface area for HA
adsorption. The pores on the surface enhanced the
mass transfer of the HA from the bulk solution to the
pores of the sorbent.

Fig. 4. SEM micrography of (a) CE and (b) PAC.
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3.2. Effect of pH and point of zero charge (pH,..)

The surfaces of the sorbents (CE and PAC) and HA
were affected differently by basic and acidic conditions,
as such, different adsorption values were observed at
different pH values. Solution pH strongly influences
the surface charge of the adsorbing material, degree of
ionization process of HA molecules, and this parameter
was investigated in the pH range of 2-11 (Fig. 5). For
the determination of point of zero charge (pHp..), a plot
of ApH vs. pH; was used (Fig. 6). The pH value where
ApH = 0 was the point of zero charge (pH,,,.), which is
the pH at which the total number of positive and nega-
tive charges on its surface becomes zero was found to
be 9.2 for CE. It has been found that the pHy,. of chi-
tosan, which is structurally related to cellulose, was 6.6
[2]. At pH < 9.2, the surface of the cellulose was taken
as positive, and the HA, which is negatively charged
due to its pHy,. ~ 2 [37] was adsorbed strongly by elec-
trostatic attraction. It can be seen from the hypothetical
structure of HA that the -COOH, -OH and -NH
groups are negative centre carriers. The increase in the
number of negatively charged sites on cellulose beyond
PHp,c resulted in electrostatic repulsion with the HA
molecules and lower adsorption capacities were thus
recorded. The same pH trend was found by Song et al.
[38] who modified graphene oxide nanosheets with
cyclodextrin in an investigation of HA removal.

Effect of pH on HA sorption onto PAC followed a
similar trend to that of CE (Fig. 5). HA molecules gener-
ally gain excess negative surface charge as the pH is
increased due to deprotonation, firstly by the carboxylic
groups at pH values of 4-6, followed by the dissociation
of phenolic groups at higher pH [39,40]. From Fig. 6, the
pHp.c of PAC was found to be 7.8. In another research,
it was observed that pHp,. of AC cloth in KNO3 aque-
ous solutions was at pH 7.0 [41]. pH,,. of 7.98 of
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Fig. 5. Effect of initial pH on the adsorption of HA on
PAC and cellulose (1 =3). (Sample volume =25mL, HA
concentration = 200 mg Lfl, contact time = 50 min, sorbent
(CE and PAC) weight = 50 mg, temperature = 37°C.)

41 —— Cellulose
3 —e— Activated carbon
2 4
" Initial pH (pHi
%, ‘ ‘ ‘ nitial p (pHi)
’ 2 4 6 8 \5’0\ 12
24
-3-

Fig. 6. Determination of point of zero charge (pHp,.) of
HA adsorbed on PAC and cellulose by varying the inital
pH (n = 3).

pyrolytically prepared AC from Fagopyrum esculentum
Moench was obtained by Kibami et al. [42]. Just like in
this study, Diaz-Flores et al. [43] used an anionic
molecule, 2,4-dichlorophenoxyacetic acid, for sorption
unto AC cloth and reported a pHp,. of 9.41 and the
maximum sorption they recorded was at pH 2-3.

3.3. Effect of sobent mass

The effect of the sobent mass on the removal of HA
from aqueous solution was investigated by varying the
mass of the adsorbent (CE and PAC) from 10 to 500 mg
(Fig. 7). It is expected that an increase in the mass of
adsorbent should yield a corresponding increase in the
amount of HA adsorbed onto the surface of the
adsorbent since there will be more adsorption sites
available. Therefore, competition for binding sites
between molecules of the adsorbate decreased with
increase in mass of the adsorbent. With increasing
adsorbent dose, the removal efficiency increased and
corresponding adsorbed quantity per wunit mass
decreased. The best mass was found to be 50 mg for
both sorbents and was used in subsequent experiments.
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Fig. 7. Effect of sorbent mass on the adsorption of HA
on PAC and cellulose (1 =3). (Sample volume =25 mL,
HA  concentration = 200 mg L™, contact time =50 min,
temperature = 37°C.)

3.4. Effect of contact time

The contact time between HA adsorbate and the
sorbent (CE and PAC) is of great importance in the
design of a sorption systems and large-scale applica-
tions. Therefore, time-dependent experiments were
conducted in the range of 5-120 min at 37°C (Fig. 8).
As can be seen, the maximum sorption was achieved
after 30 min for both sorbents. This was an indication
that the sorption of HA on both sorbents was a fast
mass transfer. The fast sorption rate could have been
due to a great availability of surface area/binding sites
on the sorbents during the initial stages. Generally,
HA molecules will bind to all the active sites until
they are fully occupied. Hence, with time, fewer active
sites are available leading to a reduction in the
amount of HA adsorbed.

3.5. Effect of initial concentration

Initial concentration is an important parameter
which may provide an important driving force to
overcome all mass transfer resistance of adsorbate

120 -
116 -
"o 112 -
o
£ 108 —— Cellulose
T —e— Activated carbon
104 -
100 T T )
0 50 100 150

Contact time (min)

Fig. 8. Effect of contact time of HA adsobed on PAC and
cellulose (n=3). (Sample pH 4, sample volume =25mL,
HA concentration = 200 mg L', sorbent (CE and PAC)
weight = 50 mg, temperature = 37°C.)
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between the aqueous and solid phases. It influences
the rate at which adsorbate molecules move from the
bulk solution to the adsorbent surface [27]. Increasing
initial concentration enhanced the adsorption capacity
of HA (Fig. 9). This trend was also observed by Mous-
savi et al. [4]. The almost linear dependency might
have been due to the unsaturation of binding sites of
CE and PAC which resulted in an increase in the HA
removal. As shown in Fig. 9, when the initial concen-
tration of aqueous HA solution was changed from 20
to 250 mg L', the absolute amount of HA adsorbed
per unit mass of cellulose and PAC also increased.

3.6. Kinetic modelling

The rate constants of pseudo-first-order (k) were
found to be 0.029 and 0.030 min~' for HA adsorption
onto CE and AC, respectively (Table 2). The comparison
of g. values from experimental work (ge exp = 109.4 and
111.8 mg g ") of this study and the calculated ones
(el =5.06 and 532mgg ") of pseudo-first-order
kinetic model showed a large difference. This did not
show the suitability of this model. Furthermore, the
degree of linearity for these kinetic model plots was
judged from the value of the correlation coefficients. The
correlation coefficients (R?) were 0.895 and 0.868 for CE
and AC, respectively. Therefore, the fitting of the experi-
mental data to the pseudo-first-order was not good. The
feexp (1094 and 111.8 mg g ') and the feqy (113.6 and
1163 mgg ") values from the pseudo-second-order
kinetic model were close to each other. In addition, the
calculated correlation coefficients (R?) were both unity
(for CE and AC) for this model (Fig. 10(a) and Table 2).
These findings suggested that the pseudo-second-order
adsorption mechanism was predominant and that the
overall rate of the HA adsorption process was most
likely to be controlled by the chemisorption process for

150 -
<> 100 -
o
o))
E
= 50 —— Cellulose
—e— Activated carbon
0 T T T T )
0 50 100 150 200 250

Initial concentration (mg L)

Fig. 9. Effect of initial concentration of HA adsorbed on
cellulose and PAC (n=3). (Sample pH 4, sample vol-
ume =25 mlL, contact time =50 min, sorbent (CE and
PAC) weight = 50 mg, temperature = 37°C.)
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Table 2

Pseudo-first-order, = pseudo-second-order, intraparticle
model, and the Bangham’s model constants for the
adsorption of HA onto CE and PAC

Adsorption model Modelling parameter CE PAC
Pseudo-first-order Im (mg g™h) 506 5.32
ki (min™") 0.029 0.030
R? 0.895 0.868
RMSE 46 48
Pseudo-second-order g, (mg g ') 113.6 1163
ky (g mg ' min™") 0.022 0.023
R 1 1
Intraparticle model ~ kig (mg g™ min™®°)  0.76  0.59
C 105.7 110.1
R? 0.604 0.702
RMSE 1.88 201
Bangham’s model a 0.094 0.093
ko 0.056 0.066
R? 0.820 0.899

both sorbents. The intraparticle diffusion is only
rate-limiting step if the plot passes through the origin.
Alternatively, both the external diffusion and the
intraparticle diffusion contribute to the whole adsorption
process when the straight line deviates from the origin.
The larger C values (105.7 and 110.1) indicated the
greater effect of the boundary layer on diffusion. Since
the plots are not totally linear and do not pass through
their respective origins, intraparticle diffusion could not
be the phenomena at play. As a rule of thumb, if equilib-
rium is achieved within 3 h, the process is usually kinetic
controlled and above 24 h, it is diffusion controlled [44].
Bangham’s equation was used to evaluate whether the
adsorption was pore-diffusion controlled. Plots of
log log[C,/(C, — gim)] vs. log t for the sorption of HA
onto CE and AC gave correlation values of 0.820 and
0.899, respectively (Fig. 10(d) and Table 2) which con-
firmed that the adsorption was pore-diffusion controlled.
The constants « and k, are obtained from Fig. 10(d) and
are given in Table 2 as 0.094 and 0.056 for CE, and 0.093
and 0.066 for AC.

For the pseudo-first and pseudo-second-orders, the
residual root mean square errors (RMSE) of the
adsorption capacities were determined (Eq. (13)).
RMSE represents the match between the experimental
data and the calculated data obtained from plotting
the isotherm and is defined as [45]:

1 N
RMSE = HZ(qe,exp - CIe,cal)z

=

(13)
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where n is the number of data points. If the
estimated data are very similar to the experimental
data, then the RMSE value is small. The smaller
RMSE values obtained from the pseudo-second-order
(1.88 and 2.01 for the CE and PAC, respectively)
further emphasizing the better fitting of this model
to the kinetic data.

3.7. Adsorption modelling

Linear plots of the investigated models are shown
in Fig. 11 and a summary of the theoretical parameters
of adsorption isotherms along with regression coeffi-
cients are listed in Table 3. Langmuir isotherm
parameter fits for HA adsorption on CE and AC
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Table 3
Equilibrium isotherm parameters
Adsorption model Modelling parameter CE PAC
Langumuir Gm (mg g™ 89.3 30.4
b (L mg ") 0.0076 0.0049
Ry 0.397 0.504
R? 0.8337 0.9479
Freundlich ke (L mg™) 4.13 10.9
n 0.791 0.69
R? 0.9891 0.9589
Dubinin-Radushkevich Bp (mol> k]2 0.0002 0.0003
Im (mg g™ 128 131
E (k] mol ™) 50 41
R? 0.826 0.8895
Temkin br  mol™) 27.6 27.5
Ar (Lg™h 24.6 25.5
R? 0.9129 0.9256

yielded isotherms that were in good agreement with
observed behaviour with R*>0.83 and R*>0.94 as
correlation coefficients, respectively. Since R; values
for CE and AC, 0.397 and 0.504, respectively, fell in
the range of 0-1, the sorption of HA onto these sor-
bents was concluded to be favourable. The adsorption
capacities of HA onto CE and AC were found to be
89.3 and 30.4 mg g '. These values were close to the
experimental values obtained in this study (109.4 and
111.8 mg g~ '). The HA adsorption capacity on CE and
AC were compared to other similar sorbents (Table 4).
Though the correlation coefficients for the Freundlich
models were high for CE and AC (R*>0.98 and

were <1 (0.79 and 0.69 for CE and AC, respectively)
indicating the unsuitability of this model. Moreso, the
Freundlich kg values for CE and AC (4.1 and
109 L g, respectively) which approximates the
adsorption capacities were lower than the experimen-
tal values. For Dubinin—Radushkevich model, values
of E between 1 and 8kJmol™' indicate physical
adsorption; those higher than 8 k] mol™" indicate that
the process is chemical in nature [46]. The values
obtained in this experiment were 50 k] mol™" for the
cellulose and 41 kJ mol™! for the AC; therefore, the
type of HA adsorption on the adsorbent materials was
likely to be chemisorption. Linear plots for Temkin

R*>0.95, respectively), the Freundlich constants (17) adsorption isotherm (Fig. 11(c)), which refer to
Table 4

Comparison with other similar sorbents used for HA removal

Sorbent Jmax (Mg g™ ") pH Refs.
Carbon based sorbent

Single-walled carbon nanotubes 33.2 4 [4]

Fly ash 10.7 3 [47]
Activated carbon 97.4 ~2 [48]
Activated carbon 30.4 2 This work
Glucose based sorbent

Chitosan-coated granules 0.41 <6 [2]
Cyclodextrin modified graphene oxide nanosheets 32.6 5 [38]
Chitosan 3,300 ~7.32 [49]
Chitin 189 ~7.3% [49]
Crosslinked chitosan-epichlorohydrin beads 44.8 6 [50]
Cellulose 89.3 2 This work

“Not optimized but chosen to simulate the environment of the upper intestinal tract.
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chemisorption of an adsorbate onto the adsorbent,
fitted quite well with correlation coefficients >0.91 and
>0.92, for CE and AC, respectively.

4. Conclusions

In this study, cellulose and PAC were found to
have good adsorption capacity for HA from an
aqueous solution. These sorbents can be used for HA
removal before chlorination to avoid the formation of
cancerous trihalomethanes. The high sorption of HA
at low pH values can also be attributed to its precip-
itation from solution. From the initial concentration
data, the Langmuir adsorption isotherms provided the
best fitting model which indicated that a chemisorp-
tion mechanism was mainly involved in the adsorp-
tion of HA onto the two sorbents. From the effect
of contact time, kinetics of sorption followed the
pseudo-second-order model, further emphasizing the
chemisorption mechanism.
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