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ABSTRACT

The absorbance efficiency of local kaolin clay from Tanzania (Pugu ARTICLE INFO
kaolin) has been enhanced to improve its utilization in removal of | Sybmitted: Dec 14,
textile dyes from water. The clay was acid-activated using H.SOs, after | 2022

calcination at 750°C. Characterization by XRF, XRD, ATR-FTIR and
Porosimeter showed kaolinite [Al;Si;Os(OH).], silica (SiO2) and | Revised: Nov. 27, 2023
microcline [KAISi3Og] as the main phases. Upon acid treatment, silica
increased from 44.18% to 58.81% due to the appearance of tridymite, | Accepted: Dec. 15,
and alumina decreased from 26.70% to 12.74% due to disappearance | 2023

of the kaolinite. Surface area increased from 15.36 to 149.61 m?/g due
to removal of acid-soluble impurities. The chemical composition | pyblished: Feb., 2024
showed decrease of Fe,Os and increase of other major oxides. The
impact of acid-activation on contact time, temperature, adsorbent dose,
initial pH and absorbate concentration was investigated through batch
adsorption technique using basic blue 9 (BB9) and direct red 28
(DR28) dyes. The results at optimal conditions of 3 hours contact time,
27°C temperature, 0.9 g adsorbent dose, initial pH of 11 and initial
adsorbate concentration of 90 mg/L, showed that acid modification of
the clay increased its capacity to adsorb BB9 from 96.82% to 99.91%,
and DR28 from 86.33% to 95.04%. These findings established the
influence of modifying the raw clay for its dye removal applications.

Keywords: batch adsorption technique; clay modification; low-cost adsorbent; kaolin
characterization

INTRODUCTION (Sejie and Nadiye-Tabbiruka, 2016); the
Brazilian kaolin (Caponi et al., 2017); the
Moroccan Rhassoul and Red clays

adsorbent materials in various a

environmental applications have been (Bentahar et al,, 2019); the Ethiopian clay

widely researched in numerous countries (Aragaw and Angerasa, 2020);
(Mulushewa et al., 2021) and the

and areas e.g., the Botswana Lobatse clay Tanzanian Malangali kaolinite (Malima,

The utilization of kaolin clays as potential
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2021). One important application of clay
adsorbents is removal of synthetic dyes
from contaminated waters (Mustapha et al.,
2019; Chandan et al., 2021). Pollution of
surface waters by synthetic dyes is one of
the emerging issues of environmental
concern. This is particularly due to the fact
that there currently exist thousands of
commercially available dyes with a wide
range of uses in everyday human life. These
include fabric colouring in textile
industries, production of inks and artistic
colours, in food production e.g., soft drinks,
sauces and jellies, and in cosmetic
industries, e.g., hair dyes. This may cause
significant amounts of dye residues to find
their ways to water sources during the
course of their production and applications.
Dye-containing effluents have potential to
cause adverse effects if not properly
treated, including toxicity to human and
aquatic biota, depletion of dissolved
oxygen and reduction of amount of light
(Berradi et al., 2019). Concentration of
some dyes at levels exceeding 1 mg/L in
water may be visible to the naked eye
enough to rise public concerns (Rahman et
al., 2015). On the other hand, dyes are
inherently designed to be stable to light,
heat and oxidizing agents (Avila et al.,
2021), making their removal from water
more complicated. When utilizing clays for
dye-removal purposes, efficiency of their
absorbance  properties is  therefore
important for realizing the desired
outcome. Of recent, modifications of clays
to enhance their adsorption efficiency has
received continuous attention Nwuzor et
al., 2018; Gil et al., 2021). Some reported
kaolin clay modifications methods include
alkaline treatment (Zaini et al., 2021);
surfactant modification (Mudzielwana et
al., 2019); hybridization (He et al., 2019;
Jawad and Abdulhameed, 2020); acid
activation (Gao et al., 2016) and thermal
treatment David et al., (2020). The essence
of these modifications is to alter the vital
clay properties that play important roles in
their adsorption properties, such as surface

area, ion exchange capacity and chemical
and mechanical stability (Li et al., 2016).

Tanzania is endowed with probably one of
the largest kaolin deposits in the world at
Pugu, in Kisarawe District, Coast Region,
south west of Dar es Salaam city (UNEP,
2021). The Pugu kaolin clay has been
widely investigated pertaining to its
applicability in various ways (e.g.,
Akwilapo and Wiik, 2004; Kimambo et al.,
2014; Lugwisha and Siafu, 2014).
However, its application as an adsorbent in
the removal of dyes from polluted water
has not been investigated. In this study, the
raw Pugu kaolin clay (RPK) is first
characterized to establish its chemical and
mineralogical compositions, and its
performance efficiency in dye removal is
tested using basic blue 9 (BB9) and direct
red 28 (DR28) dyes as representative
adsorbates. The raw clay is then modified
through acid activation to obtain acid-
activated Pugu kaolin clay (AAPK) with
perceived improved quality. The effects of
acid activation are investigated, focusing
on changes in the mineralogical and
chemical compositions, as well as the
percentage enhancement of the adsorption
efficiency. A series of batch adsorption
experiments are conducted using the same
two sample dyes to establish the optimum
operating parameters for the dyes’ removal.

METHODS AND MATERIALS
Chemicals, Reagents and Equipment

All the chemicals used in this study were of
analytical grade obtained from certified
chemical suppliers. The chemicals included
sodium hydroxide (NaOH) of assay 99%
obtained from Blulux Laboratories (P) Ltd,;
hydrochloric acid (HCI) of assay 37% and
hydrogen peroxide (H202) of assay 30%
obtained from Scharlau Chemie SA, Spain;
sulfuric acid (H2SOs4) of assay 98%
obtained from Fisher Scientific, UK;
barium chloride (BaCly) of assay 98%
obtained from J.T. Baker Chemical
Company, U.S.A; trihydrated basic blue
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dye (BB9) (Ci1sH18CIN3S.3H20) of assay
85% obtained from UNI-CHEMI; direct
red dye (DR28) (Cz2H12N2NaOeSz) of
assay 95% obtained from Loba Chemie
PVT Ltd and distilled water prepared at the
Chemistry Department, University of Dar
es Salaam. The instruments used in this
study includes alpha  ATR-FTIR
spectrometer (model: Bruker Optic GmbH
2011, U.S.A), X-ray powder diffractometer
(model: BTX 231, Inxitu inc., U.S.A),
Nova 1200e Porosimeter (surface area,
pore volume and pore diameter analyzer,

model: N12-28E, Quantachrome
Corporation, Japan) and  UV-Vis
spectrophotometer (Analytikjena
SPECORD 210 PLUS - 223F1376),

obtained at the Department of Geosciences,
School of Mines and Geosciences,
University of Dar es Salaam and X-Ray
Fluorescence spectrometer (model: S8
Tiger-SN. 206548, Bruker AXS company,
Germany) obtained at the African Minerals
and Geosciences Centre, Kunduchi, Dar es
Salaam.

Preparation of the raw clay

The clay sample used in this study was
obtained from the Pugu clay deposit in
Kisarawe District, Coast Region, Tanzania,
located at latitude and longitude 6° 52' 29"
South and 39° 2' 48" East, respectively. The
raw kaolin clay lumps were air dried,
crushed, and grinded with mortar and pestle,
then sieved through a 300 pm sieve. The
resulting fine powdery kaolin was then
subjected to the quartering technique to
obtain representative sample. The resulting
sample was mixed with distilled water and
stirred for 4 hours, followed by addition of
small amount of hydrogen peroxide (H203).
The mixture was left to settle overnight to
allow dissolution of impurities, followed by
decantation and vacuum filtration.
Thereafter, water was re-added to the
kaolin residue and allowed to settle again
for 3 hours, which was followed by
decantation and filtration to remove more
impurities and hydrogen peroxide. This

process was repeated four times from
which the final obtained kaolin residue was
dried in a Genlab oven at 100 °C for 12
hours to obtain the RPK, which was stored
in an airtight plastic container for later
instrumental characterization, preparation
of the acid activated clay and running of
adsorption studies.

Acid activation treatment of the raw clay

The RPK sample was first calcined at a
temperature of 750 °C in a muffle furnace
for 7 hours, then cooled to room
temperature in a desiccator, forming
calcined Pugu kaolin (CPK) clay. The
obtained CPK was further chemically
beneficiated by acid leaching. In the
process, five CPK samples, each weighing
50 g were acid leached with 500 mL of 0.1,
0.2,0.4,0.8 and 1.2 M sulfuric acid (H2S0.)
solution, respectively. The process was
carried out at 100 °C under reflux condition
with constant stirring for 3 hours. The
resulting suspension was washed through
addition of distilled water, followed by
vacuum filtration to remove excess sulfuric
acid. The filtrate obtained was treated with
pre-prepared barium ion (Ba?*) solution to
test for the presence of sulfate ion (SO4%),
whereby  barium  sulfate  (BaSOa)
precipitates were formed. The washing
process was repeated several times to the
point that filtered filtrate did not form
precipitates of BaSO4 with barium (Ba®")
solution. This point signified neutral point
by which the obtained residue was free of
sulfuric acid used during leaching process.
The resulting residues were then dried in an
oven at 100 °C for 12 hours, cooled to room
temperature for 3 hours in a desiccator,
grinded and re-sieved through 300 pm
sieve to obtain the AAPK samples. The
adsorbent samples were kept in separate
airtight plastic containers for further use in
the adsorption studies and determination of
the optimal activation concentration of
sulfuric acid that would give the AAPK
adsorbent the maximum adsorption
efficiency.
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Preparation of the adsorbates

The standard stock BB9 solution of 1 g/L
concentration was prepared by dissolving
0.69 g BB9 powder in distilled water to
make 0.5 L of a deep blue solution. The
solid powder dye was first dissolved in
small amount of distilled water, followed
by addition of more water to the mark of the
500 mL flat bottomed volumetric flask,
then thoroughly mixed. The standard stock
DR28 solution of 1 g/L concentration was
similarly prepared by dissolving 0.53 g of
DR28 powder in 0.5 L of distilled water to
form a deep red solution. The two resulting
adsorbates solutions were then stored away
from light in the plastic bottles for
preparation of the BB9 and DR28 adsorbate
working solutions that were used in the
adsorption studies. These were prepared in
the concentration range of 0.1 — 100 mg/L
by diluting respective BB9 and DR28 stock

solutions based on the dilution law equation:

CVi = CqVy (1)

whereby a given amount of distilled water
was added to an initial volume Vi with
concentration C; of the stock solution to
make new volume Vg of dilute working
solution with desired concentration Cg.

Characterization of the adsorbents

Instrumental ~ characterizations  were
performed in order to identify functional
groups,  mineralogical ~ compositions,
chemical composition and porosity of the
raw as well as the acid activated clay
samples. Determination of the available
functional groups was performed by ATR-
FTIR spectrometer connected to a
computer for data manipulation. Small
amounts of fine powder samples were
pressed against a prism with high refractive
index, from which the internally reflected
infra-red radiations within the prism gave
rise to the respective IR spectra in the range
of 400 — 4000 cm™ wavenumbers. The
mineralogical compositions were
determined by X-Ray powder

diffractometer  (model: BTX  231)
connected to a computer with installed
XPowder interface software. About 20 mg
of homogeneous fine powder of each of the
two clay samples previously prepared, were
placed into the sample cell. The samples
were then bombarded with generated X-
rays by the instrument under operating
conditions of temperature of -45 °C,
voltage of 30.03 kV, and current of 0.30
mA,; from which respective XRD patterns
for RPK and AAPK were recorded. The d-
spacing values for different identified
mineral phases for each sample were
determined within the position range
between 5-55° 20. The elemental
compositions, defined by the major oxides
of the RPK and the AAK, were determined
by S8 Tiger XRF spectrometer with power
of 5.2 kVA. About 10 g of fine powder of
each sample were mixed with few drops of
boric acid, a binding agent, then
compressed into circular pellets of 34 mm
diameter. The sample pellets were
separately introduced into the sample tray
of the instrument for analysis of both
quantitative and qualitative elemental
composition of the samples.

Three physical parameters of surface area,
pore volume and pore diameter of the RPK
and AAPK samples were analyzed by a
Nova 1200e Porosimeter using a nitrogen
adsorption-desorption technique at 77.35 K
and relative pressure in the range of 0.05
and 0.35. The porosimeter was connected
to a computer with NovaWin software
installed in it for measurement of surface
area, pore volume and pore diameter.
About 0.1 g of each RPK and AAPK fine
powdery samples were first degassed at 160
°C to remove previously physiosorbed
contaminants. Then each sample was
allowed to interact with liquid nitrogen for
adsorption-desorption analysis, from which
respective surface area, pore volume and
diameter of the samples were obtained.

Batch adsorption experiments

Pre-adsorption Studies
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Adsorption studies were preceded by the
determination of optimal wavelengths for
BB9 and DR28, preparation of calibration
curves for respective adsorbates as well as
determination of the pH at the Zero Point of
Charge (pHzrc). Maximal absorbances for
BB9 and DR28 adsorbates were measured
by Analytikjena SPECORD 210 PLUS
UV-Vis spectrophotometer. About 3 mL of
standard solutions (2.50, 3.00 and 3.50
mg/L of BB9; and 11.50, 15.50 and 18.00
mg/L of DR28) were placed in the cuvette,
and then introduced into the instrument for
determination of maximum absorbances
corresponding to the respective optimal
wavelengths for BB9 and DR28. The
optimal wavelengths were determined
through spectral scan mode within the
visible region (350 — 800 nm). These
optimal wavelengths were then used in the
measurements  of  the maximum
absorbances in the determination of the
BB9 and DR28 calibration curves as well
as various supernatants obtained in the
course of adsorption studies. Several
standard solutions of BB9 in the range of
0.1 - 6.0 mg/L at pH of 6.81 and
temperature of 27 °C were prepared,
followed by measurements of respective
maximum  absorbance by UV-Vis
spectrophotometer at the predetermined
optimal wavelength of 665 nm. In the same
way, standard solutions of DR28 in the
range of 0.8 - 30 mg/L were prepared,
followed by measurements of respective
maximum absorbances at the
predetermined respective optimal
wavelength of 500 nm. In each case, a
linear plot of absorbance against
concentration were obtained based on the
Beer-Lambert’s law equation:

A=¢lc (2)
where: A = absorbance; | = path length
(cm); ¢ = concentration of solution (mol/L)
and £ = Molar absorptivity (L mol? cm™).
The plots were used to determine respective
free or equilibrium concentration of each
adsorbate dye available in the adsorbent-
adsorbate system after given contact time.
To determine the pH at the Zero Point of

Charge (pHzrc), ten samples of RPK of 0.5
g each and particle size of 300 pum, were
mixed with 0.05 L of distilled water of
known initial pH in the range of 2 - 11.
Adjustment of pH was attained by addition
of few drops of either dilute HCI or NaOH.
The systems (water-RPK mixture) were
shaken for 12 h at 27 °C to attain final
equilibrium pH. The initial and final pH of
each system was measured by digital pH
meter. Thereafter determination of the
pHzpc was made from the plot of final pH
against initial pH.

Adsorption Studies

In this experiment, the effects of
temperature, adsorbent dose, initial pH of
adsorbate solution, contact time and initial
adsorbate concentration on adsorption
efficiency of RPK and AAPK adsorbents
were investigated. The experiments were
preceded by the determination of the
AAPK adsorbent corresponding to the
optimal activation concentration of sulfuric
acid, which exhibited maximum adsorption
efficiency for both BB9 and DR28
adsorbates. In determining of the optimal
activation concentration of sulfuric acid, a
solution of 0.05 L with 30 mg/L of BB9
adsorbate was added to six adsorbent
samples, each weighing 0.5 g and particle
size of 300 pum. Out of these adsorbents,
five samples were of AAPK leached with
0.1,0.2,0.4,0.8and 1.2 M H2SO4 and one
was of RPK as a reference sample. The pH
of each system was then adjusted to 6.80 by
addition of few drops of either HCI or
NaOH dilute solution. In a similar manner,
DR28-adsorbent systems were prepared.
This pair of systems were then shaken at
26.5 °C for 3 hours. Thereafter, each system
was centrifuged for 15 min at 4000 rpm to
obtain  respective  supernatants  for
determination of the free concentration of
BB9 and DR28, and adsorption efficiency
of each adsorbent. These data were used in
determination of AAPK  adsorbent
corresponding to the optimal activation
concentration of sulfuric acid that gave
maximum adsorption efficiency. The
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respective  AAPK  with  maximum
adsorption efficiency was used for further
adsorption studies. To determine the free
concentration for each adsorbate, about 3
mL of each supernatant dye solution
obtained from adsorbate-adsorbent systems
were placed in a cuvette for the
measurement of absorbances by UV-Vis
spectrophotometer at the pre-determined
optimal wavelengths of A = 665 nm and 500
nm for BB9 and DR28 solutions,
respectively. These absorbances were then
converted to corresponding equilibrium
concentration from predetermined BB9 and
DR28 calibration curves.

Determination of the
phenomenon

adsorption

Adsorption isotherms were used to describe
adsorption equilibrium attained between
adsorbent and adsorbate. Such equilibrium
is essential in understanding the adsorption
mechanism as well as the nature of
adsorbent, adsorbate and respective
intermolecular forces (Sharma 2015). They
were also used to determine the
thermodynamic data that play the central
role in determining the spontaneity,
viability and favorability of the adsorption
phenomenon. In this study, the Langmuir
and Freundlich isotherms were used to
examine the nature of the adsorption
process between the BB9 and DR28
adsorbates and the RPK and AAPK
adsorbents.

The Langmuir adsorption isotherm (LAI)
model characterizes ideal monolayer
homogeneous adsorption, in which all
adsorbent’s adsorptive sites have equal
energy and equally available. In addition, it
defines adsorption with neither interaction
between adsorbed molecule nor
transmigration of adsorbate molecules into
the adsorbent surface. The linear form of
the isotherm can be explained by the
equation (Liu et al., 2019):

Ce 1 Ce

—= —4+ — 3

de bam dm ( )
where: b = Langmuir constant (L mg )

which is related to adsorption energy, ge =
quantity of adsorbate adsorbed per unit
adsorbent mass (mg/g), ce = free or
equilibrium concentration of adsorbate
(mg/L), gm = maximum adsorbent
adsorption capacity (mg/g).

The Freundlich adsorption isotherm (FAI)
describes non-ideal adsorption onto
heterogeneous adsorbent surface, with
assumption that adsorbate concentration is
directly related to the amount of adsorbate
adsorbed. It is described by the equation
(Singh, 2016):

Inge = Ink; + (1/) Inc, (4)
where: e = amount of adsorbate adsorbed
per unit mass of adsorbent at equilibrium
(mg/g); ce = free or equilibrium
concentration of the adsorbate dye (mg/L);
1/n = measure of adsorption intensity and
K¢ = Freundlich constant that define
measure of adsorption capacity.

RESULTS AND DISCUSSION

Characterization of the raw and acid-
activated clays

Functional Groups: The ATR-FTIR
absorption bands [Wavenumber (cm™)] for
RPK and AAPK adsorbents are shown in
Figure 1(a) and (b). It shows that the RPK
exhibited absorption peaks at 788.67
(stretching vibration) and 752.92 cm
(bending vibration) corresponding to pure
kaolinite; while sharp peaks at 3687.28 and
3619.17 cm (stretching vibrations) imply
the presence of crystalline kaolinite in the
RPK sample. In addition, the peaks at
688.06, 533.44 and 462.37 cm! (stretching
vibrations) also suggested the availability
of kaolinite in the sample (Nayak and
Singh, 2007).
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Figure 1: ATR-FTIR Spectra of RPK (a) and AAPK (b) showing the different absorption

bands before and after treatment

The AAPK adsorbent exhibited an ATR-
FTIR spectrum which is different from that
of RPK, where the peak intensities had
been reduced while some bands had
shifted. Figures 1 also show that upon acid
activation of the raw clay, the 3687.24 and
3619.38cm™ (stretching vibrations) bands
were transformed into a very broad peak
and shifted to 3372.92 (stretching
vibration); while the peak at 752.92 cm™
shifted to 724.56 cm™ (bending vibration),
and that at 688.06 shifted to 645.75 cm™
(stretching vibrations). These changes
suggested structural changes of the RPK
upon calcination followed by acid leaching
in the formation of AAPK. Structural
changes were further described by the
disappearance of the 426.80 (bending),
911.73 and 1004.86 cm™ (stretching

vibrations) peaks as well as the appearance
of the new peak at 1076.11 cm™*(stretching
vibration). The new peak proposed the
presence of amorphous silica
(Boukhemkhem and Rida, 2017). The shift
of the sharp peak at 533.44 cm™ to broad
peak at 581.53 cm™ (stretching vibrations)
with much reduced peak intensity also
further support structural changes of the
RPK upon acid activation. The
observations made reflected the loss of the
crystalline nature of kaolinite in kaolin.
Such observation is in good agreement with
findings from other researchers (e.g., Gao
et al. 2016; Boukhemkhem and Rida,
2017).

Figure 2 compares the ATR-FTIR spectra
before and after adsorption. It indicates that
almost all absorption bands remained the
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same but with reduced intensities after
adsorption, implying that the physisorption
between RPK and AAPK adsorbents and

adsorbates (BB9 and DR28) predominated
over chemisorption.

LO\QW’ —
()
% 0.8+ 19
£
2
© 0.6
l—
—— RPK —— RPK-BB9—— RPK-DR28 45 910
0.4 T T T T T T T T T
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8
5
e
o
= 0.7
0.6- — AAK—— AAPK-BBY —— AAPK-DR28 4 10
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 2: ATR-FTIR Spectra of RPK (a) and AAPK (b) showing the different adsorption
bands before and after adsorption of the two dyes.

The decreased peak intensities of RPK and
AAPK suggested that exposure of the
respective adsorbent functional groups as a
result of BB9 and DR28 adsorption were
reduced. Furthermore, in all two cases,
peaks corresponding to DR28 adsorption
are much reduced than the peaks for BB9
adsorption. In other way, BB9 adsorption
resulted into a more ordered kaolinite than
DR28, which is fairly in good agreement

with observed entropy values obtained in
this study. The observation is closely
related to the ones reported by other
researchers (e.g., Monash et al., 2011).

Mineralogical Composition

Figure 3 compares the XRD patterns of the
raw (RPK) and activated (AAPK) clays
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Figure 3: XRD patterns for RPK (a) and AAPK (b) showing the different
mineralogical phases before and after treatment

The XRD pattern for the RPK in Figure
3(a) identifies three phases i.e., kaolinite
[Al2Si205(0OH)4], quartz  (SiO2) and
potassium  feldspar or  microcline
[KAISizOs] as impurities in the kaolin
sample. Microcline is a raw material that
can decompose into kaolinite under proper
condition (Omang et al., 2019). Among
the important peaks obtained include
reflections corresponding to the d values
of 7.16, 4.35, 3.58 and 3.84 A at position
around 20 =14.40°, 23.5°, 29° and 26.90°,
respectively, for kaolinite. This is in good
agreement with the previous reported
findings (Lugwisha and Siafu, 2014
Lugwisha and Lunyungu, 2016), hence it
can be inferred that the raw kaolin used in
this study contained crystalline kaolinite
with coarser grains. The microcline phase
identification was based on the reflection
giving several peaks, including major
peaks defined by d values of 3.25 and 3.48
A approximately to 20 = 32° and 30°,
respectively. Identification of quartz, a
polymorph of silica phase in RPK sample

was based on the presence of prominent
reflection peak of d value corresponding to
3.35 and 4.2 A at position approximately
to 20 =31°and 24.5°, respectively.

The XRD pattern of AAPK (Figure 3b)
indicates the presence of phases of
microcline and two polymorphs of silica
(quartz and tridymite); and the
disappearance of the kaolinite phase.
Tridymite was identified with reflection
peaks at d values of 4.10, 3.82 A
approximately to position of 25° and 27°
20, respectively. The presence of tridymite
silica might be the result of calcination
reaction of the kaolin clay at 750 °C which
accounts for increased silica content in the
AAPK sample as it has been observed
from XRF analysis in this study.
Microcline and quartz maintained their
prominent d values of 3.25 and 3.48 A
approximately to 32° and 30° 26,
respectively, for microcline. For quartz,
the d values were 3.35 and 4.20 A
approximately to 31° and 24.5° 26. Such
observation implies that quartz and
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microcline were not affected by acid
activation, similar to what was observed
by other researchers (e.g., Luo et al. 2016).
Calcination of kaolin at 750 °C probably
accounts for the primary disappearance of
kaolinite peaks resulting into the
formation of a powderier amorphous
metakaolin as a result of dihydroxylation
(Luo et al., 2016). Acid leaching of the
calcined kaolin accounts for further
structural changes of raw kaolin due to
dissolution of structural AI** ions,
resulting into residue with increased silica
content. Such finding is in good agreement
with the finding reported by other
researchers (Boukhemkhem and Rida,
2017; Luo et al., 2017). The finding also
correlates well with the observed
decreased percent composition of Al,O3
and the increased silica (SiO2) content
from XRF analysis in this study.

Chemical composition

Chemical compositions of the RPK and
AAPK in terms of nine major oxides are
summarized in Table 1. The silica (SiO>)
and alumina (Al203) contents of the raw

clay are in good agreement with those
reported in another study of the Pugu
kaolin (Akwilapo and Wiik, 2004). The
results show that six of the oxides i.e.,
SiOy, Ca0, K0, Na;0, MnO and P20s
increased after acid activation by various
degrees, while three of the oxides
decreased. The changes in percentage
compositions of the AAPK compared to
the RPK imply occurrences of structural
and surface modification resulting into
more exposure of the adsorptive sites.
Hence increasing its  absorbance
efficiency, as was also observed by Gao et
al. (2016). The increase in the silica
content from 44.18% to 58,81% after acid
activation corresponds to the appearance
of the tridymite phase; while the decrease
in the alumina content from 26.70% to
12.74% corresponds to the disappearance
of the kaolinite phase, as supported by the
XRD results. Furthermore, the alumina
might have decreased due to the
dissolution of dialuminium silicate during
acid leaching as per the chemical equation
Al2Si207(s) + 3H2S04q) — Al2(SO4)3) +
2Si02(s) + 3H20).

Table 1: Chemical compositions of the raw (RPK) and acid-activated (AAPK) clays

Constituent RPK Composition (%) AAPK Composition (%0)

Si0, 44.18 58.81
AlLOs 26.70 12.74
Fe;0s 1.78 0.82
Cao 13.01 14.53
MgO 0.54 0.12
K20 1.73 1.87
Na,O 0.04 0.07
MnO 0.02 0.05
P,Os 0.06 0.08
Lol 11.9 10.88

areas of 15.36 m?/g and 149.61 m?/g; pore
volumes of 0.033 cm®/g and 0.026 cm®/g;
and pore diameters of 3.049 nm and 28.200
nm for the raw and acid activated clays,

Physical parameters

The results from the porosimeter
characterization indicated specific surface

Tanzania Journal of Engineering and Technology (Tanz. J. Engrg. Technol.), Vol. 42 (No. 4), Dec. 2023



L. Erasto et. al., (2023), https://doi.org/10.52339/tjet.v42i4.849

respectively. Comparison of the three
parameters for the raw and acid activated
clays showed that specific surface area of
the raw clay was relatively low in a way
that may render the adsorption efficiency of
the raw clay to be insufficient, supporting
the necessity of its modification. The
almost ten-fold increase of the surface area
upon acid activation was significantly high
to enable physical modification of the clay.
Previous studies had indicated that
calcination of raw kaolin at temperatures
above 150 °C has a potential to remove
impurities including adsorbed water, which
results into increased surface area and
exposure of the adsorptive sites (Avila et
al., 2021). Calcination of kaolin at a
temperature of 750 °C employed in this
study therefore removed the unwanted
impurities and also transformed kaolin into
porous amorphous metakaolin
characterized by increased surface area.
The formation of amorphous metakaolin
was also supported by the XRD pattern in
Figure 3, which indicated the
disappearance of crystalline kaolinite in the
AAPK phases. Acid leaching of the
calcined kaolin further removed any
remained impurities that are acid soluble,
resulting into further increased surface

area. With respect to the pore volume, the
aggregation of fine particles probably
accounts for the decreased pore volume of
the AAPK relative to the RPK. Similar
observation was also reported by Monash et
al. (2011) and Boukhemkhem and Rida
(2017). The pore diameter of the AAPK
increased almost nine-folds, which also
indicates significant modification to its
properties.
Optimal conditions for
efficiency

Concentration of sulfuric acid

adsorption

Figure 4 compares adsorption efficiencies
of the modified clay after leaching with
varied concentrations of H>SQOas, using the
two sample dyes, i.e., BB9 and DR28. It
shows that the concentration of 0.2 M
H>SO4 gave the highest adsorption of
96.96% and 93.55% for BB9 and DR28,
respectively compared to that of the raw
clay, which were 75.02% for BB9 and
34.16% for DR28. Activation with 0.2 M
sulfuric acid gave the maximum increment
in surface area to 149.61 m?g. These
results indicate that 0.2 M can be regarded
as the optimal activation concentration of
H2SOa.

100 -

Adsorption (%)
N
S
1
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[
1
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Figure 4: Adsorption efficiency of the modified clay for the two dyes at different H.SO4

activation concentrations.
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Operational Parameters
Temperature

Table 2 summarizes the results of the effect
of temperature on adsorption efficiency of

adsorbents. The adsorption efficiency and
quantity adsorbed per unit mass of
adsorbent for BB9 and DR28 decreased as
the temperature was raised from 27 to 90 °C
in the order of RPK < AAPK.

Table 2: Effect of temperature on adsorption of BB9 and DR28

Adsorbent Temp (°C) D EES
Ce(Mg/L) Ae(%) Qe(mg/g) Ce(mg/l) Ae(%) Ge(mg/g)
27 14488  51.71 1.551 5.566 81.45 2.443
43 15.068  49.77 1.493 7.963 73.46 2.204
RPK 56 16.347 4551 1.365 8.241 72.53 2.176
76 17.883  40.39 1.212 9.995 66.68 2.000
90 18.412  38.63 1.159 11527  61.58 1.847
27 11.264  62.45 1.874 1.014 96.62 2.899
43 11.369  62.10 1.863 1.400 95.33 2.860
AAPK 56 12.492  58.36 1.751 2.128 92.91 2.787
76 13.850  53.83 1.615 4.070 86.43 2.593
90 16.575  44.75 1.343 5.630 81.23 2.437

The data in Table 2 show that BB9 was
adsorbed more with adsorption efficiency
from 81.45 to 61.58% for RPK and 96.62% to
81.23% for AAPK; while for DR28, the
adsorption efficiency decreased from 51.71%
to 38.63% for RPK and 62.45% to 44.75% for
AAPK. The observed trend implies that the
adsorption processes were more favorable at
low temperature and exothermic in nature.
The exothermic nature of the adsorption
process is supported by the negative values of
the enthalpy change. The trend agrees with
thermochemistry concept that is exothermic
process usually become more favorable as
temperature decreases and the vice versa for
endothermic reaction. The variation of in
adsorption efficiency was proportion to the
surface area of the adsorbents. These results

are comparable to the one previously reported
in the literature (e.g., Sejie and Nadiye-
Tabbiruka, 2016).

Adsorbent dose

Table 3 summarizes the effect of adsorbent
dose on adsorption of the two dyes. It shows
that the adsorption efficiency of adsorbents
(Ae) increased and the quantity of adsorbate
adsorbed per unit mass of adsorbent (qe)
decreased as the adsorbent dose increased.
The data in Table 3 show the adsorption
efficiency of BB9 increased from 40.82% to
96.82% for RPK and from 69.54% to 99.74%
for AAPK; whereas that of DR28 increased
from 25.62% to 46.11% for RPK and 31.82%
to 82.08% for AAPK.

Table 3: The effect of adsorbent dose on BB9 and DR28 Adsorption

Adsorbent Dose (g) EES Lirs
Ce (My/L) Ae (%) ge(Mg/g)  Ce(mg/L) Ae (%) ge (MY/9)
0.1 17.755 40.82 6.123 22.315 25.62 3.843
RPK 0.3 10.590 64.70 3.235 20.346 32.18 1.609
0.5 4.801 84.00 2.520 18.711 37.63 1.129
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0.7 2.209 92.64 1.985 18.194 39.35 0.843
0.9 0.955 96.82 1.614 16.167 46.11 0.768
0.1 9.137 69.54 10.431 20.455 31.82 4772
0.3 1.846 93.85 4.692 17.003 43.32 2.166
AAPK 0.5 0.971 96.76 2.903 12.266 59.11 1.773
0.7 0.338 98.87 2.119 10.156 66.15 1.417
0.9 0.077 99.74 1.662 5.376 82.08 1.368

The increased adsorbent dose account for
increased adsorptive sites and surface area
hence increased adsorption efficiency as well.
In general, kaolin clay possesses negative
structural charge hence strong affinity to the
cationic adsorbates compared to an anionic
adsorbate. The second reason might be the
molecular size of the adsorbates. BB9 has
small molecular size hence exert weak intra-
repulsion force per unit adsorptive sites while
DR28 is likely to exert strong intra-repulsion
forces per unit adsorptive site. Another
possible explanation on the observed trends is
that adsorption capacity is determined by
assuming every adsorbent molecule is
saturated with adsorbate molecules at
equilibrium. For low adsorbent dose this
assumption was approximately obeyed while
for higher dose adsorbent molecules were not

saturated with adsorbate molecules. As a
result, adsorption capacity for higher
adsorbent dose become smaller compared to
the lower adsorbent dose. Such variations
were also observed by Nandi et al. (2009).

Initial pH

Figure 5 summarizes results of the effect of
initial pH on adsorption efficiency of the two
dyes. As the initial pH increased from 3, 5, 7,
9 to 11, the adsorption efficiency of BB9
increased from 68.71% to 94.73% for RPK
and 94.13% to 98.85% for the AAPK at a pH
value of 11, whereas for the DR28 it increased
to the optimal adsorption of 86.33% for RPK
and 94.03% for AAPK at pH value of 5, then
decreased to the value of 56.86% for RPK,
63.44% and 67.83% for AAPK at pH value of
11.

T BBY ,  e— % | DR28
4 ‘.‘_ﬂ—ﬁ‘_'_ -
= 804
= 804
< -
; 60 4
) —8— RPK —A— AAPK —8— RPK —a— AAPK
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2 4 6 8 10 2 4 6 g 10 12
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Figure 5: The effect of initial solution pH on adsorption of BB9 and DR28.

The higher BB9 adsorption likely was due to
the increased electrostatic interaction between
cationic BB9 and adsorbents arising from
increased strength of negative charge on

respective adsorbents as pH increased. At the
pH of 5 which is less than the pHzpc (6.04)
(Nandi et al., 2009), the adsorbents developed
more surface positive charge accounting for
observed optimal adsorption. However, at
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much lower pH than 5, probably there are
strong competitions for developed positive
surface charge resulting into repulsion
between the relatively large molecules of
DR28 adsorbates. The effect of such repulsion
account for observed decreased adsorption
efficiency. Furthermore, at pH greater than
the pHzrc adsorbents began to develop
negative charge hence account for decreased
adsorption as pH increased due to repulsion

between negative surface charge and charge
of the anionic DR28 adsorbate (Olaremu,
2015).

Contact Time

Table 4 summarizes the results of variation
of adsorption efficiency of both BB9 and
DR28 with varying contact time from 0, 20,
60, 100 140 to 180 minutes.

Table 4: Effect of the contact time on BB9 and DR28 Adsorption

Adsorbent Time (min) BB9 DR28
Ce(Mg/L) Ae(%) Qe(mg/g) cCe(mg/l) Ae(%) e(mg/g)

20 4.922 83.60 2.508 17.473 41.76 1.253

60 3.221 89.26 2.678 15.565 48.12 1.444

RPK 100 3.072 89.76 2.693 15.507 48.31 1.449
140 2.599 91.34 2.740 15.059 49.80 1.494

180 2.566 91.45 2.743 14.983 50.06 1.502

20 0.225 99.25 2.977 15.171 49.43 1.483

60 0.097 99.68 2.990 13.492  55.025 1.651

AAPK 100 0.056 99.81 2.994 13.247 55.84 1.675
140 0.051 99.83 2.995 12.725 57.58 1.727

180 0.028 99.91 2.997 12.193 59.36 1.781

The data in Table 4 show that the adsorption
efficiency of both BB9 and DR28 increased
with contact, however, in comparing the two
dyes, the BB9 was adsorbed more compared
to DR28. This indicates the importance of the
dye type as well.The adsorption rate was
found to be faster in the first 20 min of contact
time, from which adsorption efficiency of
BB9 increased to 83.59% and 99.25% for
RPK and AAPK, respectively, while for
DR28, the observed adsorption efficiencies
were 41.76% and 49.43% for RPK and AAPK
respectively.  Thereafter percent color
removal increased slowly to about
equilibrium within contact time of 180 min.
The maximum adsorptions were found to be
91.45% and 99.91% BB9 for RPK and AAPK
respectively; while for DR28 observed
optimal adsorption were 50.06% and 59.36%
for RPK and AAPK respectively. The higher
adsorption rate in the first few minutes of
contact time accounts for availability of

enough free adsorptive sites as well as surface
area of the adsorbents. Later on, number of
free adsorptive sites and surface area
decreased with increased contact time
accounting for the observed slower
adsorption rate. The attachment of adsorbate
molecules onto the surface of the adsorbent
account for decreased surface area as well as
adsorptive sites available for further
adsorption. Similar observations of the
adsorption behavior of kaolin as a function of
contact time have also been reported by other
researchers (e.g., Lugwisha and Lunyungu,
2016)

Initial Concentration

The variation of the quantity of adsorbate
adsorbed (ge) with increased initial adsorbate
concentration from 30, 45, 60, 75 to 90 mg/L
showed that the activated clay AAPK
achieved the highest adsorption capacity with
optimal ge of 6.429 and 8.634 mg/g
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respectively of BB9, and 4.232 and 6.917
mg/g of DR28 at initial concentration of 90
mg/L. Increasing adsorbate concentration
accounts for increased adsorbate molecules
resulting into increased amount adsorbed per
unit mass of adsorbent. On the other hand, the
percent of color removal decreased with
increased initial adsorbate concentration. The
observation can be explained in terms of
available surface area relative to the number
of adsorbate molecules available. For
adsorption  system with initial higher
concentration; available adsorbent surface
area as well as adsorptive sites are not enough
to adsorb available large number of adsorbate
molecules to great extent compared to the
adsorption system with initial lower adsorbate
concentration. As a result, adsorption system
with initial higher concentration exhibited
higher equilibrium concentration than system
with initial lower concentration; thus,
accounting for observed decreased color
removal with increased initial adsorbate
concentration. This suggests more contact
time and adsorbent dose are required under
condition of initial high concentration of
adsorbates for effective color removal, similar
to what was observed by Sejie and Nadiye-
Tabbiruka (2016). In general, both RPK and
AAPK adsorbents indicated similar trend of
the adsorption efficiency against BB9 and
DR28 adsorbates. BB9 was adsorbed more
than DR28 for both adsorbents, which is
likely due to the fact that kaolin naturally
possesses negative charge hence exhibiting
strong affinity against cationic adsorbates
compared to anionic adsorbates (Kumar et al.,
2013).

Adsorption Isotherms

The Langmuir and Freundlich adsorption
isotherms for the two systems are presented in
Figure 6. The Langmuir isotherms are linear
with respective correlation coefficient (R?)

values of 0.983 and 0.975 for the RPK-BB9
and the AAPK-BB9 systems respectively, and
0.982 and 0.989 for the RPK-DR28 and the
AAPK-DR28 systems respectively.

These R values that are close to unit, together
with the obtained values of separation factor
St that ranged between 0 and 1 (0 < Sf < 1)
suggest favourable monolayer adsorption as it
has been also reported by Boukhemkhem and
Rida (2017) and Patabandige et al., (2019).
However, the smaller value of S implies
strong interaction between adsorbate and
adsorbents hence it likely indicates less
reversibility of the adsorption process.
Further analysis of the St indicated that BB9
bound a bit stronger to the adsorbents than
DR28 in the AAPK than the RPK, supporting
the fact that BB9 was more adsorbed than
DR28 as it has been pointed out earlier.

The Freundlich adsorption isotherms for the
two dyes are linear with correlation
coefficient values (R?) of 0.906 and 0.924 for
the RPK-DR28 and AAPK-DR28 adsorption
systems respectively, while those for the
RPK-BB9 and AAPK-BB9 systems
corresponding to coefficient values of 0.900
and 0.990, respectively. The R? values that are
approaching unit, together with the obtained
values of adsorption intensity (n) in the range
of 2-10 suggest favourable and multilayer
adsorption of adsorbates onto heterogeneous
adsorbent surface. However, the activated
kaolin showed better adsorption than the raw
kaolin due to the respective higher values of
adsorption intensity. Comparable findings
have been reported by Boukhemkhem and
Rida (2017). The BBP adsorbent system
displayed lower values of Gibb’s free energy
at various temperature ranges than the DR28
adsorption  system, implying that the
respective adsorption process was more
feasible and spontaneous for the BB9 system.
This likely also account for higher adsorption
of BB9 than DR28.
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Figure 6: (a) Langmuir adsorption isotherms (b) Freundlich adsorption isotherms for the two

dyes.

CONCLUSION AND
RECOMMENDATION

This study explored the outcomes as well as
the optimal conditions of treating a local clay
from Tanzania (Pugu kaolin clay) for the
purpose of enhancing its absorbance
efficiency in removing synthetic dyes from
water. It employed the adsorption technique
in varied conditions, using BB9 and DR28 as
representative water-soluble dyes.
Characterization by ATR-FTIR, XRD and
XRF show that the raw clay exhibited
absorption bands that reflect the presence of
crystalline kaolinite with physisorbed water
[Al2Si205(0OH)4], silica (SiO2) and microcline
[KAISizOs] phases, whereas upon acid
activation, the silica content increased while
the alumina content decreased due to loss of
the kaolinite phase. The modified kaolin clay
which was obtained after calcination at 750 °C

followed by acid activation using H2SOs at
various concentrations, had a more suitable
adsorption capacity for the removal of the two
dyes compared to the raw clay. The higher
adsorption capacity was attributed to
increased specific surface area and structural
changes that came from removal of some
impurities. The H.SO4 concentration of 0.2 M
was found to provide the optimal activation
with adsorption efficiency of 96.96% and
93.55% for BB9 and DR28, respectively.

The study further investigated the effects of
various operating parameters that usually
affect adsorption efficiency of the adsorbents,
including temperature, contact time, initial
pH of adsorbate, initial concentration of
adsorbate and adsorbent dose on adsorption of
the two dyes by the raw and activated
adsorbents. It was found that the optimal
conditions of 3 hours contact time, 27°C
temperature, 0.9 g adsorbent dose, initial pH
of 11 and initial adsorbate concentration of 90
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mg/L, gave increased adsorption efficiency
from 96.82% to 99.91% for BB9, and from
86.33% to 95.04% for DR28. Although the
raw kaolin clay exhibited relatively weaker
interactions with the adsorbates than its
activated form, still the obtained efficiency
was sufficiently reasonable, especially for
BB9, in such a way that it can also be used
directly without modification. The isotherm
and kinetic models for the adsorption conform
to the Langmuir and Freundlich models, with
high values of correlation coefficients, which
suggest that the adsorption process follow the
monolayer-multilayer ~ adsorption  mode
between the adsorbates and the adsorbents.
These results provide useful information on
the use of Pugu kaolin clay found in Tanzania,
as a low-priced, non-hazardous and efficient
adsorbent in removal of textile dyes from
contaminated water.
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