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Limestone and coffee waste were used during the wet co-granulation process for the production of efficient
adsorbents to be used in the removal of anionic and cationic dyes. The adsorbents were characterized using
different analytical techniques such as XRD, SEM, FTIR, organic elemental analysis, the nitrogen adsorption
method, with wettability, strength and adsorption tests. The adsorption capacity of granules was determined

by removal of methylene blue (MB) and orange II (OR) from single and mixed solutions. In the mixed solu-
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tion, co-granules removed 100% of MB and 85% of OR. The equilibria were established after 6 and 480 h for

© 2016 Published by Elsevier Ltd.

1. Introduction

During recent decades, researches considered solid wastes as
sources of biofuels (Schroder, 2015), fertilizers (Nishio and
Nakashimada, 2013), composite materials (Pavla, 2011) and low-cost
adsorbents for water treatment (Kaushik et al., 2009; Bhatnagar et al.,
2015; Iakovleva and Sillanpad, 2013). The main problems regarding
water treatment are the minimization and reuse of processed water,
and cost saving including a reduction in energy consumption. Despite
a quarter century of studies, these problems of solid and liquid wastes
management are as relevant today as 25 years ago, when the term “in-
dustrial ecology” was introduced (Smith et al., 2015).

For example, Finland is first in the world for coffee consumption
and has about 50M kg coffee wastes per year (Ojaniemi, 2010). Cof-
fee wastes are mostly used as a source for bio-energy and fertiliz-
ers (Cruz et al., 2015; Adi and Noor, 2009). In some research pa-
pers, coffee waste has been used as biosorbents for the removal of
acid dye (Gupta and Suhas, 2009; Rafatullah et al., 2010; Lafi et al.,
2014; Roh et al., 2012; Kyzas et al., 2012), organics (Al-Zaben and
Mekhamer, 2013; Lafi and Hafiane, 2015; Rossmann et al., 2012)
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and metal ions from aqueous solutions (Azouaou et al., 2010;
Boonamnuayvitaya et al., 2004; Ching et al., 2011; Kaikake et al.,
2007; Oliveira et al., 2008; Pujol et al., 2013). Coffee waste has a high
C/N ratio, and contains carboxylic group (Cruz et al., 2015) ensuring
high efficiency for metal ions removal due to chelates formation (Adi
and Noor, 2009; Lafi et al., 2014). Therefore, the coffee waste could
be used as potentially effective sorbent for various pollutants, includ-
ing metal ions. In order to test properties of new adsorbent Methyl-
ene Blue (MB) and Orange II (OR) were used as model acidic and ba-
sic pollutants, respectively. Various functional groups such as amino,
hydroxyl, carboxyl and sulfate on the bio-waste surface, which can
act as binding sites for acidic and basic dyes, help to increase the ad-
sorption effect (Adegoke and Bello, 2015; Kyzas et al., 2012). Clay
and siliceous materials show high affinity for pollutants in acidic solu-
tion as a scavenger through an ion-exchange process (Iakovleva et al.,
2015).

A combination of limestone and coffee waste might improve the
removal efficiency of pollutants and ensure neutralization of the acidic
water, based on the ion-exchange reactions on the surface of combined
sorbent.

Adsorbents must have certain properties to be suitable for indus-
trial use. The combined sorbents must be resistant to water, must not
stick together, and should retain the properties of the original materi-
als (Albadarin et al., 2014; Mangwandi et al., 2014). Granulation of
two different materials was chosen as a way to produce a uniform
dual adsorbent. There are some requirements of the material to be
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produced, including segregation of the powder particles, uniform
granules, their wettability, strength and stability in the solutions. The
adsorbent should be stable to the transportation as well. The main pa-
rameters of the granulation process are process variables such as pro-
cessing time, impeller speed and formulation variables such as parti-
cles size and choice of binder. Homogeneous materials are granulated
uniformly, and produce pellets of the similar size and composition.
Our choice of binder was made taking into account results of previous
studies (Mangwandi et al., 2014). The widely used carboxymethylcel-
lulose binder was not suitable in this research as it is water soluble; the
resultant granules would disintegrate when coming into contact with
the waste water. It seems that polyvinyl acetate (PVAc) might give
better results in the granulation of dissimilar materials and it is water
insoluble.

The main aim of this research was to develop a low-cost and ef-
fective sorbent for water treatment of both anionic and cationic pol-
lutants, as well as neutralization of acidic water. Limestone seemed
to be one of the most suitable candidates for acidic water neutraliza-
tion as well as for removal of a number of pollutants. Limestone is
a commercial material for acidic neutralization of water and agricul-
ture's grounds (Iakovleva et al., 2015; Mangwandi et al., 2014). This
work proposes the novel approach to the treatment of waste water
from cationic and anionic dyes using the same sorbent. In order to
improve the adsorption properties of the limestone, a combination of
limestone and coffee wastes will be used in this research. In this study,
coffee waste and limestone were co-granulated using PVAc as binder.
The strength and wettability of granules, as well as their reuse and re-
sistance to liquid solutions were determined. Adsorption properties of
new adsorbents were tested for their ability to remove MB and OR.
The competition of removal of both cationic and basic dyes from com-
plex liquid was examined.

2. Raw materials

Limestone was provided by Killwaughter Chemical Ltd UK. The
CW was collected from the cafeteria at Queen's University Belfast,
Rami cafeteria of Mikkeli and Green Chemistry Laboratory of
Lappeenranta University of Technology. Before use, CW was washed
with distilled water, and oven dried for 12 h at 60 °C.

Polyvinyl acetate (PVAc) and acetone by MERCK UK were used
as a binder in the granulation process. Solution of PVA was prepared
by dissolving a known mass of the PVA( (from 10 to 40%) in acetone.
The mixture was stirred for about 20 min at 60 °C to obtain a homoge-
nous solution. The viscosities of the binder solutions were determined
by the Haake Viscotester C.

3. Co-granules production

A small bench scale high shear granulator (KENWOOD KMO070
(Japan) was used for the granulation of materials. The known mass
of limestone powder and coffee waste were added to the mixer and
mixed without binder for 60 s. The known value of binder was added
to the powder during the next 30 s without stopping the rotator. The
mixing of powder was performed at an impeller speed of 490 rpm and
binding occurred within 60 s until the formation of granules.

4. Characterization of raw materials and co-granules
4.1. Spectral and physics characterization

The particle size distribution was determined using dispersion an-
alyzer LUMiSizer 610/611 (GmbH). The measurements were per-
formed thrice.

The chemical composition and organic elemental analysis of raw
materials were determined with an energy dispersive X-ray fluores-
cent (ED XRF) analyzer X-Art (Joint Stosk Company Comita, St. Pe-
tersburg, Russia) and CHNS-O analyzer (Flash 2000 Elemental Ana-
lyzer, Thermo Fisher Scientific, UK), respectively.

FTIR spectra of raw materials and granules were recorded with a
Bruker Vertex 70v spectrometer. Spectra were collected in the mid in-
frared region (4000-400 cmfl) averaging 124 scans with 4 em! reso-
lution. Samples were prepared by the standard KBr pellet methods.

The samples were characterized with nitrogen sorption at 196 °C
using TriStar 3000 (Micromeritics Inc., USA). The specific surface
area of samples was calculated using the Brunauer-Emmett-Teller
(BET) theory.

Microstructure of the raw and produced materials was examined
using a scanning electron microscope (SEM, Nova Nano SEM 200,
FEI Company). The experiment was carried out at low vacuum condi-
tion in secondary electron mode. For the analysis, samples were cov-
ered with a gold layer.

In order to study the effect of binder viscosity on the co-granu-
lation process, different granulation experiments were carried out us-
ing binder solution of different concentrations whilst maintaining the
other processing conditions constant. All experiments were carried out
at room temperature (24 °C) with mixing time and speed of 2 min and
490 rpm, respectively.

The effect of the L and CW ratio on the granulation process was
studied using different amounts of each material. The granules were
dried for 12 h at 80 °C. The dried granules were separated according
to size by sieving. The percentage of co-granules in each size range
was calculated by following equation:

m;
n={— ] x100%
mny (D

where m, and m; are initial and total the measure range mass of
co-granules, respectively.

Granules strength was measured from diametric compression of
the single granules using previously described method using Eq. (2).

c =28 X <—2>
zD (2)

where F; (Newton) is compressive force during testing of granules
strength, i is number of tests, D (mm) is granules diameter.

Granules wettability was tested by mixing a known mass of gran-
ules with water at ambient temperature for 72 h. After testing, all gran-
ules were oven dried for 12 h at 80 °C. The strength and size of gran-
ules were determined before and after wettability tests.

4.2. Batch adsorption experiments

Sorption tests of pollutants were conducted by mixing a known
weight (from 0.5 to 40 g Lfl) of L, CW, PVAc and LCW with 15 ml
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of synthetic solution of MB and OR. The concentration of dyes on the
synthetic solution ranged from 5 to 20 mg L', The experimental so-
lutions were shaken by a shaker ST5 (IKA KS 4000i Control) from 1
to 720 h. 10 mL solutions were taken from flasks at known time in-
tervals and filtered using a 0.20 um diameter polypropylene syringe
filter. For determination of final concentration of dyes, 2 mL of solu-
tion was taken and determined by UV/Vis spectrometer (Lambda 45
PerkinElmer Instrument) at wavelength 664 and 486 for MB and OII,
respectively.
The percentage adsorption was calculated as:

. Ci - Ct)
%Adsorption = x 100

Gi 3
where A is adsorption, C; and C, (mg L") are the pollutants concen-
trations in the initial and treated solutions, respectively.

5. Results and discussion
5.1. The chemical composition of materials

The chemical compositions of the raw materials are presented in
Table 1. These results were collected with ED-XRF and organic ele-

mental analysis. The limestone contains about 20% calcium and 40%
silicon. The coffee waste consists mainly of organic components,

Table 1
Chemical composition of raw materials (XRF and organic elemental analysis).

such as lignin, nitrogenous compounds, fibers, etc. (Narita and Inouye,
2014).

5.2. The particle size distribution

The average value of particle size distribution has been reported
in Fig. 1. The coffee waste particles are approximately ten times
larger than the limestone particles. Their diameters range from 100 to
1000 pm and are less uniform than limestone powder. More than ten
times difference in particle size of the two materials might cause prob-
lems during the binding process. Also, great difference in particles
size might complicate uniform granulation. Therefore, the selection of
the ratio of the two raw materials presents three challenges. The first is
to choose the concentration of binders for sufficient strength at which
the granules will withstand long exposure to water. The second is to
choose the appropriate ratio of the two materials with different particle
size. And the last is to produce granules with sufficient surface area of
sorbents for efficient pollutant removal.

5.3. Co-granules production

The optimal concentration of binder was chosen by granulation of
limestone and coffee waste separately. The data of binder solution vis-
cosity and matrix of granulation test are presented in Tables 2 and 3.
After preliminary tests the optimal binder concentration of 30% was
chosen. The preliminary co-granules tests demonstrated that, for the
preparation of the largest granules (>1000 um) with high wettability,
the best combination was 7 parts limestone to 3 parts coffee waste.
This ratio was used for further experiments. The chosen materials ra-
tio and binder concentration produced the greatest number of granules
with particle size from 1 to 2 mm. These granules have better stability

Element L (w%) CW (w'%) upon contact with water and remain approximately the same size and
Al 15 < strength (Table 2). These co-granules should be used for waste water
C 33 60 treatment over an extended testing time.
Ca 21.3 <1
H - 6 L.
X 025 a0 5.4. Spectral characteristics
N - 3 . . . . . . . .
0 52.7 25 Spectroscopic studies of limestone in the mid-infrared region with
S 0.1 <l FTIR analysis confirms the results of XRD studies. The compounds
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Fig. 1. Particle size distribution of limestone and coffee waste.



4 Journal of Environmental Management xxx (2017) xxx-xxx

Table 2
Viscosity of binder solutions with various concentration of PVA.

Cpya (%) p (mPa-c)
10 1.4

15 13

20 37

25 52

30 72

35 111

40 157

Table 3

Mass fraction of raw materials, size and strength of granules before and after wettability
test.

Mass Strength of  Strength of
fraction granules granules
Mass of before after
fraction of coffee Size of granules, before wettability  wettability
limestone  waste wettability test (%) test (MPa)  test (MPa)
12mm 0.5-1 mm <0.5 mm
1.0 0.0 28 49 23 28 21
0.75 0.25 25 27 48 28 10
0.70 0.30 60 30 10 35 14
0.60 0.40 49 47 4 12 2
0.50 0.50 40 53 7 10 3
0.40 0.60 36 45 19 11 3
0.30 0.70 30 46 24 9 2
0.25 0.75 28 48 24 27 39
0.0 1.0 40 53 7 28 42

of calcium, carbonate, and silicone were detected with both analy-
ses (Tables 1 and 4). Various organic compounds remained in cof-
fee waste even after extraction, as confirmed by XRF, FTIR and or-
ganic elemental analysis. The results of spectroscopic analysis show
that co-granules were composed of nearly all functional groups from
the two raw materials. This indicates that the pre-mixing of raw ma-
terials was uniform and the binder did not block the functional groups
which are involved in the adsorption process.

The coffee waste has very low specific surface area and therefore is
not presented. Specific surface area of the limestone and co-granules
is about 2.2 m? g{1 and only 0.4 m’ gfl, respectively (Figs. 2 and 3).
The low surface area of coffee waste and coating of the coffee waste
particles with PVAc could cause sharp decrease of co-granules spe-
cific area. However, the spectroscopic analysis shows complex struc-
ture of materials. SEM images are presented in Fig. 4.

Table 4
FTIR spectrum data for raw materials and granules.

Compound WN; (cm ) WNeyw (em™h) WN cw (cm )
C=0; 719 + +
C-H - 808 -
Ca-C=0, 871 - +
Si-O 1100 1029 +
S=0, - 1158 -
C-0 - 1239 +
Ca-C=04 1377 - +
Ca-O - 1518 +
R=C=0 - 1654 -
R=C=0 - 1743 +
Ca-0 2512 - +
R-O-H - 2853 +
Si-O-H 3200-3700 2923 +
N-H - 3294 +
R-O-H - 3329 +

The surface structure of coffee waste is underdeveloped and almost
flat, as was confirmed by BET method data (Fig. 4a). The structure of
limestone is highly developed (Fig. 4b). The size of most particles is
less than a micrometer. The surface of co-granules inherited a com-
plex structure of limestone (Fig. 4c). Most likely, this is due to the fact
that the fine particles of limestone are distributed on the flat surface
area of coffee waste and set up agglomerations. For the purpose of this
study, it is important that the functional groups of CW were available
for pollutants during the removal process. The presence of functional
groups on the surface area of co-granules was confirmed with FTIR
(Table 4).

5.5. Synthetic dye solution treatment

The removal of MB and OR with novel combinative granulated
sorbents from single synthetic solution and mixture was researched in
this work. The adsorption properties of co-granules and their materials
were studied separately to understand possible removal mechanisms.
The possible effect of binder on the removal of pollutants has been
eliminated by the adsorption test using PV Ac for treatment of solution
from both dyes.

5.5.1. Optimization of adsorbent amount and contact time

The optimal amount of adsorbents and efficient contact time with
an initial concentration of dyes 2 mg L' are shown in Figs. 5 and 6.

The equilibrium of the systems was reached with the concentra-
tion of each adsorbents at 2 g L™" for both dyes. The maximum re-
moval of MB, 100%, and OR, 85% removal, was found after 6 and
480 h, respectively. Removal of both dyes was relatively higher with
co-granules, as compared to each material individually. This could be
explained by a smaller number of functional groups on the surface
area of the co-granules capable of removing anions, compared with
cations.

5.5.2. Effect of pH and possible removal mechanism

The impact of solution pH on the dyes adsorption process has been
investigated by increasing the initial pH from 2 to 10, while the initial
dyes concentration, temperature, co-granules dosage and contact time
were kept constant at 5 mg L',25+2°C,2 g L' and 60 min, respec-
tively (Fig. 7).

The study of the effect of pH on the removal of cationic and an-
ionic dyes confirms the results of previous researchers (Albadarin et
al., 2011; Ramesh et al., 2005; Kyzas et al., 2012; Lafi and Hafiane,
2015; Lafi et al., 2014). MB was removed from the solution more ef-
ficiently at high pH as the adsorption mechanisms associated with the
formation of a complex between the positively charged ions and nega-
tively charged dye ion on the adsorbent surface. While the adsorption
capacity of OR increases in basic medium by electrostatic interaction
between negatively charged dye ions and positively charged cell of
co-granules surface (Lafi and Hafiane, 2015).

The possible removal mechanism of cationic and anionic dyes is
ion-exchange between co-granules surface and pollutants. In case of
OR there might be two mechanisms: ion-exchange between the posi-
tively charged ions on the surface of the co-granules and anionic dyes
and physisorption between OR and carbon which is part of the coffee
waste. For the removal of OR by ion-exchange mechanism the ionic
strength of the solution should provide an exchange between the simi-
lar sodium cations, or between calcium and sodium (Fig. 8).

The process of adsorption of dyes is reversible. This was con-
firmed by desorption studies performed using solutions at different
pH; the dyes were easily desorbed from the adsorbent surfaces. Con-
centrated hydrochloric acid and sodium hydroxide, were used for the
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desorption of MB and OR, respectively. Experiments showed that des-
orption process of MB was 100%, while desorption efficiency of OR
was only 50%. The reusing experiments showed that the developed
co-granules can be used only once.

5.5.3. MB and OR ions competition

Competition between MB and OR during the adsorption on
co-granules was observed. The presence of MB reduced the removal
of OR from 85% to 60%. During experiments it was found that
the amount of removed MB remained at 100% and equilibrium was
reached after 24 h. However, the removal of OR was 60% and did not
increase even after 720 h. By contrast, desorption process of OR into
solution was observed and measured to be about 20%. It could be ex-
plained by the fact that the limestone increased pH of initial solution
to pH 8 during the removal process. Decreasing concentration of OH ™
could change the positive charge surface of co-granules to negative,

thereby reducing the sorption capacity of dye anions (Kyzas et al.,
2012).

6. Conclusion

The novel efficient co-granules from CW and L for purifying
acidic wastewater containing dyes were produced. The co-granules
showed more affinity to acidic than to basic pollutants, and percentage
removal from complex solution was 100 and 60, respectively. How-
ever, decreasing of pH solution to 2, allowed to increase to 85% re-
moval of basic pollutants. The strength and resistance to wettability of
co-granules makes them suitable for various types of water treatment,
including passive and column methods. Use of these novel materials
would reduce not only bio-waste amount, but would also benefit the
water treatment with efficient and low-cost adsorbents.
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Fig. 4. SEM image of CW (a), L (b) and LCW (c).
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Methylene Blye

Fig. 8. Ion-exchange mechanism of MB and OR removal.
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