




ABSTRACT 

 

Batch adsorption removal of Indigo Carmine (IC) from aqueous solution onto a new 

type of geopolymer synthesized from two industrial wastes rice husk ash (RHA) and ceramic 

residues (CR) was investigated under different conditions. It was found that the most favorable 

condition for adsorbent dose was 0.04 g/mL in the concentration of 50 mg/L and a contact time 

of 120 minutes. The percentage removal at initial concentrations of IC for 50 mg/L was 

approximately 99%. The kinetic studies showed that adsorption process follows the pseudo 

second-order. The effect of temperature on the adsorption capacity and the percentage removal 

of IC was also studied. Finally, the equilibrium adsorption data were well represented by 

Freundlich and Temkin adsorption models. The maximum adsorption capacity for IC was 1.35 

mg/g at 323 K with an initial concentration of 65 mg/L. Therefore this geopolymer can be used 

as adsorbent for the removal of Indigo Carmine from textile industry wastewater. 
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1 INTRODUCTION 
	

Wastewater from textile industries frequently contains significant amounts of non-

biodegradable dyes (PALMA-GOYES et al., 2014). Most of the dyes are toxic and 

carcinogenic, hereby posing serious threats to living organisms (SOOD et al., 2015). Of all the 

dyes produced in the world, 11% is lost in effluents during manufacture and application 

processes (RAUF; ASHRAF, 2009). Indigo Carmine (IC) is a blue dye, considered a highly 

toxic indigoid class of dye and constitutes one of the most important groups of pollutants found 

in wastewater from textile industries (LABIADH et al., 2017). For these reasons, is very 

important to efficiently treat the effluents before being discharged. 

The optimization of wastewater purification processes requires a development of new 

operations based on low cost raw materials with high pollutant-removal efficiency (PERIĆ; 

TRGO; VUKOJEVIĆ MEDVIDOVIĆ, 2004). For that reason, geopolymers appear as a recent 

technology, since it has shown from many researches good adsorption properties (ARIFFIN et 

al., 2017). Besides it has been proven that geopolymers have a low cost, especially if its 

composition is based on residues already available and the low energy requirements of 

production (BAKHAREV, 2006). Geopolymers are inorganic polymers resulted from the 

polymerization process and in order for this to happen is necessary the use of raw-materials rich 

in alumina and silica and a high alkaline solution as the activator source (DAVIDOVITS, 1982).  

Since geopolymers need a source for silica and alumina, the rice husk ash (RHA) and 

the ceramic residue (CR) can be great materials for this application. RHA is basically composed 

by silica (70%) and CR is composed essentially by alumina (58%) and silica (11%) (COLELLA 

et al, 2017). Other studies have shown that the low-cost geopolymer can be used as an adsorbent 

for Indigo Carmine (IC) removal from aqueous solutions (LAKSHMI et al., 2009). 

The present study proposes to use geopolymers based on rice husk ash and ceramic 

industry waste as an adsorbent for the removal of IC from aqueous solutions and to contribute 

with a new technology with a low cost adsorbent for adsorption processes from industrial 

wastewater, thus to encourage future research and further works in the area. 
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2 LITERATURE REVIEW 

 

In this section, the literature review will be presented, which covers the recent studies 

around the subject. Furthermore, it is also defined some basic concepts for a better 

understanding of the subject. 

 

2.1 Indigo Carmine 

 

Indigo Carmine dye (IC) is mainly used in the dyeing of clothes (blue jeans), as indicator 

in analytical chemistry and as a microscopic stain in biology (AMMAR et al., 2006). IC is 

considered as high toxic indigoid class of dye. Contact with it causes skin and eye irritations, it 

also cause permanent injury to cornea and conjunctiva (OTHMAN; MOHAMED; IBRAHEM, 

2007). The consumption of the dye was also proven to be fatal, as it is carcinogenic and can 

lead to reproductive, developmental, neuron and acute toxicity (NACIRI et al., 2016). 

The wasted dyes released in the effluent interfere with the transmission of light in the 

water bodies that receive this effluent. This in turn inhibits the photosynthetic activity of aquatic 

biota besides direct toxic effects on biota (LAKSHMI et al., 2009). In addition, these dyes can 

be accumulated in aquatic animals and, consequently, get into the alimentary chain and reach 

human beings (ARENAS et al., 2017). Figure 1 illustrates the chemical structure of Indigo 

Carmine. 

 
Figure 1 – Chemical Structure of Indigo Carmine. 

 
Source: (MITTAL; MITTAL; KURUP, 2006) 

 

2.2 Geopolymer 

 

Geopolymer is a new class of inorganic polymer synthesized by activation of an 

aluminosilicate source with an alkaline hydroxide or silicate solution at ambient temperature, 
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which was first developed by Davidovits in the late 1970s (DAVIDOVITS, 1991; HUANG; 

HAN, 2011). 

The synthesis of geopolymer is normally carried out by mixing aluminosilicate reactive 

materials with strong alkaline solutions, usually sodium hydroxide, then curing the mixture at 

temperatures between 20 and 100 ˚C. Such under conditions, aluminum and oxygen atoms 

create a chain of SiO4 and AlO4 tetrahedral linked alternatively by shared oxygen atoms 

(MAJIDI, 2009). These units are then gradually split out with the development of the reaction, 

and linked alternatively to yield polymeric precursors by sharing all oxygen atoms between two 

tetrahedral units, and thereby forming monolithic like geopolymer products (AL-ZBOON; AL-

HARAHSHEH; HANI, 2011). A schematic diagram of typical geochemical reactions 

associated with mineral polymer and geopolymer formation is provided in Figure 2 (LI; 

WANG; ZHU, 2006). 

 
Figure 2 – Schematic of the reaction pathway for geopolymerization. 

 
Source: (LI; WANG; ZHU, 2006) 
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Figure 3 – Schematic diagram of geopolymer formation 

 
Source: Adapted from (LIEW et al., 2016). 

 

Geopolymers can be used as an additive for manufacturing process of Portland cement, 

providing a more environmentally friendly alternative. The use of geopolymers can reduce up 

to 90% on the CO2 emissions compared to Portland cement (DAVIDOVITS, 2013). Also, it 

can be used for adsorption of heavy metals from aqueous solutions. In addition, a recent study 

presented that geopolymers can be used as a coating to protect reinforced concrete against 

corrosion, with excellent geopolymer characteristics, such as mechanical strength, chloride 

permeability and electrical resistivity (AGUIRRE-GUERRERO; ROBAYO-SALAZAR; DE 

GUTIÉRREZ, 2017). 

Alternative low-cost, non-conventional adsorbents such as bagasse fly ash, rice husk 

ash, peat, lignite, bagasse pith, wood, saw dust, etc. have been investigated for the treatment of 

effluents (SRIVASTAVA; MALL; MISHRA, 2007). Besides, depending on the raw material 

selection and processing conditions, geopolymers can exhibit a wide variety of properties and 

characteristics, including high compressive strength, low shrinkage, fast or slow setting, acid 

resistance, fire resistance and low thermal conductivity (DUXON et al., 2007). Many researches 

have shown a high adsorption capacity with geopolymers based on low cost materials, such as 

ash, agricultural and solid waste (AL-HARAHSHEH et al., 2015; ARIFFIN et al., 2017). 
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2.3 Rice Husk Ash  

 

Rice is a staple food of over half the world’s people (MARASENI et al., 2018). This 

includes Brazil, which is the eighth largest rice producer in the world (FAO, 2017), in total 10.5 

million tonnes of rice were produced in the 2015/2016 harvest (CONAB, 2016). For this reason, 

there are a large quantity of byproducts produced in this industry. One of them is the rice husk, 

obtained from the rice mills after the separation of rice from paddy. In nature, rice husk is tough, 

insoluble in water, woody and characterized by its abrasive inherent resistance behavior and 

silica-cellulose structural arrangement (DAIFULLAH; GIRGIS; GAD, 2003). 

Traditionally, rice husks have been disposed in landfills, but environmental regulations 

have limited this, resulting in a need for increased utilization (KAMATH; PROCTOR, 1998). 

Because of that and the arising preoccupation about more environment-friendly industries, 

people are trying to reuse the rice husk. For that matter, its principal application is as an ideal 

source for power plants in the rice mill industry, since it has a higher heating value (QUISPE; 

NAVIA; KAHHAT, 2017). 

Rice husk ash (RHA) is collected from the particulate collection equipment attached 

upstream to the stack of the rice husk-fired boilers (LAKSHMI et al., 2009). It is estimated that 

the generation rate is approximately 0.046 tonne for every tonne of rice produced (FOO; 

HAMEED, 2009). RHA is composed by approximately 70% of silica (SiO2) and some metals 

in the oxide form in less quantity (COLELLA et al, 2017). The nature of the silica in RHA is 

mainly amorphous which means a structure formed by atoms with short-distance orientation, 

making it highly reactive (ARENAS et al., 2017).  

RHA has been used for removal of different pollutants from aqueous solution such as 

brilliant green dye (TAVLIEVA et al., 2013), IC (ARENAS et al., 2017) and toxic metal ions 

(FENG et al., 2004; SRIVASTAVA; MALL; MISHRA, 2007). One of the parameters that is 

important for the adsorption process is the particle size of the RHA. For that reason, some of 

the researches have reported the particle size for the RHA as an adsorbent. Kumar et al (2008)  

concluded that for the lead ion adsorption the particle size used was between 250 and 350 µm 

and the adsorption process efficiency using industrial effluents was found to be 96.83% 

(KUMAR et al., 2009). Another study showed a high removal of the dyes Methylene Blue and 

Congo Red from aqueous solution with a particle size of the RHA of 212 µm (CHOWDHURY; 
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SARKAR; BANDYOPADHYAY, 2009). In addition, another research presented a 150 µm 

RHA particle size (TORKAMAN; ASHORI; MOMTAZI, 2013). 

 

2.4 Ceramic Waste 

 

In the ceramic process, approximately 30% of the materials become residues and 

currently are not reused in any way (AWOYERA et al., 2016). Nowadays, these residues are 

deposited directly in landfills (ZIMBILI; SALIM; NDAMBUKI, 2014). This way, recycle can 

be an alternative to reduce the extraction demand and landfill pressures, conducting to a better 

sustainability of the resources (SILVESTRE et al., 2013). Besides all that, according to National 

Cement Association (ANFACER), Brazil is the second largest producer of ceramics in the 

world, consequently it is necessary to have ways to reuse this residue. 

The traditional and most used ceramic process starts with the mixture and 

homogenization of the raw materials. After that the material is milled, so the atomization can 

take place. In the atomization, a paste is formed so it is possible to shape it and then dry it. After 

the drying process, it is glazed and finally it is submitted to a fast firing. A schematic diagram 

of the ceramic process is shown in Figure 4. 
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Figure 4 – Traditional ceramic process production. 

 
Source: Adapted from (CASASOLA; RINCÓN; ROMERO, 2012) 

 

2.5 Water treatment through adsorption 

 

There are many methods that have been developed for the removal of synthetic dyes 

waters and wastewaters to decrease their impact on the environment (OROS; FORGACS; 

CSERHATI, 2004). These techniques can be divided in three categories: chemical, physical or 

biological process. The chemical process includes electrochemical oxidation (AMMAR et al., 

2006; PALMA-GOYES et al., 2014), coagulation, flocculation (LIANG et al., 2014) and 

photocatalytic degradation (SOOD et al., 2015). Although these processes can be economically 
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feasible, it has a high sludge formation decreasing its effectiveness (AHMED; 

AHMARUZZAMAN, 2016). 

The biological treatment consists in the dye degradation by metabolic pathways or 

adsorption with biomass (PAZ et al., 2017). However when using enzymes the production 

shown to be unreliable and not effective for all dyes (YAGUB et al., 2014). The physical 

process includes membrane filtration, ion exchange and adsorption. Among to all these 

methods, physical treatments such as adsorption are recognized as a well stablished technique 

to remove toxic compounds from water and wastewater (ARENAS et al., 2017).  

Adsorption is a surface phenomenon that is defined as the increase in concentration of 

a particular component at the surface or interface between two phases (FAUST; ALY, 1983). 

Figure 5 illustrates the basic concepts for adsorption process. 

 
Figure 5 – Basic terms for adsorption and its principle. 

 
Source: (WORCH, 2012) 

 

The solid phase provides the site for adsorption and is considered the adsorbent; while 

the the liquid phase will be adsorbed, is referred to as the adsorbate. In some cases, the 

adsorption process can be reversed and the adsorbate returns to the liquid phase, being referred 

to as desorption. 

This process can be affected by different parameters such as, temperature, the nature of 

the adsorbate and adsorbent, the presence of other compounds and experimental conditions (like 

pH, concentration of pollutant, contact time and particle size of the adsorbent) (ALI; GUPTA, 

2007). 

The adsorption for waste and wastewater treatment works over different materials that 

have been proved for removing IC from wastewater effluents such as activated carbon (HU et 

al., 2016), biomaterials such as chitin and chitosan (PRADO et al., 2004) and fly ash 

(CARVALHO et al., 2011) with promising results. 
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2.5.1 Adsorption kinetics 

 

The adsorption kinetics was studied because it permits elucidation of adsorption 

mechanisms in the treatment of dye containing industrial effluents. Its study enables to examine 

and to understand the controlling mechanisms of adsorption process and helps determine the 

process efficiency (ARENAS et al., 2017). There are various models for the different 

combination of adsorbate and adsorbent, where the adsorption process has been considered as 

being of a pseudo-first order, a pseudo-second order, controlled by intra-particle diffusion, 

chemisorption and many others (GEORGIEVA et al., 2015). 

The pseudo-first order kinetic model was suggested by Lagergren (LAGERGREN, 

1898) for the adsorption of solid/liquid systems and its formula is given as described in 

Equation 1. 

 

log $% − $' = )*+	$% − -./01                                             (1) 

 

where $% and $' (mg/g) are the amounts of adsorbate adsorbed at equilibrium and at any time t 

(min), respectively and -./0  is the adsorption rate constant. From the plot of log $% − $'  

versus t it is possible to determine the slope (-./0) and intercept ()*+	$%) (TAN; AHMAD; 

HAMEED, 2009). 

Many researchers demonstrated that the adsorption process is better describe with the 

pseudo-second order model (CHOWDHURY; SARKAR; BANDYOPADHYAY, 2009; 

LAKSHMI et al., 2009; TAVLIEVA et al., 2013). This model takes into consideration that 

adsorption reaction onto the surface of adsorbent is the rate controlling step and has been most 

widely used to describe time evolution of adsorption under non-equilibrium conditions. Pseudo-

second order model is described by Equation 2, where $% and $' are respectively the amounts 

of adsorbate at equilibrium and at any time (t); and -.23  is the pseudo-second order rate 

constant [g/(mg min)] (ARENAS et al., 2017; HO; MCKAY, 1999). 

 

$' =
'	4567	89:

;<'	4567	89
                                                       (2) 

 

The linear form of Equation 3 can be represented as follows: 

 
'
8=
= ;

456789:
+ ;

89
1                                                       (3) 
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According to Equation 3, plotting 1 $'  versus time 1 gives a straight line which the 

slope is 1 (-.20$%A) and the intercept is 1 $% (SENTHIL KUMAR et al., 2010). 

The intra-particle diffusion model is used to determine the rate limiting step of the 

adsorption kinetics. Also known as the Weber-Morris model the intra-particle diffusion model 

can be describe as presented on Equation 4 (WEBBER, MORRIS; 1963). 

 

$' = -C.D1;/A + F                                                       (4) 

 

Where -C.D (mg/g min1/2) is the rate parameter of stage and is obtained from the slope 

of the straight line of $' versus 1;/A plot. Also, C is the intercept of the linear plot and describes 

the boundary layer, which means the greater the intercept, the greater the boundary layer effect 

(LUUKKONEN et al., 2016). If the adsorption process occurs only by intraparticle diffusion, 

then the $' versus 1;/A plot will be linear and passes through origin. Otherwise, some other 

mechanism is also involved (TAN; AHMAD; HAMEED, 2009). 

 

2.5.2 Adsorption Isotherms 

	

The experimental of the adsorption equilibrium data were tested through the Freundlich 

and Langmuir to describe the characteristics of adsorption equilibrium. These adsorption 

isotherms describe how the adsorbate interacts with the adsorbent. Adsorption isotherms, 

present a comprehensive understanding of the nature of these interactions. Besides, it can 

present relevant information related to the optimum usage of the adsorbent. 

The Langmuir model assumes that the adsorbent has a constant number of adsorption 

sites and sorption on adsorbent surface is monolayer and homogeneous (AGRAFIOTI; 

KALDERIS; DIAMADOPOULOS, 2014). The Langmuir equation can be described as 

presented in Equation 5 (CHEN, 2015). 

 

$% =
8GHIJ9
;<HIJ9

                                                            (5) 

 

The linear form of the Langmuir isotherm equation can be illustrated as presented in 

Equation 6 (HAN et al., 2014): 
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J9
89
= ;

8GHI
+ J9

8G
                                                         (6) 

 

where CL  (mg/L) is the equilibrium concentration of adsorbate, qL  (mg/g) is the amount of 

adsorbate adsorbed per unit mass of adsorbent and qN (mg/g) and OP (L/mg) are the Langmuir 

constants related to maximum monolayer adsorption capacity and energy change in adsorption, 

respectively. 

The Freundlich model is the relationship that describes the non-ideal and reversible 

adsorption, which can be applied to multilayer adsorption, derived by assuming a heterogeneous 

surface with a non-distribution of heat of adsorption over the surface (KISKU et al., 2015). The 

Freundlich model is represented by Equation 7 (AGRAFIOTI; KALDERIS; 

DIAMADOPOULOS, 2014). 

 

$% = O/F%
;/Q                                                           (7) 

 

where $%  (mg/g) is the amount of IC adsorbed per mass of adsorbent and F%  (mg/L) is the 

concentration of the adsorbate at equilibrium. The equation can be linearized by linear 

regression represented by Equation 8 (HAN et al., 2014). 

 

ln $% = lnO/ +
;
Q
ln F%                                                        (8) 

 

where O/ and 1/n are Freundlich constants which correspond to maximum adsorption capacity 

and strength of adsorption, respectively. 

 Temkin isotherm takes into consideration the adsorbent-adsorbate interactions, 

assuming that the heat of adsorption decreases linearly with increasing coverage. The Temkin 

isotherm is expressed by Equation 9 and 10 (DADA et al., 2012). 

$% = S lnTU + S	)VF%                                                        (9) 

 

S = WU
X

                                                                     (10) 
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where TU is the Temkin isotherm constant at equilibrium corresponding to the maximum biding 

energy (L/g), B is the heat of adsorption (J/mol), R is the universal gas constant (8.314 J/molK), 

T is the absolute temperature, b is the Temkin isotherm constant, which indicates the adsorption 

potential of the adsorbent. Both TU and B can be determined from a plot of $% versus )VF% and 

the constants were determined from the intercept and slope, respectively (DEHGHANI et al., 

2016). 
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3 MATERIALS AND METHODS 

	

3.1 Materials 

 

The RHA was provided by a rice mill industry Arroz Fumacense Ltda, Morro da 

Fumaça, SC, Brazil produced by burning the rice husk for energy production to its own process. 

The CR was provided by Angelgres located in Criciúma, SC, Brazil. This residue is generated 

after the process of forming the pieces before passing through the drying ovens, from defective 

pieces and from the material that no longer can be reincorporated into the production process. 

Both residues were dry-milled in alumina ball mill and sieved before use. The particle 

size distribution was measured and the average size (D50), to RHA and ceramic residue were 

0,227 µm and 0,591 µm, respectively. 

The chemical composition (major elements) of materials were determined by a 

Panalytical Axios X-ray fluorescence spectrometer. Table 1 shows the chemical composition 

from both residues. 

 
Table 1 – Chemical characterization for rice husk ash (RHA) and ceramic residue (CR). 

Sample 
Oxides (%) 

Al2O3 CaO Fe2O3 K2O MgO MnO Na2O P2O5 SiO2 TiO2 LOI 

RHA 0,13 0,44 0,16 0,76 0,38 0,09 0,07 0,7 70,75 <0,05 26,47 

CR 10,87 9,2 0,8 2,09 3,76 <0,05 2,89 0,29 57,91 0,42 11,7 

Source: adapted from COLELLA et al, 2017 

 

 Sodium hydroxide 98.81% purity from Neon was used as the alkaline activator. The 

NaOH solution 9M was prepared utilizing sodium hydroxide pellets, which were dissolved in 

distilled water. The solution was used when reached room temperature. 

 The IC used is from Neon and it was utilized without any further treatment or any other 

pre-treatment process. Its chemical formula is C16H8N2Na2O8S2 and has a molecular weight of 

466.35 g/mol. 
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3.2 Methods 

 

3.2.1 Geopolymer synthesis 

The formulation of the geopolymeric paste were prepared varying the mass ratios of 

RHA and CR, and fixing the solid-liquid ratio 0.83 (g/g) as presented on Table 2. 

 
Table 2 – Percent mass ratios used in CR+RHA-based geopolymer synthesis. 

Sample RHA (g) CR (g) CR (w%) NaOH (M) Water mass 
fraction (g/g) 

T1 150 0 0% 9 0.83 

T2 112.5 37.5 25% 9 0.83 

T3 75 75 50% 9 0.83 

T4 37.5 112.5 75% 9 0.83 

Source: COLELLA et al, 2017 

 

For the geopolymer synthesis both solid residues were mixed first for one minute in low 

velocity, and then the 9M NaOH solution was added during one minute and lastly, both liquid 

and solids were vigorously stirred for 8 more minutes, totalizing 10 minutes for the synthesis 

of the geopolymeric paste at ambient temperature (approximately 298K). Geopolymer pastes 

were cast into a Polyvinyl chloride cylinder mold of 20 mm diameter and 40 mm height, 

vibrated for 5 min to release the bubbles and cured at 50 °C, being unmolded after 5 days and 

returned to oven at same temperature for more 7 days. And then it was kept at room temperature 

until completion of 28 days. Figure 6 shows a schematic design for the geopolymer synthesis. 
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Figure 6 – Geopolymer formation process. 

 
Source: author. 

 

Morphology analysis of the geopolymers was performed using scanning electron 

microscopy (SEM – Hitachi, TM3030) images and energy dispersive X-ray spectroscopy 

operated at 15 kV. Also, the porosity of the geopolymer was calculated in triplicate using the 

ImageJ® software with the Huang filter of the SEM images previously done by Colella et al, 

2017. 

 

3.2.2 Batch adsorption experiments 

 

To adsorption experiment a stock solution of IC 1(000 mg/L) in water was prepared. An 

absorbance scan from 580 to 630 nm was performed in order to determine the wavelength of 

maximum absorbance at this interval, using an IC solution of 20 mg/L by Thermo Scientific 

Genesys 6 UV-Vis. 

Concentration calibration curves according to the Lambert-Beer law were established at 

l=610 nm by measuring the UV absorbance (A) of solutions with a known concentration of IC 

(5, 10, 15, 20 and 25) at room temperature where the dye concentration is in mg/L. Examples 

of the solutions used at the calibration curve are shown in Figure 7. 

 



	

	

20	

Figure 7 – Dye solutions in concentrations of 5, 10, 15, 20 and 25 mg/L from the left to the right. 

 
Source: author. 

 

3.2.3 Batch adsorption experiments 

 

The batch adsorption experiments were conducted in duplicate with an initial pH of 8.5 

and a set of 250 mL of Erlenmeyer flask containing solutions with 50 mL of IC with various 

initial concentrations. The flasks were agitated in an isothermal shaker at 120 rpm until the 

equilibrium was reached. After adsorption test the solution was centrifuged in a Centrífuga 

Excelsa II Modelo 206-BL FANEM for 10 min and 3500 rpm, the equilibrium concentrations 

of dye in the solution were measured at 610 nm using UV-visible spectrophotometer. 

The percentage removal of IC (Y) and the adsorption capacity q (mg/g) were calculated 

from Equations 11 and 12. Where V (L) is the experimental volume, m (g) the mass of the 

adsorbent, C0 (mg/L) the initial concentration of the dye solution and Ce (mg/L) the equilibrium 

concentration. 

 

$ = JYZJ9
[

. ]                                                         (11) 

 

^ = JYZJ9
JY

. 100%                                                   (12) 
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3.2.4 Adsorbent dose 

 

In order to assess the effect of adsorbent dose (m, in g), several adsorbent doses were 

tested. The concentrations used were: 0.01, 0.04, 0.08, 0.16 and 0.32 g/mL (mass of geopolymer 

adsorbent per volume of IC solution). Temperature was fixed at 298K, the contact time 120 

minutes and initial concentration of IC 50 mg/L. After adding the adsorbent into the IC solution, 

an incubator was used to homogenously mix the solutions in a controlled environment. 

 

3.2.5 Adsorption kinetics 

 

After having the optimum adsorbent dose, the next step was to determine the optimum 

contact time between the adsorbent and the adsorbate at a fixed temperature of 298K. The 

solutions were prepared in a 125 mL Erlenmeyer, using the 25, 50 and 75 mg/L of the IC 

solutions in six different contact times 5, 10, 20, 30, 60 and 120 minutes and with the optimum 

dose of adsorbent determined in the previous test. Figure 8 shows an example of the solutions 

used for this experiment. 

 
Figure 8 – Example of the solution for the adsorption kinetic experiment. 

 
Source: author. 

 

Parameters of the kinetic models were estimated from the experimental data with the 

aid of the nonlinear curve-fitting procedure. Three kinetic models were used, including pseudo-

first-order, pseudo-second-order and intra-particle diffusion models. These models are most 

commonly used to describe the sorption of dyes as well as other pollutants (heavy metals) on 

solid sorbents. 
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3.2.6 Adsorption isotherm studies 

 

The equilibrium isotherms are critical for designing adsorption systems and explaining 

the surface properties. The adsorption isotherm provides information about distribution of the 

adsorbed molecules/ions between the liquid and solid phases at equilibrium and explains the 

relationship between the amount of adsorbate adsorbed onto the adsorbent and the amount 

remaining in solution at a fixed temperature (ŞAHAN; EROL; YILMAZ, 2018). 

After finding the optimum dose adsorbent and the optimum contact time it was possible 

to determine the influence of the temperature to reach the equilibrium. It was used six different 

IC concentrations: 15, 25, 35, 50 and 65 mg/L and four temperatures: 298, 303, 313 and 323K. 
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4 RESULTS AND DISCUSSION 

 

4.1 Geopolymer characterization 

 

Figure 9 shows the micromorphological features of the geopolymer. It can be seen that 

there are some undissolved particles and some plaques, that can be related to the sample 

preparation for the characterization. The SEM images show that the geopolymer is a porous 

material which corroborates for the adsorption to take place and it is believed that adsorption 

capacity depends on the porous structure and their surface properties. Higher surface area will 

generally result in higher adsorption capacity (LI; WANG; ZHU, 2006). The porosity was 

calculated using the ImageJ® software and it was found that the geopolymer porosity is 15.99% 

with a standard deviation of 0.01. 

 
Figure 9 – SEM of the geopolymer a) zoom x500 b) zoom x1.5k 

       
Source: Colella et al, 2017. 

 

4.2 Effect of the adsorbent dosage 

 

The UV absorbance of the IC solution (20 mg/L) was analyzed to determine the region 

where the maximum absorbance occurs. As shown in Figure 10, the IC optimum absorbance 

wavelength was found to be at 610 nm. This wavelength was, then, used for all the next 

analyses. 

a)	 b)	
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Figure 10 –Absorbance wavelength of IC. 

 
Source: author. 

 

From the concentration and absorbance data, in the wavelength of 610 nm, it was 

developed the calibration curve. Since concentration and absorbance are proportional, Beer’s 

Law makes it possible to determine an unknown concentration of IC after the adsorption process 

after determining the absorbance, so we could calculate de the adsorption capacity q (mg/g) and 

the IC (Y) removal percentage of the Figure 11 represents the calibration curve for the 

wavelength determined previously. The trend line was determined using Excel, and the 

Equation 12 is given bellow, and the correlation coefficient (R2) is equal to 0.9960 which shows 

the experiment can be represented with great agreement. 

 

%	Tab*cadVefCJ = 0.0395	FCJ                                                   (13) 

 

Figure 11 – Calibration curve of IC absorbance. 

 
Source: author. 
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The effect of adsorbent dose at initial concentration Fj = 50	k+/l and 1 = 120	knV 

is shown in Figure 12. The study shows a significant increase on the IC adsorption when the 

dose of geopolymer was increased from 0.01 to 0.04 g/mL. The optimum geopolymer adsorbent 

dose was found to be at 0.04 g/mL, since the percentage removal was 100%. After that point, it 

can be seen that the IC removal remains almost constant. A similar result was found by Senthil 

et al (2010), stating an increase in the adsorption with an increase in the adsorbent dose can be 

attributed to a greater porosity and surface area of rice husk ash-based geopolymer, and the 

availability of more adsorption sites. 
 

Figure 12 – Optimum adsorbent dose (T = 298K, 1 = 120	knV, Fj = 50	k+/l). 

 

Source: author. 

 

4.3 Effect of contact time (t) and initial IC dye concentration (rs) 
 

The effect of contact time on the removal of IC at Ct	from 25 up to 75 mg/L is given in 

Figure 13. The contact time curves show that the adsorption is initially fast during the first 10 

minutes and then becomes progressively slower as the contact time increases, reaching the 

equilibrium in 60 minutes. This was explained in other studies (ARENAS et al., 2017; 

LAKSHMI et al., 2009) stating that dye molecules can aggregate with time and therefore is 

harder for the diffusion to occur. Besides, the pores of the geopolymer could be saturated and, 

then start offering a resistance to the adsorption process. 
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Figure 13 – Effect of contact time on the percentage removal of IC and the adsorption capacity (T = 298K, k =
2	+). 

 

Source: author. 

 

As already expected and shown in Figure 13, the adsorption capacity qe at equilibrium 

increase from 0.62 to 1.8 mg/g, with an increase in the initial dye concentration C0 from 25 to 

75 mg/L. However, no significant changes in removal efficiency were observed, for all 

concentrations it was approximately 99% at 60 min. Similar trend was obtained in the 

adsorption of IC on materials RHA based (ARENAS et al., 2017). 
 

4.4 Kinetic studies 

 

Since kinetic models are exploited to test the experimental data it is important to be able 

to predict the rate at which contamination is removed from aqueous solutions in order to design 

an adsorption treatment process and to understand the controlling mechanism of adsorption and 

its potential rate-controlling steps that include mass transport and chemical reaction processes.  

In this study, the experimental equilibrium data of IC onto RHA and CR-based 

geopolymer was first analyzed by the pseudo-first-order, pseudo-second-order kinetic and 

intraparticle diffusion models (Table 3 and Table 4). Table 3 present the results of fitting 

experimental data with pseudo-first-order and pseudo-second-order models using correlation 

coefficient (R2) and Table 4 present the results of fitting experimental data with intraparticle 

diffusion model. A comparison of the error functions indicates that the pseudo-first-order and 

intraparticle diffusion equation can not provide an accurate fit of the experimental data, 

exhibited a correlation coefficient (R2) lower than unity 0.40, 0.78, 0.56 when Co was 25, 50 e 
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50 mg/L, respectively. The results suggest that pseudo-second-order kinetic model, in contrast 

to the pseudo-first-order model and intraparticle diffusion, provided a good correlation for the 

adsorption of IC on RHA and CR-based geopolymer and that adsorption reaction onto the 

surface of adsorbent is the rate- controlling step. 

From Table 3 it can be seen that the values of the rate constant KPSO decrease as the 

initial concentration increases. At lower concentrations, this behavior can be attributed to the 

lower competition for the sorption surface sites. At higher concentrations, the competition for 

the surface active sites will be higher and therefore lower sorption rates are obtained (SENTHIL 

KUMAR et al., 2010). 

 
Table 3 – Kinetic parameters calculated according pseudo-first order and pseudo-second order model at 298K. 

 

 

 

 

Source: author. 

 

Also, it can be observed from Table 4 that the C value increase with increasing IC initial 

concentrations, meaning that the boundary layer diffusion mechanism becomes more 

significant when the dye concentration increases (CARVALHO et al., 2011). 

 
Table 4 – Kinetic parameters calculated according intraparticle diffusion model at 298K. 

Co 
[mg/L] 

Intraparticle diffusion model 
KIPD 
[mg/g.min1/2] 

C 
[mg/g] 

R2 

25 0.007 0.555 0.639 
50 0.010 1.144 0.774 
75 0.024 1.634 0.720 

Source: author. 

 

In Figure 14 the intercept of the straight line plots of log $% − $'  versus 1 shloud be 

equal to )*+	$%. However, if the intercept is not equal to $', then the reaction is not likely to be 

a first order reaction, moreover this plot has high determination coefficient with the 

experimental data (CARVALHO et al., 2011; HO; MCKAY, 1999). As also seen in Table 3, 

$% values did not agree with the calculated ones obtained from the linear plots, indicating that 

the pseudo-first order model does not represent the adsorption kinetics of IC onto the 

Co 
[mg/L] 

Pseudo-first Order  Pseudo-second Order 
KPFO 
[min-1] 

qe 
[mg/g] 

R2  KPSO 
[g/mg min] 

qe 
[mg/g] 

R2 

25 0.032 0.458 0.404  2.903 0.621 0.999 
50 0.056 0.682 0.781  2.534 1.242 0.999 
75 0.036 0.806 0.562  0.935 1.866 0.999 
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geopolymer. Many other studies have shown similar results (BALARAK et al., 2015; 

DASTKHOON et al., 2018; ENAIME et al., 2017; ZHANG; ZHOU; OU, 2016). Figure 13 

shows the linear approximation for the pseudo-first order model. 
	

Figure 14 - Pseudo-first order kinetic fit for adsorption IC into geopolymer at 298K 

	
Source: author.	

	

Figure 15 presents the linear plot of 1 $' versus 1 and shows a good agreement between 

the experimental data and the calculated $%. Also, the correlation coefficient shows it is very 

close to unit, therefore the sorption process can be approximated more accurately by the pseudo-

second order kinetic model. 
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Figure 15 – Pseudo-second order kinetic fit for adsorption IC into geopolymer at 298K. 

 

Source: author. 

 

 Figure 16 shows the plot of $' versus t1/2 for intraparticle diffusion model. The linear 

plots at each concentration did not pass through the origin, indicating that the intraparticle 

diffusion was not the only rate-limiting mechanism (SENTHIL KUMAR et al., 2010). This 

pattern could be related to the wide distribution of pore size of the geopolymer, consequently, 

more than one process is taking place in the adsorption process (ARENAS et al., 2017; WU; 

TSENG; JUANG, 2009). 

 
Figure 16 – Intraparticle diffusion model kinetic fit for adsorption IC into geopolymer at 298K. 

 

Source: author. 
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4.5 Effect of temperature 

 

4.5.1 Temperature effect on the adsorption capacity 

 

In order to investigate the effect of temperature on the adsorption onto geopolymer, 

removal of IC experiments were carried out at different temperatures. The relationship between 

the temperature and the adsorption capacity values is illustrated in Figure 17. Adsorption 

capacities of geopolymer based on RHA and CR for IC slightly increased from 0.35 to 0.36 

mg/g for the lowest initial concentration of IC (15 mg/L) and 1.24 to 1.35 mg/g for highest 

initial concentration of IC (65 mg/L), respectively when the temperature was increased from 

298 to 323K. As shown in Figure 17, adsorption capacities were not significantly affected by 

the temperature after 298K. This could be evaluated as an important advantage since at the 

operational cost of the process increases at higher temperatures (KARA; YILMAZER; AKAR, 

2017). Therefore, further adsorption studies were conducted at 298K. 

 

 
Figure 17 – Effect of temperature on the adsorption capacity. 

 

Source: author. 
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4.5.2 Effect of temperature on the percentage removal of IC 

 

Also, it was evaluated the effect of temperature on the percentage removal of IC from 

aqueous solution, shown in Figure 18. Although the effect of temperature on adsorption 

capacity is not significant, it can be seen from Figure 18 that the percentage removal is really 

affected on the percentage removal of IC. At the slowest concentration (15 mg/L) the 

percentage removal increased from 84% to 96% when the temperature was increased from 298 

to 323K. For the highest concentration (65 mg/L) percentage removal increased from 90% to 

98% for the same temperature range. And this behavior can be observed for all concentrations. 

 The adsorption is an exothermic process and hence, an increase in the solution 

temperature must result in a decrease in the sorption capacity (ARENAS et al., 2017). 

Nevertheless, the diffusion process is considered an endothermic process and therefore, if the 

adsorption process along the reaction time is controlled in some extent by intra-particle 

diffusion steps, the adsorption capacity must show an increase with temperature. An increase 

in the solution temperature could lead to an increase of the IC ions mobility and the retarding 

forces acting on the diffusing ions could also decrease. This pattern can explain the increase of 

the adsorption capacity of RHA and CR-based geopolymer material. 

 
Figure 18 – Effect of temperature on percentage removal of IC. 

 

Source: author. 
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4.6 Adsoprtion isotherms 

 

The respective parameters for each model and its correlation coefficient (R2) are 

reported in Table 5, which shows that Langmuir models do not describe properly the adsorption 

process of IC dye onto RHA and CR-based geopolymer since all correlation coefficients are far 

from unit. While the Freundlich isotherm show better fitting to describe adsorption on RHA 

and CR-based geopolymer indicate that surface having heterogeneous energy distribution 

accompanied by interaction between the adsorbed molecules and adsorbate. 

The detailed analysis of the correlation coefficient values showed that the Temkin 

model fit the adsorption data better than the Langmuir model at different temperature. This 

isotherm contains a factor that explicitly takes into the account of adsorbent–adsorbate 

interactions. If we disconsider the extremely low and large value of concentrations, the model 

assumes that heat of adsorption (function of temperature) of all molecules in the layer would 

decrease linearly rather than logarithmic with coverage. 

 
Table 5 – Isotherms parameters. 

Temperature 

(K) 

Langmuir Freundlich  Temkin 

qm 
(mg/g) 

KL 
(L/mg) 

R2  n KF 
(L-1) 

R2  BT KT 
(L/mg) 

R2 

298 2.155 0.070 0.101  0.743 0.140 0.572  0.973 0.678 0.613 
303 1.461 0.082 0.205  0.650 0.090 0.694  0.093 0.001 0.741 
313 0.321 0.402 0.811  0.314 0.140 0.924  2.355 0.840 0.908 
323 0.616 0.662 0.523  0.435 1.243 0.819  1.814 1.973 0.864 

Source: author. 
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5 CONCLUSION 

 

Batch adsorption removal of IC from aqueous solution onto the geopolymer was 

investigated under different conditions. The most favorable condition had with a 99% 

percentage removal with an adsorbent dose level of 0.04 g/mL in the IC concentration of 50 

mg/L and a contact time of 60 minutes. The kinetic studies showed correlation coefficient closer 

to unit for the pseudo-second. Therefore, the sorption process can be described more accurately 

by the pseudo-second order model for all initial concentrations. The effect of temperature on 

adsorption capacity was studied and the results showed that it had a slightly increase from 0.35 

to 0.36 mg/g for the lowest initial concentration of IC (15 mg/L) and 1.24 to 1.35 mg/g for 

highest initial concentration of IC (65 mg/L). The effect of temperature on the percentage 

removal was also studied. At the slowest concentration (15 mg/L) the percentage removal 

increased from 84% to 96% when the temperature was increased from 298 to 323K. The 

equilibrium adsorption data was adequately represented by Freundlich and Temkin adsorption 

models. The maximum adsorption capacity for IC was found to be 1.35 mg/g at T = 323 K with 

an initial concentration of 65 mg/L. To sum up, the study showed a promising low cost 

adsorbent to be used in the removal of IC from aqueous solutions. 
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REMOÇÃO DE INDIGO CARMINE UTILIZANDO GEOPOLÍMERO DA CINZA DA 
CASCA DE ARROZ COMO ADSORVENTE 

 

RESUMO 

 

A remoção por adsorção de Indigo Carmine (IC) de soluções aquosas utilizando um 

geopolímero sintetizado a partir de dois resíduos industriais, a cinza da casca de arroz (RHA) e 

o resíduo cerâmico (CR), foi investigada sob diferentes condições. Verificou-se que a condição 

mais favorável para dose de adsorvente foi de 0,04 g/mL na concentração de 50 mg/L e um 

tempo de contato de 60 minutos. A remoção percentual nas concentrações iniciais de IC para 

50 mg/L foi de aproximadamente 99%. Os estudos cinéticos mostraram que o processo de 

adsorção segue o modelo de Pseudo-Segunda ordem. O efeito da temperatura sobre a 

capacidade de adsorção e o pecentual de remoção de IC também foi estudado. Finalmente, os 

dados de adsorção em equilíbrio foram bem representados pelos modelos de adsorção de 

Freundlich e Temkin. A capacidade máxima de adsorção para IC foi de 1,35 mg/g para a 

temperatura de 323K com uma concentração inicial de 65 mg/L. Portanto, a partir dos 

resultados, esse geopolímero pode ser utilizado como adsorvente para a remoção de Indigo 

Carmine de água contaminadas das indústrias têxteis. 

 

Palavras-chave: Indigo Carmine, Geopolímero, Cinza da Casca de Arroz, Adsorção. 
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