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Abstract 

 

This thesis focused on the applicability of bentonite, dolomite and vermicompost as natural 

adsorbents for the removal of cationic and anionic textile dyes from colored wastewater. The 

application of natural granular bentonite in a fixed-bed column for the treatment of wastewater 

resulting from the acrylic fiber dyeing process pretreated with the coagulation-flocculation 

process in the wastewater treatment plant of the Iranian textile company of Acryl Tab was 

studied. The potential reuse of the treated wastewater in the studied company was investigated. 

Furthermore, the application of the spent bentonite in the production of lightweight aggregates 

(LWAs) was studied as possibility to minimize the environmental impacts of the disposal of 

the produced waste material. Natural granular bentonite and other natural materials were 

studied in this thesis in terms of their color removal efficiency and the possibility to be applied 

as adsorbent in a fixed-bed column. Granular bentonite was selected for further detailed studies. 

Adsorption experiments included batch and fixed-bed column experiments. The evaluation of 

efficiencies of the studied treatment systems was based on decolorization and COD reduction. 

A series of pilot-scale fixed-bed column (diameter 5 cm/ height 1 m) tests were conducted to 

examine the breakthrough curves and to evaluate the efficiency of granular bentonite to remove 

color and COD under different set-up and operating conditions, including bed height and flow 

rate.  

The X-ray diffractogram of the natural granular bentonite showed that it was primarily 

composed of montmorillonite as the main mineral phase. The textile wastewater which 

beforehand had been subjected to coagulation-flocculation and sedimentation processes had a 

yellowish-orange color which corresponded to 20.2 m-1 for SAC436 nm, 6.4 m-1 for SAC525 

nm, 3.9 m-1 for SAC620 nm and to 456 mg Pt-Co L-1 (The Pt-Co method was used only for the 

comparison with the Iranian discharge limit standard). These color parameters of the pretreated 

wastewater neither comply with Iranian nor with German discharge limits into water bodies 

for textile wastewaters, which are in Iran: 75 mg Pt-Co L-1, in Germany: 7 m-1 for SAC436 

nm, 5 m-1 for SAC525 nm and 3 m-1 for SAC620 nm, nor with water reuse requirements for 

textile processing, i.e. non-visible color (with reference to the European AquaFit4Use project). 

The pretreated wastewater was characterized by an alkaline pH of 11.6, a COD value of 890 

mg L-1 and a conductivity of 2213 µS m-1. 

In the batch studies, granular bentonite showed an effective removal for color and COD. 5 g 

granular bentonite/L was found to be the optimized amount for maximum color and COD 

reduction. In the batch experiments, the color reduction was 88.1% (SAC436 nm), 70.3% 

(SAC525 nm) and 71.8% (SAC620 nm), respectively. The Langmuir model efficiently described 

the adsorption process of color on granular bentonite for all three wavelengths (SAC 436, 525 

and 620 nm). This suggests that the removal of color using natural granular bentonite occurred 
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via monolayer adsorption. Moreover, the results showed that the adsorption process followed 

more satisfactorily a pseudo-second-order model than a pseudo-first-order model indicating 

that the adsorption process is presumably chemical adsorption. Under optimum conditions, 

results illustrated that the COD could be lowered from initial 890 mg L-1 to 403 mg L-1 (removal 

efficiency 54.7%). The Freundlich model can effectively describes the adsorption process of 

COD on granular bentonite, and the COD removal on granular bentonite followed the pseudo-

second-order kinetics.  

In continuous adsorption experiments using a fixed-bed column packed with granular 

bentonite, the effect of the different flow rates 5, 10 and 20 ml min-1 and bed heights 5, 10 and 

20 cm on the removal efficiency of color and COD was studied. The highest bed height and 

the lowest influent flow rate were found to be the best condition for color adsorption, i.e. color 

was effectively removed in a fixed-bed column with 20 cm bed height at a flow rate of 5 ml 

min-1. The color of the treated effluent was lowered from 20.2 to 3.9 for SAC436 nm, 6.4 to 1.5 

for SAC525 nm, and 3.9 to 1.4 for SAC620 nm, respectively. Decolorization efficiencies of 93% 

(Pt-Co method), 80% (SAC436 nm), 67% (SAC525 nm) and 64% (SAC620 nm) were reached. COD 

of the treated effluent from the fixed-bed column was lowered from 890 mg L-1 to 382 mg L-1
,
 

i.e. 57% of the COD was eliminated. These results show that granular bentonite for the 

decolorization of the textile wastewater is effective. 

The treated wastewater at a breakthrough point from the fixed-bed column (20 cm adsorbent 

height, 5 ml min-1 flow rate) not only fulfils the requirement for reuse in the textile wet 

processing (“non-visible” color) but also reached the German and Iranian discharge limits in 

terms of the color of the treated effluent. The results show that the treated wastewater from the 

fixed-bed adsorption column has 32 mg Pt-Co L-1 which is below the determined limited value 

in Iran for discharging the treated effluent into the environment. The color parameters of the 

treated wastewater resulted below 7 m-1 for SAC436 nm, 5 m-1 for SAC525 nm and 3 m-1 for 

SAC620 nm, which fulfilled German minimum discharge limits into water bodies for textile 

wastewaters. The COD of the treated effluent from the fixed-bed column (382 mg L-1) can meet 

the COD range limit of “low-quality water” for reuse purposes (with reference to the European 

AquaFit4Use project). The conductivity and pH of the wastewater after treatment reached 

1565 μS m-1 and 8.15, respectively, fulfilled limits for the “general water reuse” for the 

conductivity, and “medium- to low-quality water” requirement for pH. Therefore, the treated 

textile wastewater can be proposed to be reused in the production process of the studied textile 

industry for rinsing/washing applications (washing down the equipment and washing the 

floors) as well as for washing the fibers for part of the pretreatment before dyeing. In 

conclusion, the adsorption using granular bentonite can be applied as a treatment step combined 

with the other conventional treatment methods in the studied industry to remove color and to 

reduce COD sufficiently from the wastewater of the acrylic fiber dyeing process to be reused 

for washing purposes. The reuse of the treated wastewater in the studied company can reduce 
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water consumption. Therefore, the solution of water closed-loop recycling is suggested for 

achieving sustainability in water consumption in this textile finishing industry. Moreover, the 

treatment with the natural adsorbent can decrease the contamination of surface and ground 

waters since the studied industry (Acryl Tab CO.) usually discharges the pretreated textile 

effluent from its wastewater treatment plant into the municipal wastewater sewer and/or on 

agricultural lands (rice fields). 

Based on the scale-up method developed by Forntwalt and Hutchins (1966), the parameters to 

design and implement a fixed-bed column at an industrial scale were calculated as: area A = 

0.84 m2, diameter d = 1.04 m and height between 3.12 and 5.12 m. According to the results 

from 5 cm, 10 cm and 20 cm bentonite bed heights at pilot-scale, the design column can treat 

37.5 m3, 56.25 m3 and 100 m3 of wastewater, respectively in 6 h, 9 h and 16 h (at break 

through points) using 2287 kg, 4569.6 kg and 9150.4 kg of bentonite which is required for 

the treatment of wastewater with a flow rate of 150 m3 d-1. As the company works mainly in 

2 working shifts, 6098 kg bentonite (5 cm bed height), 8123.73 kg bentonite (10 cm bed height) 

and 9150.4 kg bentonite (20 cm bed height) is required per day to treat the generated 

wastewater. 

As the quality of the treated wastewater at breakthrough points of all bentonite bed heights (5, 

10 and 20 cm) fulfilled the requirements for water reuse (low-quality water for washing 

purposes based on the Aquafit4use project), the amount of bentonite scaled up from the pilot-

scale column with 5 cm bed height will be reasonable to be considered in practice for the 

studied industry from the economic point of view. Accordingly, as the company works mainly 

in 2 working shifts (16 h), 6098 kg of bentonite is needed to treat the produced wastewater per 

day. Considering the price of the natural bentonite provided from an Iranian company, only 83 

euro should be spent to supply this amount of bentonite per day. However, the amount of 

bentonite can be a considerable quantity to handle and to process. 

With reference to the life cycle impact assessment (LCIA) and Monte Carlo analysis results, 

the ratio of the mean price of wastewater treatment with 86.6 kg bentonite per hour to the mean 

price of wastewater treatment with 3.8 kg activated carbon per hour concluded 0.06. Therefore, 

natural bentonite was concluded as a much more environmentally friendly and cheaper 

alternative compared to activated carbon, a common adsorbent in wastewater treatment, for the 

treatment of the pretreated acrylic fiber dyeing wastewater in Iran.  

Another aim of this thesis was to investigate the possibility of using the spent adsorbent as a 

new raw material source in the production of construction materials. In other words, to convert 

waste (the used adsorbent) into a usable resource. In this thesis, spent bentonite was applied in 

the production of LWAs such as LECA (lightweight expanded clay aggregate). This solution 

can help to avoid producing secondary pollution and to increase the value of the produced 

waste by converting it into an efficient material. The properties of the generated LWAs from 
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the spent waste were compared to the conventional LWAs, i.e. LECA produced at LECA CO. 

using natural clay. 

To produce LWAs using spent bentonite, the mixtures were blended with water and an additive 

(1% mazut), then shaped into pellets and oven-dried, and finally sintered at 1140 °C for 4 min 

in a muffle furnace. The main technical features of the aggregates (water absorption after 24 h, 

density and mechanical strength) were determined. As there is a positive correlation between 

an increase in organic matter and porosity in the produced LWAs, the organic matters in the 

effluent contributed to a higher porosity in the sintering process, thereby lowering the density 

as well as increasing the water absorption of the produced LWAs. 

It was found that the use of spent adsorbent can yield a reasonably high-performance LWA 

which can reduce the cost of the waste treatment and the cost of LWAs production leading a 

more circular economy. 

In preliminary studies, different low-cost natural materials such as vermicompost (organic), 

dolomite and bentonite (inorganic) were used as adsorbents in single and binary sorbent 

systems to remove fabric dyes from single and binary dye solutions. The two dyes selected 

were the cationic dye basic violet 16 (BV16) and the anionic dye reactive red 195 (RR195), two 

commonly used dyes in the textile industry in Iran. Groundwater samples were spiked with the 

two dyes and used in this thesis.  

Firstly, a series of preliminary bench-scale experiments were performed to study the feasibility 

of removing BV16 and RR195, from single-component solutions using the inorganic materials 

Persian charred (i.e. treated at 800 °C) dolomite, Persian natural bentonite, organic material 

vermicompost (all of them adsorbents locally available in Iran) and commercially available 

'standard' bentonite. 

Batch experiments with single sorbent single dye solutions were carried out to examine and 

optimize the process parameters, including the effect of the initial dye concentration, contact 

time, adsorbent amount and stirring speed on the adsorption of the dyes. The effect of the 

above-mentioned parameters was investigated to adjust the process variables and to determine 

the adsorption isotherms and kinetics curves as well as using the optimized parameters in a 

single sorbent binary dye solution system and binary sorbent binary dye system. Groundwater 

samples containing one or both of these dyes ('single' or 'binary dye solutions') were treated 

with vermicompost and charred dolomite either alone or mixed, or with bentonite and charred 

dolomite either alone or mixed. In single sorbent single dye experiments, the maximum 

adsorption capacity of vermicompost, natural bentonite and standard bentonite for BV16 was 

found to be 16 mg g-1, 434.78 mg g-1 and 500 mg g-1, respectively, and the adsorption capacity 

of charred dolomite for RR195 was 7.34 mg g-1. Anionic RR195 was not noticeably adsorbed by 

vermicompost, natural bentonite and standard bentonite (having a negative surface charge) and 

cationic BV16, not by charred dolomite (having a positive surface charge) but adsorbed by the 
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oppositely charged adsorbents which indicates a selective electrostatic adsorption mechanism. 

The equilibrium and kinetic data from single dye experiments showed that the adsorption 

process satisfactorily fitted to the Langmuir isotherm model and pseudo-second-order kinetics 

which implies that chemisorption dominates the dye-uptake processes. 

Secondly, analyzing BV16 and RR195 in binary solutions using zero-order derivative 

spectrophotometry (λmax adsorption of BV16 and RR195 is at 548 nm and 540 nm, respectively), 

the severe overlapping of the individual dye absorptions impeded the direct determination of 

the concentrations of each dye from the total absorbance. Therefore, first-order derivative 

spectrophotometry was used and developed to quantify the concentration of each of the dyes 

RR195 and BV16 in binary solutions. Various measurements of first-order derivative absorption 

spectra of binary solutions of BV16 and RR195 led to the result that BV16 can be quantified in 

the presence of RR195 at 580 nm, at which the absorbance of RR195 is zero; on the other hand, 

RR195 can be determined in the presence of BV16 at 308 nm, at which the absorbance of BV16 

is zero.  

For adsorption experiments with dye mixtures in principle, there are three possibilities for the 

interaction of dyes: antagonism, synergism and non-interaction. In binary dye solution, BV16 

adsorption onto charred dolomite increased in the presence of RR195 (synergistic effect), yet 

RR195 adsorption on charred dolomite was not influenced by BV16. An antagonistic effect of 

RR195 can be concluded for BV16 adsorption onto vermicompost. The amount of RR195 

adsorbed on bentonite remarkably increased in the presence of the cationic dye BV16. 

Moreover, the adsorption capacity for BV16 doubled (833.33 mg g-1) in the presence of the 

anionic dye demonstrating synergistic effects due to the possible formation of water-insoluble 

ion pairs of anionic and cationic dyes. Another series of experiments where commercially 

available 'standard' bentonite was used instead of natural bentonite led to similar results for 

both dyes. The adsorption equilibrium data for all adsorbents fitted more acceptable to the 

Langmuir isotherm model than to the Freundlich model in binary solutions, other than the 

adsorption of BV16 on vermicompost which followed the Freundlich model. The kinetic data 

from binary dye experiments concluded that the adsorption process suitably fitted to pseudo-

second-order kinetics. 

In the next step, the potential of a mixed sorbent consisting of vermicompost and Persian 

charred dolomite, and the adsorption potential of natural bentonite and charred dolomite for 

simultaneous adsorption of basic violet 16 (BV16) and reactive red 195 (RR195) was 

investigated. More than half of the removal efficiencies determined for both dyes onto the 

mixed sorbents (vermicompost and charred dolomite (VC + CD); natural bentonite and charred 

dolomite (NB + CD)) were >70% which highlights that the mixed sorbents investigated are 

highly efficacious for simultaneous removal of cationic and anionic dyes from contaminated 

groundwater. In conclusion, a mixture of bentonite and charred dolomite as well as a mixed 
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sorbent consisting of vermicompost and charred dolomite are highly promising and efficacious 

natural sorbent systems for the simultaneous removal of cationic and anionic dyes from water. 
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Kurzfassung 

 

Diese Arbeit konzentrierte sich auf die Anwendbarkeit von Bentonit, Dolomit und 

Vermicompost als natürliche Sorbentien für die Entfernung von kationischen und anionischen 

Textilfarbstoffen aus gefärbtem Abwasser. Untersucht wurde die Anwendung von natürlichem 

granulierten Bentonit in einer Festbettkolonne zur Behandlung von Abwässern aus dem 

Acrylfaser-Färbeprozess, die mit dem Koagulations-Flockungsprozess in der Kläranlage des 

iranischen Textilunternehmens Acryl Tab vorbehandelt wurden. Die Möglichkeiten der 

Wiederverwendung des behandelten Abwassers in dem Unternehmen wurde untersucht. 

Darüber hinaus wurde die Verwendung des verbrauchten Sorptionsmittels bei der Herstellung 

von Leichtzuschlägen (LWA; engl. light weight aggregates) als Möglichkeit zur Minimierung 

der Umweltauswirkungen der Entsorgung des produzierten Abfallmaterials untersucht. 

Granulierter Bentonit und andere natürliche Materialien wurden hinsichtlich ihrer 

Farbentfernungseffizienz und der Möglichkeit, als Sorptionsmittel in einer Festbettkolonne 

eingesetzt zu werden, untersucht und für weitere detaillierte Studien ausgewählt. Die 

Sorptionsexperimente umfassten Batch- und Festbettsäulenexperimente. Die Bewertung der 

Effizienz der untersuchten Aufbereitungssysteme erfolgte anhand der Entfärbung und der 

CSB-Reduktion. Eine Reihe von Versuchen mit einer Festbettkolonne im Pilotmaßstab (Höhe 

1 m, Durchmesser 5 cm) wurde durchgeführt, um Durchbruchskurven zu bestimmen und die 

Effizienz von granuliertem Bentonit zur Entfernung von Farbe und CSB unter verschiedenen 

Betriebsbedingungen und Versuchsparametern wie Betthöhe und Durchflussrate zu bewerten.  

 

Wie das Röntgendiffraktogramm des natürlichen granulierten Bentonits zeigte, bestand er 

hauptsächlich aus Montmorillonit als Hauptmineralphase. Das untersuchte, mittels 

Koagulations-Flockung und Sedimentation vorbehandelte Textilabwasser, hatte eine 

orangegelbe Farbe, charakterisiert durch 20,2 m-1 für SAC436 nm, 6,4 m-1 für SAC525 nm, 3,9 m-1 

für SAC620 nm und 456 mg Pt-Co L-1 (letzterer Wert war für den Vergleich mit der iranischen 

Einleitgrenzwertnorm nötig). Diese Farbparameter des vorbehandelten Abwassers genügen 

weder den iranischen noch den deutschen Einleitungsgrenzwerten in Gewässer für 

Textilabwässer, die im Iran gelten (75 mg Pt-Co L-1, in Deutschland: 7 m-1 für SAC436 nm, 5 m-1 

für SAC525 nm und 3 m-1 für SAC620 nm), noch den Anforderungen, die an die 

Wasserwiederverwendung in der Textilverarbeitung gestellt werden, d.h. "nicht sichtbare 

Farbe" (in Anlehnung an das europäische Projekt AquaFit4Use). Das vorbehandelte Abwasser 

war durch einen alkalischen pH von 11,6, einen CSB-Wert von 890 mg L-1 und eine 

Leitfähigkeit von 2213 µS m-1 gekennzeichnet. 

 

In Batch-Versuchen mit granuliertem Bentonit wurde Farbe und CSB effektiv entfernt. Die 

optimale Menge von Sorbens für die maximale Farb- und CSB-Reduktion lag bei 0,5 g pro 0,1 
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L. Die Effizienz für Farbreduktion betrug 88,1 % (SAC436 nm), 70,3 % (SAC525 nm) bzw. 71,8 

% (SAC620 nm). Das Langmuir-Modell beschrieb effizient den Sorptionsprozess der Farbstoffe 

an granulierten Bentonit für alle drei Wellenlängen (SAC 436, 525 und 620 nm). Dies deutet 

darauf hin, dass eine MonoschichtSorption vorliegt. Darüber hinaus zeigten die Ergebnisse, 

dass der Sorptionsprozess eher einem Modell pseudo-zweiter Ordnung als einem Modell 

pseudo-erster Ordnung folgte, was darauf hindeutet, dass der Sorptionsprozess vermutlich eine 

chemische Sorption ist. Unter optimalen Bedingungen konnte der CSB von anfänglich 890 mg 

L-1 auf 403 mg L-1 gesenkt werden (Entfernungseffizienz 54,7 %). Der Sorptionsprozess von 

CSB an granulierten Bentonit kann effektiv mit dem Freundlich-Modell beschrieben werden 

und folgt einer Kinetik pseudo-zweiter Ordnung.  

 

In kontinuierlichen Sorptionsexperimenten mit einer Festbettkolonne, die mit granuliertem 

Bentonit gefüllt war, wurde die Auswirkung der verschiedenen Durchflussraten (5, 10 und 20 

ml min-1) und Betthöhen (5, 10 und 20 cm) auf die Entfernungseffizienz von Farbe und CSB 

untersucht. Die höchste Betthöhe (20 cm) bei geringster Durchflussrate des Zulaufs (5 ml min-1) 

erwiesen sich als beste Bedingung für die Farbadsorption. Die Farbe des behandelten 

Abwassers wurde von 20,2 auf 3,9 für SAC436 nm, 6,4 auf 1,5 für SAC525 nm bzw. 3,9 auf 1,4 

für SAC620 nm gesenkt. Es wurden Entfärbungseffizienzen von 93 % (Pt-Co-Methode), 80 % 

(SAC436 nm), 67 % (SAC525 nm) und 64 % (SAC620 nm) erreicht. Der CSB des behandelten 

Abwassers aus der Festbettkolonne wurde von 890 mg L-1 auf 382 mg L-1 gemindert, d.h. 57% 

des CSB wurden eliminiert. Diese Ergebnisse zeigen, dass granulierter Bentonit das 

untersuchte Textilabwasser effektiv entfärbt. 

 

Das behandelte Abwasser aus der Festbettkolonne (20 cm Betthöhe, 5 ml min-1 Durchflussrate) 

an einem Durchbruchspunkt erfüllt nicht nur die Anforderung ("nicht sichtbar") für eine 

Wiederverwendung in der Textilverarbeitung, sondern erreichte auch die deutschen und 

iranischen Einleitgrenzwerte hinsichtlich der Farbe des gereinigten Abwassers. Das gereinigte 

Abwasser aus der Festbett-Sorptionskolonne wies 32 mg Pt-Co L-1 auf, was unterhalb des im 

Iran festgelegten Grenzwertes für die Einleitung des gereinigten Abwassers in die Umwelt 

liegt. Die Farbparameter des behandelten Abwassers ergaben < 7 m-1 für SAC436 nm, 5 m-1 für 

SAC525 nm und 3 m-1 für SAC620 nm, womit die deutschen Grenzwerte für die Einleitung in 

Gewässer für Textilabwässer erfüllt sind. Der CSB des behandelten Abwassers aus der 

Festbettkolonne (382 mg L-1) liegt unter dem Grenzwert des CSB von "Wasser geringer 

Qualität" für Wiederverwendungszwecke (entsprechend dem europäischen Projekt 

AquaFit4Use). Leitfähigkeit und pH des Abwassers nach sorptiver Behandlung lagen bei 1565 

μS m-1 bzw. 8,15; die Leitfähigkeit erfüllt damit das Kriterium für eine "allgemeine 

Wasserwiederverwendung" und der pH die Anforderung "Wasser mittlerer bis geringe 

Qualität". Daher kann das behandelte Textilabwasser zur Wiederverwendung im 
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Produktionsprozess der untersuchten Textilindustrie für Spül- und Waschanwendungen 

(Abwaschen der Gerätschaften und Wischen der Böden) sowie zum Waschen der Fasern zur 

Vorbehandlung vor dem Färben vorgeschlagen werden. Zusammenfassend lässt sich sagen, 

dass die Sorption mit granuliertem Bentonit als weiterer Behandlungsschritt in Kombination 

mit den anderen bereits angewandten Behandlungsmethoden in der untersuchten Textilfirma 

eingesetzt werden kann, um die Farbstoffe und den CSB soweit aus dem Abwasser des 

Acrylfaser-Färbeprozesses zu entfernen, dass es für die genannten Waschzwecke 

wiederverwendet werden kann. Mit dere Schaffung eines solchen Wasser-Recycling-

Kreislaufs kann der Verbrauch von knappem Wasser reduziert werden und so eine höhere 

Nachhaltigkeit erreicht werden. Außerdem kann die Behandlung mit dem natürlichen 

Sorptionsmittel die Verschmutzung von Oberflächen- und Grundwasser verringern, da die 

untersuchte Firma (Acryl Tab CO.) das vorbehandelte Textilabwasser aus ihrer betriebseigenen 

Kläranlage normalerweise in die kommunale Abwasserkanalisation einleitet und/oder auf 

landwirtschaftliche Flächen (Reisfelder) ausbringt. 

 

Aufbauend auf der von Forntwalt und Hutchins (1966) entwickelten Scale-up Methode wurden 

die Parameter für die Planung und Umsetzung einer Festbettkolonne im industriellen Maßstab 

wie folgt berechnet: Fläche A=0,84 m2, Durchmesser d=1,04 m und 

Höhe zwischen 3,12 und 5,12 m. Gemäß den Ergebnissen für Bentonitbetthöhen von 5 cm, 

10 cm und 20 cm im Maßstab eines Pilotprojektes kann die Entwurfskolonne 37,5 m3, 56,25 

m3 bzw. 100 m3 Abwasser in 6 h, 9 h und 16 h (an Durchbruchspunkten) unter Verwendung 

von 2287 kg, 4569,6 kg und 9150,4 kg Bentonit behandeln, was erforderlich ist für die 

Abwasserbehandlung eines täglichen Volumenstroms von 150 m3 d-1. Da das Unternehmen 

vorwiegend 2 Arbeitsschichten täglich fährt, werden pro Tag 6098 kg Bentonit (5 cm 

Schütthöhe), 8123,73 kg Bentonit (10 cm Schütthöhe) und 9150,4 kg Bentonit (20 cm 

Schütthöhe) zur Behandlung des anfallenden Abwassers benötigt.  

 

Da die Qualität des gereinigten Abwassers an den Durchbruchspunkten aller Bentonitbetthöhen 

(5, 10 und 20 cm) die Anforderungen für die Wiederverwendung von gereinigtem Abwasser 

(Wasser mit geringer Qualität für Waschzwecke auf der Grundlage des Aquafit4use-Projekts) 

erfüllte, ist die aus der Pilotkolonne mit 5 cm Betthöhe hochskalierte Bentonitmenge 

wirtschaftlich gesehen die effizienteste für die untersuchte Industrie. Da das Unternehmen 

vorwiegend 2 Arbeitsschichten (16 h) täglich fährt, werden folglich 6098 kg Bentonit pro Tag 

benötigt, um die anfallenden Abwässer zu behandeln. In Betrachtung der Preise für natürliches 

Bentonit, welches von einem iranischen Unternehmen geliefert wird, müssten lediglich 83 Euro 

täglich investiert werden, um diese Menge Bentonit pro Tag bereitzustellen.  
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Jedoch kann die Menge an Bentonit die zu behandeln und zu verarbeiten ist, beträchtlich sein. 

Bezüglich der Ergebnisse der Ökobilanz und der Monte-Carlo-Analyse ergab sich ein 

Verhältnis von 0,06 zwischen dem mittleren Preis der Abwasserreinigung mit 

86.6 kg Bentonit pro Stunde und dem mittleren Preis der Abwasserreinigung mit 3.8 kg 

Aktivkohle pro Stunde. Daraus wurde geschlussfolgerd, dass natürlicher Bentonit eine sehr 

umweltfreundliche und günstige Alternative zu Aktivkohle darstellt, einem gängigen 

Adsorptionsmittel in der Abwasserbehandlung, für die Behandlung von vorbehandeltem 

Abwasser aus Acrylfaserfärbereien im Iran darstellt. 

 

Ein weiteres Ziel dieser Arbeit war es, die Möglichkeit zu untersuchen, das verbrauchte 

bentonite als neue Rohstoffquelle bei der Herstellung von Baumaterialien zu nutzen. Mit 

anderen Worten, um Abfall (das verbrauchte Sorptionsmittel) in eine nutzbare Ressource 

umzuwandeln, wurde das verbrauchte Sorptionsmittel in der Produktion von LWA wie LECA 

(Leichtblähtonaggregat) eingesetzt. Dieser Ansatz kann dazu beitragen, die Entstehung von 

Sekundärverschmutzung zu vermeiden sowie den Wert des erzeugten Abfalls zu erhöhen, 

indem er in ein nützliches Material umgewandelt wird. Die Eigenschaften der erzeugten LWA 

aus den verbrauchten Abfällen wurden mit konventionellen LWA, (hier: LECA, die bei der 

iranischen Firma LECA CO. unter Verwendung von natürlichem Ton hergestellt wurden, 

verglichen. 

 

Zur Herstellung von LWA aus verbrauchtem Sorptionsmittel wurden die Mischungen mit 

Wasser und einem Additiv (1% mazut) vermengt, anschließend zu Pellets geformt und 

ofengetrocknet und schließlich bei 1140 °C für 4 min in einem Muffelofen gesintert. Die 

wichtigsten technischen Eigenschaften der Aggregate (Wasseraufnahme nach 24 h, Dichte und 

mechanische Festigkeit) wurden bestimmt. Da es eine positive Korrelation zwischen der 

Menge an organischer Substanz im Zuschlag und der Porosität in den hergestellten LWA gibt, 

trugen die organischen Stoffe im Abwasser zu einer höheren Porosität im Sinterprozess bei, 

wodurch die Dichte gesenkt und die Wasseraufnahme der hergestellten LWA erhöht wurde. 

 

Es konnte gezeigt werden, dass die positiven Eigenschaften von LWA auch bei der 

Verwendung von verbrauchtem Sorptionsmittel weitgehend erhalten bleiben, und dadurch die 

Kosten für die Abfallbehandlung und die Produktionskosten reduzieren werden können.  

 

Die genannten Ergebnisse beruhen auf Vorversuchen, in denen verschiedene kostengünstige 

natürliche Materialien wie Vermicompost (organisch) sowie Dolomit und Bentonit 

(anorganisch) als Sorbentien in einfachen und binären Sorbenssystemen verwendet wurden, 

um Textilfarbstoffe aus Wasserproben mit einem bzw. zwei Farbstoffen zu entfernen. Bei den 

beiden ausgewählten Farbstoffen handelte es sich um den kationischen Farbstoff Basic Violet 
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16 (BV16) und dem anionischen Farbstoff Reactive Red 195 (RR195), zwei in der Textilindustrie 

im Iran häufig eingesetzte Farbstoffe. Mit diesen wurden Grundwasserproben dotiert, die in 

dieser Arbeit systematisch untersucht wurden.  

 

Zunächst wurde eine Reihe von Vorversuchen im Labormaßstab durchgeführt, um das 

Potenzial von thermisch (bei 800 °C) behandeltem Dolomit ("halbgebranntem Dolomit"), 

natürlichem Bentonit, sowie Wurmkompost (all diese Sorbentien sind im Iran lokal verfügbar) 

und auch kommerziell erhältlichem "Standard"-Bentonit, die Farbstoffe BV16 und RR195 aus 

Lösungen mit jeweils nur einem Textilfarbstoff ("Einzelfarbstoffsystem") zu entfernen, zu 

untersuchen. 

 

Zur Untersuchung und Optimierung von Parametern, die potenziell die Sorption der Farbstoffe 

beeinflussen könnten, einschließlich der Kontaktzeit, der anfänglichen Farbstoffkonzentration, 

der Rührgeschwindigkeit und der Sorptionsmittelmenge, wurden Batch-Experimente mit 

Einzelfarbstoffsystemen behandelt mit jeweils einem Sorbens durchgeführt. Ziel war es dabei, 

die Prozessvariablen einzustellen und die Sorptionsisothermen und kinetischen Kurven zu 

bestimmen. Daneben wurden die optimierten Parameter für ein binäres Zweifarbstoffsystem 

mit jeweils einem Sorptionsmittel zu verwenden. Grundwasserproben, die einen 

("Einzelfarbstoffsystem") oder beide Farbstoffe ("binäres Farbstoffsystem") enthielten, 

wurden mit Vermicompost und/oder halbgebranntem Dolomit (jeweils allein oder gemischt) 

oder mit Bentonit und/oder halbgebranntem Dolomit (jeweils alleine oder gemischt) behandelt. 

In den Experimenten mit Vermicompost, natürlichem Bentonit bzw. Standard-Bentonit   als 

einzigem Sorptionsmittel betrug die maximale Sorptionskapazität für BV16 16 mg g-1 bzw. 

434,78 mg g-1 bzw. 500 mg g-1. Die Sorptionskapazität von halbgebranntem Dolomit betrug 

für RR195 7,34 mg g-1. Anionisches RR195 wurde nicht merklich von den Sorbentien mit 

negativer Oberflächenladung Vermicompost, natürlichem Bentonit und Standard-Bentonit 

sorbiert. Kationisches BV16 wurde. nicht von halbgebranntem Dolomit (mit positiver 

Oberflächenladung) sorbiert, jedoch von den entgegengesetzt geladenen Sorbentien, was auf 

einen selektiven elektrostatischen Sorptionsmechanismus hinweist. Die Gleichgewichts- und 

kinetischen Daten aus den Einzelfarbstoff-Experimenten zeigten, dass der Sorptionsprozess 

zufriedenstellend zum Langmuir-Isothermenmodell passte und einer Kinetik pseudo-zweiter 

Ordnung entsprach, was impliziert, dass Chemisorption die Farbstoff-Aufnahmeprozesse 

dominiert. 

 

Bei der Analyse von BV16 (λmax 548 nm) und RR195 (540 nm) in binären Lösungen mittels 

Sorptionsspektroskopie kommt es zu einer Überlagerung der individuellen 

Farbstoffabsorptionen. Um dennoch die Einzelkonzentrationen der Farbstoffe in binären 

Lösungen bestimmen zu können, wurde eine Methode beruhend auf 
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Derivatspektrophotometrie erster Ordnung entwickelt Verschiedene Messungen von 

"herkömmlichen" Absorptionsspektren erster Ordnung von binären Lösungen von BV16 und 

RR195 führten zu dem Ergebnis, dass BV16 in Gegenwart von RR195 bei 580 nm quantifiziert 

werden kann, da die Absorption von RR195 hier Null ist; andererseits kann RR195 in Gegenwart 

von BV16 bei 308 nm bestimmt werden, da BV16 hier nicht sorbiert.  

 

Bei Versuchen mit Farbstoffgemischen können prinzipiell drei Möglichkeiten für die 

Wechselwirkung der Farbstoffe mit dem Sorbens erwartet werden: Nicht-Wechselwirkung, 

erhöhte Sorption (Synergismus) und geminderte Sorption (Antagonismus). In binärer 

Farbstofflösung wurde in Anwesenheit von RR195 mehr BV16 an halbgebrannten Dolomit 

gebunden (synergistischer Effekt), dagegen wurde die Sorption von RR195 an halbgebrannten 

Dolomit durch die Anwesenheit von BV16 nicht beeinflusst. Für die Sorption von BV16 an 

Vermicompost kann auf einen antagonistischen Effekt von RR195 geschlossen werden. Die 

Menge an RR195, die an Bentonit sorbiert wurde, stieg in Gegenwart des kationischen 

Farbstoffs BV16 deutlich an. Darüber hinaus verdoppelte sich die Sorptionskapazität für BV16 

(833,33 mg g-1) in Anwesenheit des anionischen Farbstoffs, was als synergistischer Effekte 

gedeutet werden kann. Eine weitere Versuchsreihe, bei der anstelle von natürlichem Bentonit 

handelsüblicher "Standard"-Bentonit verwendet wurde, führte zu ähnlichen Ergebnissen für 

beide Farbstoffe. Die Sorptionsgleichgewichtsdaten für alle Sorbentien und binären Lösungen 

passten eher zum Langmuir-Isothermenmodell als zum Freundlich-Modell, nur die Sorption 

von BV16 auf Vermicompost folgte dem Freundlich-Modell. Die aus den Experimenten mit 

binären Farbstoffsystemen erhaltenen kinetischen Daten sprechen für eine Kinetik pseudo-

zweiter Ordnung. 

 

Im letzten Schritt wurde das Potenzial einer Sorptionsmittelmischung, bestehend aus 

Vermicompost und halbgebranntem Dolomit, sowie einer Mischung aus natürlichem Bentonit 

und halbgebranntem Dolomit für die Sorption von gleichzeitig vorhandenem BV16 und RR195 

untersucht. Mehr als die Hälfte der für beide Farbstoffe auf den gemischten Sorptionsmitteln 

(Vermicompost und halbgebrannter Dolomit (VC + CD); natürlicher Bentonit und 

halbgebrannter Dolomit (NB + CD)) ermittelten Sorptionseffizienzen lagen bei >70%. Dies 

unterstreicht, dass diese Mischungen für die gleichzeitige Entfernung von kationischen und 

anionischen Farbstoffen aus kontaminiertem Grundwasser hocheffizient sind. 

Zusammenfassend lässt sich sagen, dass Mischungen aus Bentonit und halbgebranntem 

Dolomit und auch Vermicompost und halbgebranntem Dolomit, sehr vielversprechende und 

wirksame natürliche Sorptionsmittelsysteme für die gleichzeitige Entfernung von kationischen 

und anionischen Farbstoffen aus Wasser sind. 
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Motivation 

 

Stricter restrictions on wastewater discharges and the question of water shortage put the textile 

wet processing industries under pressure to treat and reuse their effluents. On the other hand, 

the commonly used treatment methods and even some new advancements in treatment 

technologies still have limitations from economical, performance (technical) and 

environmental point of view (1). 

Practically almost all industries in the textile wet processing sector use synthetic dyes, which 

most of them are non-biodegradable and are stable to oxidizing agents, light and heat, thereby 

challenging to decolorize respective wastewaters (2). Hence, most textile dyes have been found 

to be one of the most problematic constituents of the textile wastewaters to treat with widely 

used conventional treatment systems such as biological and physico-chemical methods (3, 4). 

To specify, the coagulation-flocculation and biological treatment methods do not always 

represent a viable technique for the complete removal of color from the colored textile effluents 

(3). Although the coagulation-flocculation process can remove many dyes, there are some 

limitations, especially against the highly soluble, low molecular, cationic and anionic (mainly 

reactive) dyes. The wastewater with residual dyes after this treatment requires further treatment 

using advanced methods such as adsorption or chemical oxidation (2). 

On the other hand, irrespective of the widespread use of activated carbon in industries for dye 

removal (2, 5, 6), there are debates concerning the extent of its application in the long run due 

to its high price (4, 6). Due to the remarkable adsorption capability, activated carbon is the 

most widely used adsorbent in water treatment (4, 7, 8). However, the manufacture of activated 

carbon requires high pressure, high temperature and expensive activation processes. For large 

plants or facilities, high operational expenses limit the practical applicability of activated 

carbon (2, 4, 7). Moreover, regeneration of the activated carbon by desorption is a crucial task, 

resulting in a substantial carbon loss as well as adsorption capacity reduction of the regenerated 

material. Therefore, even though the activated carbon is a relatively effective adsorbent, it is 

not cost-effective due to its low pay-back for large-scale treatment plants (2, 7). 

These challenges have prompted further in-depth research in using new, more efficient and 

more cost-effective methods and/or materials, specifically for full-scale installations (4, 7). In 

fact, an efficient treatment method for the decolorization of the colored effluent is required 

before it can be discharged into the environment better can be reused in the textile industry. 

Accordingly, the application of an effective treatment method like adsorption using locally 

available low-cost natural materials can be promising in terms of cost, performance and 

environmental standpoint (5, 9, 10). The application of these kinds of adsorbents can be 

considered as an economical solution compared to activated carbon and other advanced 
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processes such as photochemical oxidation, sonolysis, ozonation, ion exchange, membrane 

filtration and the like (2). 

Potential commercialization of an adsorbent for full-scale applications requires that it fulfils 

some important criteria: the material must be available in higher quantities, cheap, non-toxic 

(5) and should guarantee a simple application with minimal use of additional chemicals and 

energy consumption. More recently, these features received great heed in the removal of 

pollutants from contaminated waters (6). Hence, using natural mineral materials where they 

are locally available such as bentonite in Iran, cheap, abundant and non-toxic can be an 

effective alternative for the treatment of pretreated textile effluents (5, 10-12). Furthermore, a 

natural bentonite can be expected to show a considerable efficacy in removal of dyes which 

stems from its high specific surface area and high chemical and mechanical stability (3, 4, 11, 

13, 14). 

Based on the previous investigations, clays show a good adsorption performance. They are 

widely distributed globally and readily available at a low price (4). An additional 

environmental benefit is that normally neither a high purity nor special (e.g. chemical) 

modification is required (3). 

Additionally, the inclusion of these kinds of natural adsorbents in the wastewater treatment 

technology can bring about a more efficacious use of the energy and resources, and it can lead 

to a cleaner and more sustainable production of textile fabrics (15). 

Recent studies have shown an excellent capacity of clays in batch studies for dyes applied for 

textile dyeing processes.  However, clay particles need a long settling period due to the 

micrometric size and are not suitable for separation in the sedimentation process. Continuous 

fixed-bed sorption is typically applied for the treatment of a greater quantity of wastewater 

with a higher pollution load and it is also extensively used for industrial purposes (6). So, it 

appears reasonable to investigate the performance of clays in a continuous fixed-bed column 

mode which can be used for large-scale wastewater treatment processes (9) in order to 

demonstrate its potential use for the treatment of real textile wastewater. 

With reference to literature, almost all studies using the continuous fixed-bed columns carried 

out by researchers were associated with the removal of dyes, metals, pharmaceuticals and so 

forth from synthetic wastewater. However, treating real industrial effluents, including tanning, 

textile, electroplating, paper and dyeing should be taken more into account for the elimination 

of the constituents contributing to color, BOD5, COD and other parameters (16). 

The textile industry in Iran faces the problem of a water shortage crisis. Water is scarce and 

many of the companies have to buy water, or they are doomed to close. In the Iran textile 

industry, between 100 to 200 L of water per kilogram of finished textile is used leading to 

polluted wastewater. Thus, owing to the water shortage crisis in Iran and the prospective 
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problems in many countries, the textile industry needs to save freshwater, decrease the 

production of wastewater and enhance the recycling rate of the treated wastewater. On the other 

hand, due to economic problems in Iran, industries are not able to apply expensive treatment 

methods such as the commonly suggested treatment techniques, including activated carbon or 

AOPs (advanced oxidation processes). Also, many of them have inefficient biological 

treatment system. It is therefore important to establish a practical and cost-effective treatment 

method to improve the quality of the treated wastewater to enable its reuse as required process 

water.  

In the Acryl Tab company in Iran, groundwater is treated with reverse osmosis and/or sand 

filter. The produced process water is generally used for the pretreatment of the fibers (washing 

of fibers before dyeing), dyeing, last rinsing and washing down the equipment and floors. The 

consumed water from the pretreatment step is normally reused several times for washing the 

fibers. Although the quality of the reused water for fibers washing is reduced significantly, they 

normally use the used water in order to save water. 

The huge consumption of groundwater in textile industry results in a steady decline of 

groundwater level, an increase in the wastewater treatment cost and an increase in the volume 

of the colored effluents discharges with high COD. In the Acryl Tab company, the pretreated 

colored effluent is discharged into the municipal wastewater sewer or on agricultural lands 

(rice fields). Thus, treatment of the colored effluent with cost-effective technologies and the 

investigation of the reuse potential of the treated wastewater in the industry are of great 

importance.  

To the best of my knowledge, no research has been reported to date where a natural bentonite 

has been used for the fixed-bed column studies in treating actual wastewater from acrylic fiber 

dyeing pretreated only by coagulation-flocculation. Accordingly, this study focuses on the 

efficiency of granular bentonite as adsorbent in a fixed-bed column for the removal of color 

and COD. 

In the second part of the thesis, the problem of what to do with the natural adsorbent loaded 

with organic pollutants after use is addressed. The main disposal strategies for spent adsorbents 

are either incineration or landfilling. Significant economic and environmental factors provide 

an incentive for industries to utilize recycled materials in the building industry since this can 

help create a circular economy in which waste materials can be considered as a part of the 

economic cycle. Production of LWAs has been taken into account for using many different 

secondary materials as unconventional raw materials such as waste glass, washing aggregate 

sludge, incinerator bottom ash, combustion ashes, sewage sludge ash, mining residues, 

contaminated mine soil, lignite coal fly ash, sediments from water reservoirs and harbor 

dredging, municipal solid waste, mining and quarrying, residues from coal power plants, 

mineral transformation and metallurgical industry, ornamental stones powders and steel dust 
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(17). Thermal treatment can result in an environmentally stable material that can be used to 

make ceramics. It must be stressed that the reduced leachability usually seen with the use of 

recycling contaminated wastes into synthetic aggregates is an advantage (17-20).  

The use of the spent mineral adsorbents in the manufacturing of LWAs is a potential reusing 

alternative for the wastes generated. Hence, it is suggested to use the loaded granular bentonite 

as a new raw material source in the production of LWAs. The important environmental 

advantage is that the production of LWAs involves a sintering process in which almost all the 

organic compounds are decomposed and totally oxidized (destroyed) at high temperatures. 

Replacing raw materials commonly used in the production of LWAs will reduce the depletion 

of resources and also the cost of production. Furthermore, the building sector must comply 

with new material sources and systems for environmentally sustainable construction. 
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Summary of motivation 

 

The main aim of this thesis was to remove residual dyes from the colored actual acrylic fiber 

dyeing wastewater pretreated with coagulation-flocculation from the Iranian textile industry by 

using cost-effective natural granular bentonite in a continuous fixed-bed adsorption system. 

This investigation can be considered as a resource-oriented approach in terms of water reuse 

which will bring about a minimization in water consumption. Furthermore, the proposed 

treatment can prevent discharging of the colored and polluted wastewater into the environment. 

The second aim was to investigate the potential reuse of the spent adsorbent in manufacturing 

LWAs to reduce the consumption of natural resources in the construction industry as well as 

to minimize the negative impacts of the disposal of the waste material in the environment. The 

organic compounds in the loaded adsorbent can be destroyed at high temperatures in the 

sintering process. 
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1. Fundamentals 

1.1 Dyes in textile industry 

 

Dyes are a diverse group of chemical compounds which can be categorized by either their 

chemical structure (e.g. methine dyes, azo dyes, etc.) (Table 1) or by their chemical nature as 

anionic (direct, acid and reactive dyes), cationic (basic dyes) and non-ionic (disperse and vat 

dyes) (Table 2). There are more than 100,000 different types of dyes and pigments in use, with 

an estimated 700,000 tons produced globally each year and a growth rate of 3% (21-23). 

Dye molecules consist of chromophore and auxochrome groups. Chromophores are functional 

groups or bonds on chemical compounds responsible for the absorption of light. Auxochromes 

are known as functional groups in dye molecules that shift the absorption maximum of a 

chromophore into the longer-wave range of the spectrum. Chromophores (NO2, NO, N=N) 

contribute to the production of colors and auxochromes (OH, NH2, NHR, NR2, Cl and COOH) 

improve the affinity of the dye for the fibers. Nonetheless, colored effluents are produced 

because dyes do not fix to fiber completely throughout the dyeing and finishing processes (23). 

Sulfonic acid (–SO3H) groups are introduced into the molecule to impart water solubility, 

hydroxyl (–OH) and carboxylic acid (–CO2H) groups are also effective in water-solubilizing, 

particularly when ionized. Such three different groups are widely used in textile dyes. A 

quaternary nitrogen atom (–N+R4) also contributes to the solubility of water which can be found 

in cationic dye (23).

https://de.wikipedia.org/wiki/Absorption_(Physik)
https://de.wikipedia.org/wiki/Chromophor
https://de.wikipedia.org/wiki/Lichtspektrum
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Table 1 Classification of dyes based on the chemical structure 

             (Source: Ref (24) Yagub et al. 2014) 

 

Class Chromophores Example 

Azo dyes 

 

 

 

 

 

 

 

 

 

 

Reactive black 5 

 

Anthraquinone dyes 
 

 

 

 

 

 

Reactive blue 4 

Indigoid dyes 

 
 

 

 

 

Acid blue 71 

Nitroso dyes 
 

 

 

 

 

 

Acid green 1 
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Class Chromophores Example 

Triarylmethane dyes 

 

 

 

 

 

 

 

Basic red 9 

Nitro dyes 

 

 

 

 

 

 

Acid yellow 24 

 

Table 2 Classification of dyes based on the chemical nature 

              (Source: Ref (24) Yagub et al. 2014) 

 

Dye class Substrate Method of application                        Chemical type 

Acidic 

 

Wool, nylon, silk, 

inks, leather and 

paper 

 

From neutral to acidic bath 

 

 

Anthraquinone, 

xanthene, azo (including 

nitroso, 

premetallized), nitro and 

triphenylmethane 

Basic 

 

 

Inks, paper, 

polyacrylonitrile, 

treated nylon and 

polyester 

Applied from acidic bath  

 

 

Hemicyanine, azo, 

cyanine, 

diazahemicyanine, azine 

diphenylmethane, 

xanthene, triarylmethane, 

acridine, 

anthraquinone and oxazine 
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Dye class Substrate Method of application                        Chemical type 

Direct 

 

Nylon, rayon, 

paper, leather and 

cotton 

 

 

Applied from neutral or 

a little alkaline bath 

containing additional 

electrolyte 

 

 

Phthalocyanine, azo, 

oxazine and stilbene 

Disperse 

 

Polyamide, acrylic, 

polyester, acetate 

and plastics 

 

 

Fine aqueous dispersions often 

applied by high 

temperature/pressure or lower 

temperature carrier methods; dye 

maybe padded on cloth and 

thermo fixed 

Benzodifuranone, azo, 

anthraquinone, nitro and 

styryl 

Reactive 

 

Wool, cotton, silk 

and nylon 

 

 

Reactive site on dye reacts 

with functional group on fiber to 

bind dye covalently under 

influence of heat and pH 

 

 

Anthraquinone, formazan, 

phthalocyanine, 

azo, oxazine and basic 

Sulphur 

 

Rayon and cotton 

 

Aromatic substrate vatted with 

sodium sulfide and reoxidized to 

insoluble sulfur-containing 

products on fiber 

 

Indeterminate structures 

Vat 

 

Wool and cotton 

 

Water-insoluble dyes solubilized 

by dropping with sodium 

hydrogen sulfite, then exhausted 

on reoxidized and fiber 

 

 

Indigoids and 

anthraquinone 

 

  

 

1.1.1 Chemical characteristics, applicability and properties of cationic dyes 

Cationic dyes, also known  as basic dyes, are widely used in nylon, acrylic, wool and silk dyeing 

(25, 26). Cationic dyes consist of a quaternary amino group. This group can be an essential part 

(more common). Sometimes instead of nitrogen, a positively charged atom of sulphur or 

oxygen can be found.  
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The followings are examples of typical basic dyes which are adapted from Ref (26): 

 

 

 Fig. 1 Basic blue 3 C.I. 510041 

 

 

  Fig. 2 Basic red 18 C.I. 110852 

 

The positive charge of the cationic dyes may be either delocalized or localized. As can be seen 

in Fig. 3, the positive charge is localized at the nitrogen atom:  

 

 

 

 

  Fig. 3 Cationic dye with localized positive charge 

 

The positive charge is delocalized across the dye cation in the diazahemicyanine dye, which 

can be seen in Fig. 4: 
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Fig. 4 Diazahemicyanine dye with delocalized positive charge  

 

The methine dyes are categorized into cationic dyes with a delocalized charge. All these dyes 

can be characterized by different resonance formulae. They are distinguished by high color 

strength. 

Hemicyanine dyes can be introduced as the cationic dyes with a delocalized positive charge, 

which a nitrogen atom directly linked to the methine chain and one of the charged terminal 

atoms is part of a heterocyclic ring. Enamine dye is an example of this type of dye which 

imparts a yellow color to polyacrylonitrile fibers (Fig. 5). 

 

 

 

  Fig. 5 Enamine dye  

 

Styryl dyes (Fig. 6) can be used to give red and purple shades to polyacrylonitrile. These types 

of dyes have an aryl residue between the methine chain and the second nitrogen atom. 
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  Fig. 6 Styryl dye  

 

The chain may be totally missing in a specific form of this type of dye which results in 

zeromethine dyes (see Fig. 7). They confer very blue shades and lightfast violet to 

polyacrylonitrile. 

 

 

 

  Fig. 7 Zeromethine dye  

 

Nitrogen may replace one or more carbon atoms in the chain, as it is cited by the prefix aza. 

Mono- (Fig. 8) or diazadimethine dyes are formed depending on the number of nitrogen atoms 

inserted into the chain. The other known dyes are Tri- and tetraazamethine dyes. An example 

is a dye below, in which a golden yellow color is conferred to polyacrylonitrile fibers.  

 

 

 

  Fig. 8 Monoazamethine dye  
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Unlike dyes with delocalized charge, where the charge is an integral part of the chromophore, 

in most cases, the charged atom in dyes with localized charge is isolated from the chromophore 

by a nonconjugated group. Thus, any chromophore can be used, and the charged atom does not 

or just slightly affect the spectral properties of this chromophore. Representatives of localized 

charged cationic dyes with localized charge are found in the following dye classes.  

1) Azo dyes: The localized charge in cationic azo dyes can reside either in the coupling 

component (Fig. 9) or diazo moiety (Fig. 10): 

(moiety: the principal characteristic parts of molecule is composed of atoms that take part in 

similar chemical reactions in the majority of the molecules that they make up) 

 

 

   Fig. 9 Azo dye with a localized charge which resides in the coupling component   

 

 

 

 

  Fig. 10 An azo dye with a localized charge which resides in the diazo moiety  
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2) An example of anthraquinone dyes: 

 

 

  Fig. 11 Anthraquinone dye 

 

3) An example of phthalocyanine dyes: 

 

 

 

 Fig. 12 Phthalocyanine dye 

 

(4) An example of perinone dyes: 

  

 

 Fig. 13 Perinone dye 
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5) An example of naphthalimide dyes: 

 

 

 

  Fig. 14 Naphthalimide dye  

 

 

6) An example of quinophthalone dyes: 

 

 

  Fig. 15 Quinophthalone dye  

 

 

7) An example of neutrocyanine dyes: 

 

 

 Fig. 16 Neutrocyanine dye  
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8) An example of nitro dyes: 

 

 

 

  Fig. 17 Nitro dye (Ref (26)). 

 

Ionic bonds are formed between the anionic site on the fiber and the positively charged atom 

in the dye. Basic dyes were used to dye wool and silk (using a mordant) initially; however, 

they showed poor fastness features. Currently, cationic dyes are nearly exclusively applied on 

acrylic fibers, modified polyamide fibers and blends. These dyestuffs have excellent fastness 

performances on acrylic fibers. 

Common cationic dyes show low solubility in water; differently, they have a higher solubility 

in ethanol, ether, acetic acid and other organic solvents. They are used in weak acid solution in 

dyeing processes. Basic dyes are tightly bound to the fiber and do not migrate simply. Specific 

levelling auxiliaries (known as retarders) are usually applied (unless an absorption process with 

a pH controlled is used) to reach level dyeing. Retarders containing quaternary ammonium 

compounds with long alkyl side-chains are considered as the most important group (cationic 

retarders). Electrolytes and anionic condensation products between formaldehyde and 

naphthalenesulphonic acid can be found as well (26). 

 

1.1.2 Chemical characteristics, applicability and properties of reactive dyes 

Reactive dyes constitute 20-30% of the dye market and are extensively used in the textile 

industry  because of their favourable water solubility, low consumption of energy, bright color 

and straightforward application technique (27-29). Owing to the presence of chemically 

reactive group of either the triazine or vinyl sulfone type, reactive dyes are called reactive. 

They are water-soluble due to their sulfonate groups (11). 

Reactive dyes are principally applied for dyeing cellulose fibers incuding viscose and cotton 

but are also becoming increasingly important for polyamide and wool. They have high wet 

fastness, but their application is not always feasible due to the difficulties of providing level 

dyeing. Reactive dyes are distinct since they consist of specific chemical groups that can form 
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covalent links with the textile substrate. In the case of protein and polyamide fibers, reactive 

groups of the colorant react with the amino groups of the fiber, and in the case of cellulose, 

they react with the hydroxyl groups (26). 

Reactive dyes for cotton are soluble in water, which comprises a group able to form a covalent 

bond with the hydroxyl groups in the cellulose polymer during the dyeing process. Two groups 

of monochlorotriazinyl (MCT) and betasulphatoethylsulphone [masked vinyl sulfone (VS)] are 

the two major reactive groups, which are either alone or in combination (23). 

 

1.2  Textile industry  

 

The textile industry uses various raw materials/sources such as woolen, cotton and synthetic 

fibers. It can also be divided into the wet and dry fabric industries. Solid wastes are produced 

in the dry fabric industry, while liquid wastes are generated in the textile wet processing 

industry. Scouring, mercerizing, desizing, bleaching, printing, dyeing and finishing stages as 

processing operations are included in the textile wet processing industry. The water 

consumption and wastewater production from a wet processing textile business depends on the 

operations during the formation of fabric. The process of dyeing involves treating a fabric or 

yarn with a dye in order to impart color (30, 31). 

The following pages including tables (3-6) are extracted from a document published by the 

European commission in 2003 entitled ″Integrated Pollution Prevention and Control (IPPC), 

Reference Document on Best Available Techniques for the Textiles Industry‶ (26). 

The textile industry has been known to be one of the most complicated and longest production 

chains in the manufacturing industry. It has a demand mainly driven by three major end-uses: 

clothing, industrial use and home furnishing. 

The textile and clothing chain consists of a broad variety of sub-sectors encompasses the entire 

manufacturing cycle from the production of raw materials (man-made fibers) to semi-processed 

materials (woven and knitted fabrics, yarns with their finishing processes) and final/consumer 

products (home textiles, carpets, industrial use textiles and clothing). 

In the old nomenclature system, the textile industry activities were divided based on fiber 

processing. Traditionally, natural fibers dominated by wool and cotton were the only available 

textile fibers. Currently, these two sectors (cotton and wool) in the textile industry both process 

all available fibers due to the proliferation of man-made fibers. 

As it has become inapplicable to categorize the textile activities with reference to the fiber 

processing, the new nomenclature system classifies the textile industry activities as follows: 

- yarn and thread 
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- woven fabric 

- textile finishing 

- home textiles 

- industrial and other textiles (this includes carpets and wool scouring) 

- knitted fabrics and articles. 

Furthermore, textile industry activities can be classified into three sub-sectors which involve 

wet processes as follows: 

• textile finishing 

• industrial and other textiles (including carpets and wool scouring) 

• home textiles. 

The carpet yarn spinning, carpet  manufacturing and related dyeing industry  can be grouped 

into a variety of basic sub-sectors, although there may be  substantial variations. All sectors 

may  process combinations of 100% natural fiber, 100%  synthetic fiber and/or combinations of 

the two, as many of the techniques and processes applied are not fiber specific. 

The reference document on best available techniques for the textiles industry (European 

Commission) categorizes companies where wet processes are usually carried out into five 

specific groups of:  

• commission loose fiber dyehouses 

• commission yarn dyehouses 

• integrated yarn manufacturing mills, which in addition to the dyeing processes perform 

on-site conversion of the loose fiber to yarn, selling the finished yarn as the end-product 

• commission piece dyeing mills 

• integrated carpet manufacturing mills, which carry out all the mechanical processes, 

dyeing and finishing operations required to convert natural and synthetic fibers into the 

finished carpet (26). 

 

1.2.1 Raw materials 

A wide range of chemicals and auxiliaries and fibers are the main two groups of raw materials 

in the textile industry. A significant number of organic dyestuffs/pigments and chemical 

auxiliaries are used in the textile industry. They can be categorized into the following groups 

(26, 31, 32): 

• dyestuffs and pigments 

• basic chemicals (also known as “Commodities”), which encompasses all inorganic 

chemicals, organic reducing and oxidizing agents as well as the aliphatic organic acids 
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• auxiliaries, which consist of all textile auxiliaries, including primarily organic materials 

other than organic reducing and oxidizing agents and organic aliphatic acids.  

In the textile industry, two general types of fibers are utilized, including natural and man-made. 

Man-made fibers consist of both purely synthetic materials of petrochemical origin and 

regenerative cellulosic materials produced from wood fibers (26). An overview is shown in 

Table 3. 

 

Table 3 General categories of fibers used in the textile industry 

             (Source: Ref (26) Integrated Pollution Prevention and Control, 2003) 

 

Type Origin Example  

 

Natural origin fibers 

 

 

 

 

Animal origin 

 

Raw wool 

Silk fiber 

Hair 

 

  

Vegetable origin 

Raw cotton fiber 

Flax 

Jute 

 

 

  

Mineral origin 

 

Asbestos (not used in 

the textile industry) 

 

 

 

 

 

Chemical fibers 

(man-made) 

 

Natural polymer fibers 

 

Viscose, 

Cupro, Lyocell, 

Acetate, 

Triacetate 

 

  

Synthetic polymer 

fibers 

 

 

Inorganic polymer 

 

Glass for fiber glass 

Metal for metal fiber 

   

Organic polymer 

 

Polyester (PES) 

Polyamide (PA) 

Polypropylene (PP) 

Elastane (EL) 

Polyacrylonitrile (PAN) 

 

As the Iranian textile company “Acryl Tab” only dyes acrylic fibers for manufacturing carpet 

and knitwear, acrylic fibers will be described in the following section. 

Acrylic fibers are formed by radical polymerization of acrylonitrile in a solvent or aqueous 

emulsion. PAN (Polyacrylonitrile), made of 100% acrylonitrile, gives fibers with inadequate 
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dye-binding capability, due to the high glass transition temperature (above 100 ºC). For this 

reason, this polymer is no longer used in textile industry. Acrylic fibers (PAC) which are the 

commonly available fibers on the current market, are anionic copolymers containing 85-89% 

of acrylonitrile, 4-10% of a non-ionic co-monomer (vinyl chloride, vinyl acetate and methyl 

acrylate) and 0.5-1% of ionic co-monomers containing sulfonyl or sulphate groups. Techniques 

of dry and wet spinning can be used to produce the fiber. The polymer is dissolved in 

dimethylformamide (DMF) when dry spinning is utilized. If the fiber is produced by means of 

wet spinning, in addition to DMF, dimethylacetamide, dimethylsulphoxide, ethyl carbonate 

and aqueous solutions of inorganic salts or acids are also applied. Residues of these solvents 

(0.2-2% of the weight of fiber) are found in the wastewater from pretreatment. 

 

1.2.2 Pretreatment of fibers 

Pretreatment processes must assure 

• the removal of foreign materials from the fibers to enhance their uniformity, hydrophilic 

properties and affinity for dyestuffs and finishing treatments 

• the improvement of the ability to absorb dyes uniformly  

• the relaxation of tensions in synthetic fibers (without this tension relaxation, 

unevenness and dimensional instability can be developed). 

The pretreatment in the manufacturing system is done near the place of dyeing. Pretreatment 

is carried out before dyeing (and printing). 

The pretreatment of synthetic materials before dyeing usually includes washing and 

thermofixing (heat-setting). Scouring is intended for the elimination of impurities present on 

the raw fiber. Water scouring is typically a batch process in the equipment in which the textile 

content is subsequently dyed.  

All preparation agents and impurities are normally removed before dyeing to make the fibers 

more hydrophilic and allow dyestuffs to penetrate the fibers. Nevertheless, this operation is not 

always required. In some cases, a separate scouring/washing phase can be eliminated if the 

preparation agents are added in low quantities, and they do not interfere with the dyeing 

process. 

 

1.2.3 Dyeing  

Dyeing is a technique to color a textile material in which a dye is applied uniformly to the 

substrate in order to achieve an even shade with performance and fastness suitable for its final 
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usage. A dyestuff is a molecule that comprises a chromophoric group (conjugated electron 

system) that adsorbs light in a defined range of wavelengths, thereby giving the impression of 

color. Textile dyeing involves the application of various chemicals and auxiliaries to promote 

the dyeing process. Some of them are process-specific, although others are also used in other 

operations. Some auxiliary agents (e.g. dispersing agents) already exist in the dyestuff 

formulation, yet more commonly used auxiliaries are added to the dye liquor in the subsequent 

step, auxiliaries are found in the emissions at last as in general they do not remain on the textile 

substrate. 

Different dyeing techniques are used: 

• mass dyeing/gel dyeing, in which a dye is applied in the synthetic fiber during its 

manufacturing (this method is the most widely used technique for PP (polypropylene) 

fibers and is used also for PAC) 

• pigment dyeing, in which an insoluble pigment, without affinity for the fiber, is applied 

onto the textile substrate and then fixed with a binder 

• dyeing processes that incorporate the diffusion of a dissolved or at least partially 

dissolved dye into the fibers. 

Dyeing can be conducted in a batch or in a continuous/semi-continuous system. The choice 

between the two modes hinges upon the make-up type, dye class, the available equipment and 

the involved cost. Both continuous and discontinuous dyeing processes consist of the steps as 

follows: 

• preparation of the dye 

• dyeing 

• fixation 

• washing and drying. 

In batch dyeing (also known as exhaustion dyeing), a determined amount of textile material is 

placed into a dyeing machine and brought to equilibrium with a dye-containing solution mixed 

with auxiliaries lasting for a period of minutes to hours. 

The dyeing process begins with the absorption of the colorant on the outer surface of the fiber. 

Afterwards, it is accompanied by the diffusion and migration of the colorant through the fiber. 

To accelerate and optimize the exhaustion and fixation of the dye, chemical auxiliaries are used 

and controlled temperatures are applied. When the dyeing is deemed to be the correct shade, 

the spent dye bath is drained, and the textile content is washed to eliminate the chemicals and 

unfixed dyes. Washing is normally carried out in the same equipment. However, separate 

washing machines can also be used. 
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Acrylic (PAC) fibers are hydrophobic and comprises anionic groups in the molecule. 

Therefore, they can be dyed with cationic and disperse dyes. The fiber can also be dyed with 

acid dyes with the addition of cationic comonomers in the polymer (26). 

 

Table 4 The most common dyestuffs and dyeing techniques for polyacrylic fibers 

             (Source: Ref (26) Integrated Pollution Prevention and Control, 2003) 

 

Dyestuff Chemicals and auxiliaries/typical application conditions Technique 

 

Disperse 

 

 

- dyeing conditions correspond to those used for polyester 

- addition of carriers is not required 

 

 

 

Cationic 

- Acetic acid (pH 3.6 - 4.5) 

- Salt (sodium sulphate or sodium acetate) 

- Retardant auxiliaries (usually cationic agents) 

- Non-ionic dispersing agents 

 

Batch 

- Acetic acid (pH 4.5) 

- Dye solvent 

- Steam-resistant and readily soluble dyes (usually liquid) are 

required 

Pad-steam 

process with 

pressurized 

steam 

- Dye solvent 

- Rapidly diffusing dyes are required 

Pad-steam 

process with 

saturated steam 

 

 

 

1.3 Environmental issues of the textile industry 

 

Generally, emissions to water and air as well as energy consumption are the major 

environmental concerns resulting from the activities and processes in the textile industry. 

Among these, water contamination and consumption are considered the most critical 

environmental issues. The textile industry consumes water as the main medium for washing, 

applying finishing agents and dyes and for generating steam. The majority of the water used is 

discharged as aqueous effluent, aside from the limited amount of water that is evaporated 

during drying. The key issues are consequently the volume of water discharges and the 

chemical load that it bears (26). 

Textile mills of average size need roughly 200 liters of water per kilogram of fabric processed 

per day. Textile dyeing and finishing treatment, with reference to the World Bank, is given to 

a fabric that produces 17 to 20% of industrial effluent (31). 
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Textile is one of the main industries using water, dyestuffs and other chemicals such as 

surfactants, fats, oils, waxes, salts, solvents, fabric softeners, pesticides, coupling agents, 

polishing and coating agents, alkalis, acids, soaps of metals, starch, hydrogen peroxide and   

dispersing agents which produces large amounts of colored and polluted wastewater. 

Thus, contamination of water resources caused by textile industry now has become a serious 

environmental concern (4, 30, 33-35).   

Contaminated waters containing dyes affect the ecological system. Thus, they endanger both 

aquatic life and human life when entering the food web. Some of the dyes are mutagenic, 

carcinogenic and have other toxic effect (21, 33). 

With reference to the Environmental Hazards of Textile Industries, many textile producers 

utilize dyes that release aromatic amines. The effluents from dye baths may contain ammonia, 

heavy metals, toxic solids, alkali salts and significant quantities of pigments many of which are 

toxic. About 40% of globally used colorants contain “organically bound chlorine”, containing 

substances which are potentially a known carcinogenic (25, 26, 36). Carcinogenic chromium 

ions can be released into the water by chromium-based dyes, and disperse dyes tend to bio-

accumulate (12). Furthermore, some carcinogenic, toxic and mutagenic  intermediates are 

usually generated by various reactions including oxidation and hydrolysis of dyes (37). In 

addition, any degradation by chemical, physical and biological treatments may produce small 

carcinogenic and toxic products (25, 26). Furthermore, residual dyestuffs increase the chemical 

oxygen demand (COD) (30, 38). Textile wastewater has a high color, high salt  (total dissolved 

solids) load and low biodegradability (BOD5/COD < 0.1) (30, 38, 39). Owing to high BOD5, 

raw textile wastewater may cause a rapid depletion of dissolved oxygen if it is directly 

discharged into surface water bodies. High COD levels in effluent are toxic to biological life  

(40). 

The US  Environmental Protection Agency (EPA) categorized textile wastes  into four 

categories that require special pollution prevention  approaches. These categories are high-

volume, hard-to-treat, dispersible,  hazardous or toxic wastes. Colored  wastewater generated 

from dyeing processes can be included  in all four categories (41). Therefore, an effective 

effluent treatment is of great importance.  

It is worth mentioning that 2% of dyes that are generated worldwide and discharged directly 

into aquatic systems are synthetic dyes as prevailed water pollutants (4). Based on the previous 

studies, about 15% of total dyes used in coloring processes can still be present in wastewater 

as residuals (21). 

Unused dyes specifically reactive dyes (which account for approximately 8-20% of the total 

pollution load due to incomplete exhaustion) and auxiliary chemicals in addition to a 

considerable amount of water can be found in wastewater streams from textile dyeing 

operations (12, 42).  As the hydrolysed form of reactive dyes does not have any affinity for 
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textile fabrics in the alkaline dye bath, approximately a mean of 30% of used reactive dyes end 

up in effluent (12).  

Washing (scouring) and bleaching of the natural fibers as well as dyeing and finishing sections 

are the primary sources of textile wastewater (1). 

The dyeing method, which is possibly the most studied stage in textile manufacturing, 

produces intensely colored wastewater from the mixture of various forms of dyes and 

auxiliary materials such as fixing agents, organic acids, diluents and reducing agents (43). 

Water-polluting substances in the emissions referred to Table 5 can be derived from: 

• dyes (color, metals, toxicity) 

• auxiliaries in the dye formulation 

• basic chemicals (e.g. salts, alkali, oxidizing and reducing agents) and auxiliaries applied 

in the dyeing processes 

• contaminants present on the fiber upon entering the process (spin finishes are found on 

synthetic fibers and residues of pesticides on wool can be found in yarn dyeing and 

loose fiber). 

Spent dye baths in discontinuous dyeing, residual dye liquors and water from washing 

operations always encompass a proportion of unfixed dye. Fixation rates differ greatly among 

the different dye classes. 

Poorly bio-degradable dyestuffs will end up in the discharged effluent after passing through a 

biological wastewater treatment plant (unless they are subjected to destructive treatment 

systems) (26). For instance, cotton dyeing industry produces textile  wastewater which is  

polluted due to the presence  of reactive dyes which are difficult to treat biologically (44). In 

other words, since brightly colored reactive and acid dyes are  water-soluble, they are usually 

rendered  unaffected by conventional treatment systems. Thus, effluents are usually colored 

when they leave the wastewater treatment plant (45). Furthermore, the azo and anthraquinone 

groups are the most prominent groups that causes contamination in textile effluent, resulting in 

an undesirable color (30, 31). 

Color is the first observable effect in the receiving water. Moreover, high concentrations of 

color cause a negative aesthetic effect and can also disrupt photosynthesis which affects aquatic 

life. The aquatic toxicity, molecules of metals or halogens which can generate adsorbable 

organic halides (AOX) emissions and the organic contamination caused by the colorant 

(typically measurable as BOD5 and COD, but also as organic carbon, using parameters such as 

TOC and DOC) are other effects (26). 

https://en.wikipedia.org/wiki/Adsorbable_organic_halides
https://en.wikipedia.org/wiki/Adsorbable_organic_halides
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Table 5 Overview of the typical emissions generated in dyeing processes     

              (Source: Ref (26) Integrated Pollution Prevention and Control, 2003) 

 

Operations Emission sources Type of emission 

 

Color kitchen operations 

 

Dye preparation 

 

Discontinuous, low -concentration  water 

emission at the end of each batch (cleaning 

step) 

 

Auxiliaries’ preparation Discontinuous, low-concentration water 

emission at the end of each batch (cleaning 

step) 

 

Dispensing of dyes and 

auxiliaries (manual) 

Indirect pollution from inaccurate dosing 

and handling of chemicals (spillage, poor 

shade repeats, etc.) 

 

Dispensing of dyes and 

auxiliaries (automatic) 

 

No emission, provided that the system is 

regularly calibrated and verified for  

accuracy 

 

 

 

Batch dyeing 

Dyeing 

 

Discontinuous, low-concentration water 

emission at the end of each cycle 

Washing and rinsing 

operations after dyeing 

Discontinuous, low-concentration water 

emission at the end of each cycle 

 

Cleaning of equipment 

 

Discontinuous, low-concentration water 

emission 

 

 

 

 

 

 

 

Semi-continuous and 

continuous dyeing 

Application of the colorant No emission from the process unless dye 

bath is drained 

Fixation by steam or dry 

heat 

Continuous emission to air (generally not 

significant, except for specific situations 

such as, for example, the thermosol process, 

drying of carrier  dyed fabrics, etc.) 

 

Washing and rinsing  

operations after dyeing 

 

 

 

Continuous, low-concentration water 

emission 

Discharging of leftovers in 

the chassis and feed 

storage container 

Discontinuous, concentrated water 

emission at the end of each lot 

 

Cleaning of equipment 

 

Discontinuous, low-concentration water 

emission (it can contain hazardous 

substances when reductive agents and 

hypochlorite are applied) 

 

Moreover, another major concern originates from the discharge of poorly or non-biodegradable 

substances such as mineral oils, EO-PO adducts, silicone oils and hard surfactants and the like. 
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In addition, biocides, which are usually found in the aqueous compositions, contribute to the 

aquatic toxicity of the wastewater. 

Textile dyestuffs show aquatic toxicity and/or allergenic effects. It is worth noting that around 

60% to 70% of the dyes used are azo dyes. Such dyes generate amines and some of these are 

carcinogenic under reductive conditions (26). Table 6 lists the carcinogenic amines that can be 

generated by cleavage of specific azo dyes. 

 

 Table 6 List of carcinogenic amines 

             (Source: Ref (26) Integrated Pollution Prevention and Control, 2003) 

 

No Carcinogenic amines 

1 4-aminodiphenyl 

2 o-aminoazotoluene 

3 2-amino-4-nitrotoluene 

4 4-aminoazobenzene 

5 o-anisidine 

6 benzidine 

7 4-chloro-o-toluidine 

8 p-chloroaniline 

9 p-cresidine 

10 2,4-diaminoanisol 

11 4,4´-diaminodiphenylmethane 

12 2,4-diaminotoluene 

13 3,3´-dichlorobenzidine 

14 3,3´-dimethoxybenzidine 

15 3,3´-dimethylbenzidine 

16 3,3´-dimethyl-4,4´-diaminodiphenylmethane 

17 4,4´-methylene-bis-(2-chloraniline) 

18 2-naphthylamine 

19 o-toluidine 

20 4,4´-oxydianiline 

21 2,4,5-trimethylaniline 

22 4,4´-thiodianiline 

 

The application of azo dyes which may be reduced to one of the 22 potentially carcinogenic 

aromatic amines given in Table 6 is banned with reference to the 19th amendment of Directive 
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76/769/EWG on dangerous substances. Nonetheless, more than 100 potential dyes generating 

carcinogenic amines in the dyeing process are still commercially available. 

Regarding environmental issues of cationic dyes, many of them show high aquatic toxicity. 

However, in the case when they are applied properly, they prove to have fixation degrees close 

to 100%. Problems mostly arise from inefficient handling processes, spill clean-up and other 

disruptions. 

The following dyestuffs are categorized as toxic by ETAD (Ecological and toxicological 

association of the dyes and organic pigments manufacturers):                                                     

• Basic violet 16 

• Basic red 12 

• Basic blue 3, 7, 81 

• Basic yellow 21 (26). 

For instance, basic violet 16 (BV16) is extensively used in the textile industry worldwide. It 

directly harms the skin, eyes and gastrointestinal respiratory tract. It also provokes phototoxic 

and photoallergic reactions. Its carcinogenicity, neurotoxicity and chronic toxicity towards 

humans and animals have also been experimentally proven (6, 46).  

According to a research study in Germany and Austria which investigated the major charging 

loads from the textile industry in Europe, a high portion of the total emission load from the 

activities of the textile industry is associated to the compounds that already existed on the raw 

material before entering the finishing process step. Such substances include preparation agents, 

sizing agents, natural fibers impurities and related materials. 

To specify, the potentially harmful additives and impurities that are already on synthetic fibers 

before they are processed at the finishing mill account for a high proportion of the pollution 

load arising from the pretreatment step. Some of the impurities  are generated during the 

manufacturing of the fiber. They are by-products of the polymer  synthesis including unreacted 

monomers (e.g. caprolactame, in the  production of polyamide), residual catalysts and low-

molecular-weight oligomers which are  emitted to air during thermal processing.  To improve 

the subsequent processing, other materials are usually added to the fiber. These  are the 

preparation agents applied in fiber, yarn manufacturing and the sizing agents.  In various phases 

of the process, spinning oils and preparation agents are added to fibers from the production of 

the fiber itself (only for synthetic fibers) to the yarn formation. Such organic substances are 

eliminated at the finishing mill in the pretreatment step either by heat-setting in the dry 

processing or through washing in wet processing. In wet processing, the organic load of the 

final effluent rises as a result of the organic materials while they become airborne in the dry 

processing. The average quantity of the preparation agents used on man-made fibers (apart 

from elastomeric fibres,  as the load can be substantially higher) is estimated between 2% and 
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4% of the fiber weight. Approximately 80% of these materials are discharged into the 

wastewater and in the following high temperature treatments (thermo fixation and drying), the 

remaining 20% can be emitted to exhaust air. Before the finishing process, sizing agents that 

are applied to facilitate the weaving process are removed from the woven fabric, which results 

in the generation of high degrees of the organic load in the water (26). 

Natural fibers comprise a proportion of impurities and related materials (the information given 

in the following two pages is taken from Ref. (26)). Such associated substances are an integral 

part of the natural fibers (e.g. lignin for flax, hemicellulose and pectin for cotton, sericin for 

silk and grease for wool). Impurities are mineral, pesticides and metals. Before finishing 

processes, all these materials must be removed from the fiber. Consequently, they have the 

potential for major environmental impacts. Based on the data recorded, the largest 

environmental loads originate from salts, organic acids and detergents which are typically used 

during the process.  

Compared to these substances applied in the process, dyestuffs do not reflect a large load. 

However, they are responsible for the color of the generated effluent which substantially causes 

the aesthetic problem, whereas a high amount of color may diminish light transmission to 

aquatic plants as well. The introduction of wastewater containing dyestuffs into bodies of water 

is a crucial problem due to color as well as other environmental concerns, including difficult-

to-eliminate organic materials, metals and AOX, particularly for specific types of dyestuffs. 

Some chemicals reported in the “Reference document on best available techniques for the 

textiles industry (European Commission)” that may be applied in the textile process and have 

potential negative impacts on the environment are: 

• alkylphenol ethoxylates (leveling agents, wetting agents, detergents, etc.): their 

metabolites (octyl- and nonylphenols) are substantially toxic to aquatic life; they have 

been shown to disrupt the reproduction of aquatic species by disturbing their endocrine 

system (octyl- and nonylphenols and are on the list of “Priority Substances” targeted 

for priority action under the Water Framework Directive 2000/60/EC, specifically 

nonylphenol is defined as “Priority Hazardous Substance”) 

• halogenated phenols, chlorinated paraffins (flame retardants), polybrominated diphenyl 

ethers and benzenes (reagents in the production of flame retardants): some members of 

these classes of substances (e.g. pentabromodiphenylether, C10-13 chloroparaffines) 

have already been determined as “Priority Hazardous Substances” due to their 

persistency, toxicity and liability to bioaccumulate or they have been evaluated within 

the framework of Regulation (EEC) 793/93 on the control and evaluation of the risk of 

the existing substances. The discussion about their possible detrimental effects on the 

environment is continuing for other members of these classes 
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• mothproofing agents based on cyfluthrin (carpet sector), permethrin and other biocides 

which are extremely toxic to aquatic life 

• sequestering agents like DTPA, EDTA and NTA: these agents can produce very stable 

complexes with metals (DTPA and EDTA are poorly bio eliminable as well) 

• chlorine and chlorine-releasing compounds such as sodium dichloroisocyanurate (wool 

anti-felting agent) and sodium hypochlorite (bleaching agent): these have the ability to 

interact with organic compounds to form adsorbable organic halogens (AOX) 

• compounds which contain metals such as potassium dichromate 

• substances with carcinogenic potentials, such as some aromatic amines, formed by 

cleavage of some azo dyes, or vinylcyclohexene and 1,3-butadiene, which can be found 

in polymer dispersions as aresult of an incomplete reaction during polymerization 

• carriers namely o-phenylphenol, trichlorobenzene, etc. 

It is estimated that more than 90% of the organic chemicals and auxiliaries used in pretreatment 

and dyeing processes do not fix on the fiber; nevertheless, the opposite is true in finishing 

treatment. Moreover, almost 90% of the organic raw material load introducing the textile 

process ends up in the wastewater, the remaining quantity is emitted to the air (26). 

 

1.4 Conventional wastewater treatment methods of textile wastewater 

 

The main techniques to remove pollutants from the effluents can be categorized as physical, 

chemical and biological (4). Different technologies are extensively used for the treatment of 

textile wastewater, including membrane filtration (reverse osmosis, ultrafiltration, 

nanofiltration, etc.), adsorption, chemical and electrochemical advanced oxidation processes 

(AOPs/EAOPs) including Fenton, electro-Fenton (EF), photo-Fenton, coagulation-

flocculation, anodic oxidation (AO), hydrogen peroxide, photolysis with UVC radiation 

(H2O2/UVC) and the application of pure and mixed cultures under anaerobic and/or aerobic 

conditions (47). 

Different conventional treatment methods are as follows (see Table 7): 

 

1.4.1 Biological methods 

Compared with other physical and chemical processes, biological treatment can often be 

considered as the most economical alternative. Biological methods such as adsorption by 

(living or dead) microbial biomass, microbial degradation, bioremediation systems and fungal 

decolorization are widely used for the treatment of textile effluents since many 
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microorganisms, including algae, bacteria, fungi and yeasts can accumulate and degrade 

various pollutants.  

 

1.4.2 Chemical methods 

The chemical methods used for discoloration of colored wastewater are electroflotation, 

precipitation-flocculation with Fe(II)/Ca(OH)2, conventional oxidation methods by oxidizing 

agents (ozone), coagulation combined with floatation and filtration, electrochemical processes, 

electrokinetic coagulation and irradiation. 

The process of coagulation-flocculation occurs in successive phases: coagulation, flocculation 

and sedimentation. The first step is a chemical process that consists of neutralizing the charge 

of colloidal suspensions in order to destabilize them. The second step is flocculation, a physical 

process to group the smaller particles. 

 

1.4.3 Physical methods 

Various physical methods are commonly used such as membrane-filtration processes (reverse 

osmosis, nanofiltration, electrodialysis, etc.) and adsorption techniques. The main drawback of 

the membrane technology is that membrane fouling leads to a limited lifetime. Hence, in any 

economic viability study, the cost of periodic replacement must be included. 

Many conventional treatment methods for dye removal such as ion exchange, coagulation, 

electroflotation, solvent extraction, filtration, ozonation and biological oxidation are usually 

inefficient, costly and not adaptable to a broad range of colored wastewaters (21, 34, 48). 

 

 

 

 

 

 

 

 

https://www.sciencedirect.com/topics/chemistry/wastewater
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Table 7 Advantages and disadvantages of existing and emerging technologies for dye removal 

             (Source: Ref (4, 31, 45, 48, 49) Crini G. (2006), Holkar CR et al. (2016), Anjaneyulu Y 

et al. (2005), Bhagavathi Pushpa T et al. (2015), Robinson T et al.  (2001)) 

                                                                                                                                                                                                                                                                                           

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Physical methods Advantages Disadvantages 

 

Membrane-filtration  

process (Established 

recovery processes) 

 

 High potential for recycling hydrolyzed reactive   

dyes and auxiliaries concurrently decreases BOD5, 

COD and color 

 

Cost of initial investment 

High pressures/Incapable of 

treating large volumes 

Remove all types of dyes/Produce 

a high-quality treated effluent 

Possible fouling of the membrane 

Formation of additional wastes 

including starch and water-

insoluble dyes such as indigo dye 

 

Adsorption 

 

Effective, low initial expenses, flexible, 

straightforward design, easy handling and 

insensitive to toxic contaminants 

 

Does not result in the formation of harmful 

substances 

 

Non-selective for some 

adsorbents 

 

Non-destructive process 

 

Generation of waste 

 

 

Adsorption on 

activated carbon 

(Conventional 

treatment process) 

 

 

The most effective adsorbent 

Great capacity 

Produce a high-quality treated effluent 

 

Non-selective/Ineffective 

against disperse and vat dyes/ 

Regeneration is expensive and 

results in loss of the adsorbent/ 

Non-destructive process 
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Chemical methods 

 

                            Advantages            Disadvantages 

 

 

Coagulation-flocculation 

(Conventional treatment 

process) 

 

Useful for decolorization of disperse dyes 

 

 

Low decolorization efficiency for 

reactive and vat dyes/Does not 

remove acid and reactive dyes of low-

molecular weight 

Simple 

 

Large generation of resultant 

chemical sludge/Disposal problem 

 

Economically feasible 

 

 

 

 

The method may occasionally fail to 

remove the colors from the water 

because particle flakes do not settle 

effectively 

 

Possibility of arising a secondary 

pollution problem because of 

excessive chemical use 

 

Advanced oxidation 

methods (Emerging 

removal processes) 

 

 

 

 

 

 

 

 

 

Pollutant degradation/Easiness of 

application/Powerful oxidizing 

agents/Faster rates of oxidation reactions 

Degrading the toxic initial and their 

by-product chemicals, dyes, 

pesticides 

 

 

Using both individually/Synergism (Hybrid 

AOPs) 

 

Iron sludge generation in Fenton 

process 

Hydroxyl radicals react with most dyes with 

high-rate reaction constants 

 

Economically unfeasible 

 

Technical constraints 

 

Oxidizing substantial portion of the complex 

organic and inorganic chemicals found in the 

textile effluent  

High electrical energy demand  

 

Consumption of chemical reagents 

No sludge production/Little or no 

consumption of chemicals/Efficiency for 

recalcitrant dyes 

 

 

Formation of by-products 

 

 

 

 

 

 

 

Chemical oxidation 

(O3/H2O2…) 

 

Useful for breaking down some functional 

groups including the complex aromatic 

rings, also efficient in dye chromophores 

(conjugated double bonds) degradation  

Low rate of degradation as   equated 

to the AOPs 

 

No sludge production and reduction in foul 

odors in the combination of UV light and 

H2O2 /Less sludge generation in ozonation 

 

 

 

Potential formation of toxic by-

products during the ozonation even 

from biodegradable dyes 

 

Chemicals are required 

Cost 
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   Chemical methods                               Advantages                    Disadvantages 

 

Chemical oxidation 

(O3/H2O2…) 

 

Hybrid techniques have lesser treatment 

times 

 

 

Rapid and efficient process 

 

 

Temperature, pH and salts can affect 

the stability of ozone  

 

Continuous monitoring of the textile 

effluent pH is required for faster 

ozone decomposition 

 

 Higher energy cost in hybrid methods 

 

   

 

Biological methods 

 

Advantages 

 

Disadvantages 

   

 

Biological treatments 

 

 

 

 

 

 

 

Often the most economical alternative 

 

 

 

 

 

 

Different limitations in application 

including technical constraints, 

sensitivity toward diurnal variation 

and toxicity of some chemicals/ 

Requires a large land area/Less 

flexibility in design and operation/ 
Unable to effectively eliminate color 

using currently used biodegradation 

procedures/Many organic dyes are 

resistant to degradation due to 

synthetic organic origin as well as 

complex chemical structures 

although many of them are 

degraded/As azo dyes are xenobiotic, 

they do not totally breakdown 

 

 

 

Biodegradation 

(Conventional treatment 

process) 

Economically attractive 

 Publicly acceptable treatment 

Slow process/ 

Necessary to create an optimal 

favorable environment/ 

Maintenance and nutrition 

requirements 

 

Biomass (Emerging 

removal process) 

 

 

Low operating cost/Good efficiency and 

selectivity/No toxic effect on 

microorganisms 

 

Slow process/Performance depends 

on some external factors (pH, salts) 

 

Selective bioadsorbents 

(Emerging removal 

process) 

 

Economically attractive  

 

Regeneration is not necessary 

 

High selectivity 

 

Requires chemical modification 

 

Non-destructive process 
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1.4.3.1  Adsorption 

 

Adsorption has been defined as a phase transfer process that is extensively used in practice for 

the removal of substances from the fluid phases (gases or liquids). The most common concept 

defines the adsorption process as an enrichment of chemical species on the surface of a liquid 

or a solid from a fluid phase. In water treatment, this surface process has been shown as an 

effective removal method for a multiplicity of solutes. In this process, molecules or ions are 

removed by adsorption onto solid surfaces from an aqueous solution. 

The species that sticks, accumulates or adheres (adsorbed) to the solid surface is known as 

“adsorbate” and the solid material that provides the surface for adsorbates to be adsorbed is 

known as an “adsorbent”. Adsorption can be influenced by the nature of the adsorbate and 

adsorbent, the electrostatic forces between adsorbent and adsorbate, the mass-transfer process,  

the presence of other species, the atmospheric and experimental conditions (temperature, the 

concentration of pollutants, pH, the particle size of the adsorbent and contact time).  

With modifying the properties of the liquid phase (e.g. pH, concentration, temperature), the 

adsorbed materials can be transferred back into the liquid phase through release from the 

surface. Desorption is the term for the reverse process. 

At a given temperature, the relationship between the amounts of pollutant adsorbed and that in 

the water at equilibrium is defined by an “adsorption isotherm”. In other words, adsorption 

isotherms indicate how adsorption is distributed between the liquid and solid phases when the 

adsorption process has reached equilibrium. The well-known isotherm models are those of 

Langmuir and of Freundlich, these explain systematically and scientifically the adsorption 

efficiency of a pollutant (34, 50-52). 

Adsorption is a widely known equilibrium separation process which receives a great deal of 

attention because of the high efficiency, flexibility, ease of operation, simple design, cost-

effectiveness (depending on the type of adsorbent), less requiring modification before 

application, minimization of biological and/or chemical sludge volumes and high efficiency of 

detoxifying effluents. Moreover, from health-related and environmental points of view, the 

benefits of regeneration, recovery and recycling potential as well as not producing harmful 

substances such as toxic by-products with detrimental impacts makes this method as a 

prominent technique to remove dyes from aqueous systems (4, 6, 9, 50, 52). 

Liquid-phase adsorption (adhesion of atoms, ions or molecules from a liquid to a surface) is 

one of the most common methods for the removal of pollutants from the wastewater as it can 

yield a high-quality treated effluent. This method offers an efficient solution for the treatment 

of contaminated waters, specifically if the sorbent is cost-effective and an additional 

pretreatment phase is not necessary prior to its application. Adsorption has been proved to be 
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an efficient and inexpensive physical-chemical treatment method and as an on-site refining 

system to remove dyes from colored effluents (4, 30, 40, 50, 52).  

 

 

Fig. 18 Basic terms of adsorption  

              (Source: Ref (50) Worch. (2012)) 

 

Adsorption can be classified as chemical adsorption (chemisorption) or physical adsorption 

(physisorption) based on the adsorption process and the value of the adsorption enthalpy. 

Physical adsorption originates from Van-der-Waals forces (induction forces, dipole-dipole 

interactions, dispersion forces), which are quite weak interactions. In the case of physisorption, 

the adsorption enthalpy is usually less than 50 kJ mol-1. The basis of chemisorption is chemical 

reactions between the adsorbate and the surface sites of the adsorbent, and the interaction 

energies, thereby having the magnitude of reaction enthalpies (> 50 kJ mol-1). It is worth 

mentioning that the distinction between chemisorption and physisorption is extensively 

subjective and the boundaries are fluid. A plethora of research has been conducted proving that 

among all physical-chemical methods adsorption belongs to the more effective methods for 

dye removal from aqueous effluents (4, 6, 33, 50, 53, 54) 

Most of the conventional treatment methods such as chemical precipitation can be effectively 

and economically applied only if the solute concentrations are relatively high, in contrast, the 

adsorption technique is cost-effective for low concentrations (55). 

It is worth mentioning that the feasibility of using adsorption for the removal of dyes obviates 

the need to use other expensive conventional treatment methods (6, 8, 56).  
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1.4.3.2 Natural adsorbents 

               Vermicompost 

             Dolomite/Charred dolomite 

             Bentonite 

 

At present, the combination of biological treatment and adsorption  on activated carbon 

becomes increasingly prevalent for the removal of dyes from colored wastewater. Using 

activated carbon for the adsorption of dyes is the most well-known technique if it is 

characterized by a large adsorption capacity, high removal efficiency and high surface area due 

to its microporous structure; nevertheless, its application as well as that of ion exchange for 

decolorization is limited as both are expensive and their regeneration is difficult (4). 

Recently, there has been an increasing interest in identifying alternatives for activated carbon 

due to its inefficient removal for vat and disperse dyes and its costly regeneration as well as 

10-15% loss  of the adsorbent in the regeneration process which limits it for further applications. 

In fact, the production of char and activated carbon requires high temperatures with high energy 

consumption and a larger activation process (3, 4). 

Several researchers have suggested a variety of non-conventional low-cost adsorbents, 

including natural materials, industrial wastes/by-products and agricultural wastes/by-products 

with these materials it was possible to remove dyes from water and/or wastewater. Some 

natural sorbents such as clay minerals or mineral mixtures such as fuller’s earth (attapulgite 

and montmorillonite varieties), bentonite (main component: montmorillonite), zeolites, 

biosorbents (chitosan,  peat, biomass), siliceous material (silica beads, alunite, perlite), 

agricultural wastes namely rice husk, maize cob, corncob, wheat straw, coconut shell, barley 

husk, wood chips, date pits and orange peel, and industrial waste products, including metal 

hydroxide sludge, fly ash, red mud, palm oil ash, waste carbon  slurries and the like have been 

reported over the past few years (3, 4, 50, 57).  

Recently, growing interest has been shown in the application of clay minerals such as bentonite, 

kaolinite, diatomite and fuller’s earth as adsorbents owing to their considerable adsorption 

capacity to remove both organic and inorganic compounds. Natural clay minerals have been 

considered viable candidates due to their high sorption capacity, low-cost and abundance in 

many regions worldwide. Interactions between clay materials and dyes have been widely 

studied. The net negative charge of the mineral structure of clays provides them with an ability 

to adsorb species with a positive charge such as heavy metals cations Cu2+, Zn2+ or Cd+2 and 

cationic dyes. Their sorption capacity arises from their high porosity and high surface area. 

Montmorillonite clay has proved to have one of the highest surface areas and the greatest cation 

exchange capacity compared to other mineral materials. To specify, high-grade clays such as 

sepiolite, montmorillonite, kaolin and stevensite demonstrated high adsorption capacities for 
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basic dyes. Additionally, relatively high adsorption capacities have also been proven for 

organic dyes in textile wastewater treatment. The inclusion of non-pure clay with enough 

adsorption capacity and no or little required processing in the water and wastewater treatment 

technology results in a cleaner textile fabrics production and provides more efficient use of 

energy and resources (3, 50). 

 

 

 

 

  

 

 

  

 

 

 

 

 

  

 

 

 

 

  Fig. 19 Selected low-cost adsorbents  

              (Source: Ref (50) Worch. (2012)). 

 

Vermicompost 

 

In general, humic materials are of high porosity and carry a great number of negative charges 

resulting in a considerable cationic exchange capacity (CEC). Vermicompost, one of the most 

prominent humified materials that is used as a biosorbent, has these advantages of high 

porosity, a high number of negative charges and a remarkable cationic exchange capacity. Its 

water content is high, next to the organic fraction there are numerous mineral structures, and it 

is characterized by a wide particle size distribution. The metabolism of soil and organic matter 

results in the excretion of vermicompost by earthworms. Microorganisms speed up the 

Low-cost 

adsorbents 

Natural materials 

Agricultural 

wastes/by-products 

Industrial 

wastes/by-products 

➢ Wood 

➢ Coal 

➢ Peat 

➢ Chitin/Chitosan 

➢ Clays 

➢ Natural zeolites 

➢ Shells, hulls, stones from fruits 

and nuts 

➢ Sawdust  

➢ Corncob waste 

➢ Sunflower stalks 

➢ Straw 

 

. 

➢ Fly ash 

➢ Blast furnace slag and sludge 

➢ Bagasse, bagasse pith, bagasse 

fly ash 

➢ Palm oil ash 

➢ Shale oil ash 

➢ Red mud 
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humification process in the digestive system of the worms which leads to the production of a 

highly stable material known as ‘vermicompost’ (58, 59). 

 

Dolomite/Charred dolomite 

 

Dolomite is a prevailing sedimentary mineral that forms rocks with alternate layers of calcite 

and magnesite which make up its structure. It has the general formula of AB(CO3)2 where A 

can be calcium, strontium and/or barium and B can be iron, magnesium, manganese and/or 

zinc. 

The partial calcination (charring) process of dolomite gives a solid product consisting of rigid 

porous calcite and fine powdered magnesium oxide:  

CaMg(CO3)2       CaCO3  +  MgO + CO2 

The resultant product is used in the majority of dolomite applications (8, 60-63).  

 

Bentonite 

 

Bentonite is the most prevailing 2:1 clay mineral within the smectite group consisting primarily 

of montmorillonite (31, 65). Bentonite consists of one Al octahedral sheet placed between two 

Si tetrahedral sheets. Isomorphous substitution of Al3+ for Si4+ in the tetrahedral layer and Mg2+ 

for Al3+ in the octahedral layer in bentonite translates into permanent negative charges. At the 

bentonite surface and in the layer between the sheets, the exchangeable cations (Na+, Ca2+ and 

the like) counteract the charge imbalance (54, 64, 65). 

Regarding using natural mineral materials for treatment of textile wastewater, Titchou et al. 

(2017) conducted an experiment in a batch system, they applied Moroccan pozzolana for the 

removal of methylene blue from both a synthetic wastewater and from real textile wastewater 

(COD = 603 mg L-1) which mainly contained methylene blue. They observed that the maximum 

adsorption capacity of the adsorbent for methylene blue was 43.86 mg g-1
. The removal 

efficiency for COD was concluded 95%. The treated effluent was colorless and was suitable to 

be discharged to the environment. However, the high conductivity of the treated effluent 

required further treatment since it was beyond the specific limit values of discharging into the 

environment in Morocco. 20 g L-1 adsorbent was used to treat 60 ml of the real textile 

wastewater (66). 

Xia et al. (2020) developed and used a novel Juncus effusus (JE)-based adsorbent (Juncus 

effusus: a naturally occurring cellulosic fiber that is prevalent in swamps and marshes) with 

interconnected channels and a three-dimensional network structure to remove dyes from 

wastewater. The biodegradable chitosan (CS) was used to chemically modify the JE fiber in 
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order to increase its capacity to absorb textile dyes. They concluded that the CS-JE fibers 

demonstrated a high adsorption capacity for three different anionic dyes at a temperature of 

296 K: 255.1 mg g-1 for C.I. direct blue 15 (DB15), 452.5 mg g-1 for C.I. reactive red 195 (RR195) 

and 526.3 mg g-1 for C.I. acid yellow 11 (AY11), which are better results than obtained for most 

of other reported CS-modified adsorbents. Additionally, the results of the continuous filtration 

experiment showed that the CS-JE cake would be a viable adsorbent with a high flow flux (67). 

A study was carried out using alkali-activated local sand for the removal of residual dyes from 

the actual textile wastewater in India with a COD of 670 mg L-1 and pH 8.3 after receiving 

coagulation-flocculation treatment. When compared to non-modified sand, which could only 

remove 40% of the dye molecules even after 20 minutes of adsorption, the color removal 

efficiency with modified sand was found to be 70% in the first 3 min (2). 

A study was carried out on the application of a hybrid process, including adsorption (walnut 

shell and corncob agricultural wastes were used for the preparation of the activated carbon), 

electrocoagulation and photo Fenton- like oxidation for the treatment of the pretreated real 

textile wastewater and to evaluate its further reuse as irrigation water. At the end of the hybrid 

process, 49% of COD (8-10% by adsorption, 18-20% by electrocoagulation and 24% by photo 

Fenton-like oxidation), 87% of the TOC removal (40-45% by adsorption, nearly 35% by 

electrocoagulation and 8% by photo Fenton-like oxidation), around 90% of color (35-40% by 

adsorption, nearly 50-55% by electrocoagulation and nearly 2% by photo Fenton- like 

oxidation), 96-98% of turbidity (nearly 5-7% by adsorption, more than 90% by 

electrocoagulation and 1-2% by photo Fenton-like oxidation) and around 95-97% of suspended 

solids removal (nearly 20-25% by adsorption, 70% by electrocoagulation and 2-5% by photo 

Fenton-like) were achieved. Therefore, the methods used were efficient to achieve the 

irrigation water standards of wastewater with the exception of chemical oxygen demand and 

salinity (68). 

In 2020, Gilpavas et al. conducted an experiment concerning the treatment of real wastewater 

from a local jeans manufacturing plant in Colombia with a COD of 840 mg L-1
, using 

electrocoagulation and adsorption with activated carbon. The whole EC/AC process resulted 

in reductions of 96% for color, 60% for TOC (215 to 85 mg L-1), 72% for COD (from 840 to 

235 mg L-1) and toxicity was null. Moreover, the biodegradability index (BOD5/COD) 

improved from 0.13 to 0.29, indicating that the effluent is suitable for discharge (35). 

In another study, two kinds of wastewaters, from dyeing linen and from the residual effluent 

pool (REP), were subjected to electrocoagulation with the aim to reuse it in the dyeing process. 

Treatment of dyeing linen wastewater led to a maximum reduction of 24%, 65% and 80% for 

the COD, turbidity and color, respectively. After the treatment of the residual effluent pool 

(REP), at pH 7.1 which was within the range of optimum values, the water demonstrated visible 

changes, reaching removal efficiencies of 86% (56.1 Pt-Co mg L−1), 82% (2.3 NTU) and 59% 
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(196.3 mg L−1), respectively. The authors drew the conclusion that the treated REP wastewater 

can be reused in the linen dyeing process. They claimed that using treated water has no impact 

on the dyed fabric color or quality (69). 

 

1.5 Fixed-bed adsorber design 

 

With respect to the operation mode, adsorption can be usually categorized into static or batch 

adsorption, and dynamic adsorption. Batch adsorption operates in a system containing a 

certain amount of adsorbent and a determined volume of adsorbate; whereas, a dynamic 

system is normally conducted in an open system where the adsorbate solution continuously 

moves through a column which is filled with the adsorbent.  

The column adsorption is the most common alternative for the practical application of the 

adsorption process. In fact, for the practical application of the adsorption system, fixed-bed 

column investigations are necessarily required (22, 70, 71). The use of adsorption methods for 

large-scale wastewater treatment typically requires continuous operations, such as fixed-bed 

systems, as it enables high volumes of contaminated water to be treated within a shorter period 

of time. Such units might be simply scaled up from laboratory or pilot units, and the process 

can be easily monitored and operated. Continuous adsorption techniques using fixed-bed 

columns are efficient systems for a cyclic adsorption/desorption process as they are related to 

the concentration gradient. This allows the effective use of the sorbent capacity, and it increases 

the quality of the effluent.  

For preliminary studies, batch adsorption isotherms have commonly been applied. 

Nonetheless, technical systems usually apply column type processes in practice. In this 

technique, the behavior of the adsorbent in a fixed-bed column at a constant room temperature 

is investigated in order to determine the breakthrough point which is required for the column 

scale-up approach (9, 72).  

Adsorption by a granular adsorbent can be carried out by batch, column or fluidized-bed 

operation. The typical contacting systems are fixed-beds or counter-current moving beds due 

to their lower labor costs and high usage of the adsorbent adsorption capacity. Fixed beds may 

use downflow or upflow of the liquid; nevertheless, downflow is more common as the granular 

adsorbent bed may also act as a filter for suspended solids in addition to the adsorption of 

organic materials (73). 

For any fixed-bed adsorber design, to know about the breakthrough behavior of the compounds 

to be removed is an important prerequisite. Various mathematical methods are available to 

predict the breakthrough behavior of adsorbates in a fixed-bed adsorber. The methods can be 



Fundamentals 

 

42 

 

categorized into two major groups, the breakthrough curve (BTC) and the scale-up models 

(50). 

 

1.6 Scale-up approach 

 

Fornwalt and Hutchins (1966) developed a scale-up method for the design of carbon adsorption 

columns. In this approach, a breakthrough curve from a test column, either laboratory or pilot 

scale, is required as the primary experimental data (73).  

In order to predict the breakthrough behavior in full-scale adsorbers using scale-up techniques, 

BTCs must first be determined in lab-scale or pilot-scale tests (50). 

 

1.7 Iran water situation  

 

There is a general recognition that Iran is plagued by many environmental problems that have 

been locally and internationally discussed during the past four decades. Unfortunately, 

environmental sustainability receives very little heed in Iran. The government of Iran puts its 

focus on earning money from industries such as oil, car, refinery plants and the mining industry. 

Regarding the agricultural section, the government has continued to stand firmly in traditional 

methods of water management and very few changes have been made. 

This section provides an overview of the general information about Iran and the current status 

of water. The following data was extracted word for word from a paper published by Professor 

Kaveh Madani, an Iranian environmental scientist, educator, and activist, working at the 

interface of science, policy and society, under the title of “Water management in Iran: what is 

causing the looming crisis?” (74).    

“Iran is located in  West Asia, bordering the Caspian Sea in  the north,  and the Persian Gulf and 

Sea of Oman in the south. Iran is the  second-largest country in the Middle East (after Saudi 

Arabia)  and the 18th largest country in the world with an area of  1,648,195 km2. With an 

estimated  population of over 77 million, Iran is the second most populated  country in the 

Middle East (after Egypt) and the 17th  most populated country in the world.  Iran has a diverse 

topography. About 90% of Iran’s land area falls within the  Iranian Plateau. One-fourth of the 

country comprises deserts  and almost one-fourth of it is  arable. The rest is worn to  mountains 

and highlands.  Iran enjoys a large climatic variability, mainly affected by  the subtropical high-

pressure belt. Temperatures can vary  significantly (from -20 to +50 °C) throughout the country 

and during the year. January, with an average temperature  range of - 6 to 21 °C, and July, with 
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an average  temperature  range of 19 to 39 °C, respectively, are the coldest and hottest  months 

of the year in most parts of the country.  

The annual precipitation in total  is 413 billion cubic meters (bcm), but it varies greatly  across 

the country, ranging from less than 50 mm in central  Iran to about 1,000 mm at the Caspian 

coast. Average precipitation  is about 250 mm per year, less than one-third of the  average annual 

precipitation at the global level. Most of the country receives less than 100 mm of precipitation 

per year, and 75% of the precipitation of the country falls over only 25% of its area. Also, 75% 

of the precipitation is offseason, i.e. it falls when not needed by the agricultural sector. Winter 

is the season with the heaviest precipitation and only a few parts of the country (Caspian Sea 

coast, northwest and southeast) receive rainfall in summer. The considerable spatial and 

temporal precipitation variability in Iran has been the main motivation to construct numerous 

dams and large reservoirs to regulate water flows. Most (65%) of the country is considered to 

be arid, 20% is semi-arid and the rest has a humid or semi-humid climate. The total renewable 

freshwater of the country annually and the total returned water from consumption are estimated 

at 130 and 29 bcm, respectively. The annual renewable water per capita in Iran is estimated to 

be less than 1,700 m3, well below the global level (7,000 m3) and slightly above the MENA 

(Middle-East and North Africa) level (1,300 m3). 

It is argued that Iran is experiencing significant water challenges that have turned water security 

to a national priority at the moment. Despite having a more advanced water management 

system than most Middle Eastern countries, similar to the other countries in the region, Iran is 

experiencing a serious water crisis. The country is faced with serious challenges in the water 

sector, including but not limited to rising water demand and shortage, declining groundwater 

levels,  deteriorating water quality, and increasing ecosystem losses. If immediate actions are 

not taken to address these issues, the situation could become more tragic shortly. 

Drying lakes and rivers, declining groundwater resources, land subsidence, water 

contamination  and such like  are the modern water-related issues of a nation that was once 

recognized as the pioneer of sustainable water management for thousands of years. The Iranian 

water tragedy is not limited to surface waters. Iran is currently among the top groundwater 

miners in the world. It is estimated that the Iranians have already used most of their 

groundwater reserves. Declining groundwater tables have also caused significant land 

subsidence throughout the country. The excess groundwater withdrawal is hard to estimate, but 

the dramatic drop of the groundwater table (2 m per year in some parts of the country) reflects 

the extent of the consumption of the non-renewable portion of groundwater. As a result, 277 

of the 609 plains in the country are in a critical condition and the declining groundwater table 

has caused significant land subsidence in many plains throughout the country. 

The population in the metropolitan Tehran has surpassed 14 million (18% of the country’s 

population), despite its limited access to water resources. Iran has always suffered from 
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seriously inefficient agriculture that heavily relies on irrigation and consumes most of the 

country’s limited water resources. While only 15% of the country’s area is cultivated, this 

sector is responsible for 92% of the water consumption in Iran (compared to the 7% domestic 

water use and 1% industrial water use). 

The dramatic increase in population of Iran has reduced the per  capita renewable freshwater 

availability. Nevertheless, Iranians  continue to use more than 250 L of water per day per person  

and  their daily consumption can exceed 400 L per person in some  urban areas like Tehran. This 

means that Iran’s water usage is  twice the world’s standard despite its limited water 

availability.  To satisfy their high-water demand, Iranians are currently using  more than 70% of 

their renewable freshwater resources. This is insufficient to tackle the very high-water stress 

situation (75)”. 

 

1.8  Textile industry in Iran 

 

Iran's textile industry is one of the country's oldest and largest industries. It employs more than 

10% of Iran's manufacturing workforce. In 2003, the textile industry accounted for roughly 6% 

of the country's overall industrial output (76). 

Considering the population growth in Tehran, the volume of industrial wastewater produced is 

estimated at 15 liters per capita per day in 2021. The total amount of wastewater from textile 

industries in Tehran has been calculated 18,565 m3 per day. Although many studies seek to 

reduce the amount of water  used in the dyeing process or to use sustainable and 

environmentally  friendly dyeing materials, water resources shortage and environmental 

pollution remain crucial  problems in this dry climate region (77). The most commonly used 

dyes in the textile industry of Iran are listed in Table 8. 

 

Table 8 Most commonly used dyes in the textile industry of Iran 

 

Cationic dyes Anionic dyes 

Yellow 28 

 

 

 

Yellow 160 
 

Yellow 13 

 

 

Yellow 145 
 

Flavine (Yellow 40) 

 
Yellow 42 
 

Red 18 

 
Red 195 
 

Red 46 

 
Red 198 
 

Violet 16 

 
Orange 122 
 

Blue 41 

 
Orange 16 
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Cationic dyes Anionic dyes 

Blue 162 

 
Turquoise (Blue 21) 

Turquoise (Blue 3) 

 
Blue 19 

 
Navy Blue - 

 
Violet 5 

 
Black - Black b 5 

 
 Navy (Blue 222) 

 
 Black RL 31 

 
 

Currently, combined treatment of textile wastewater by biological and physical-chemical 

processes such as coagulation-flocculation is the most prevailing approach (31, 78). In Iran, 

many industries use the coagulation-flocculation process as the main method in the treatment 

of acrylic fiber dyeing effluents. The main drawback of this treatment method is related to 

producing a large amount of toxic sludge requiring combustion or disposal on lands for a long 

time. In other words, with respect to coagulation-flocculation processes, the contaminants are 

merely moved from wastewater to the sludge, which then requires careful disposal. Due to 

ineffective color removal with using this treatment process, industries need physical-chemical 

post-treatment technologies to treat their colored effluents. At present some of them still 

produce wastewater with a high amount of color (5, 30). 

 

1.9 Reuse of the treated wastewater in the textile industry 

 

Most of the studies have investigated the treatment of textile wastewater to comply with the 

discharge requirements. However, there has been a growing interest in studying on-site reuse 

of treated textile wastewater in the textile industry to substantially reduce water consumption 

by reducing the use of fresh and high-quality water (47). 

The average consumption of freshwater in the textile industry amounts to 500,000 m3 per year 

in Europa which is mainly used in textile pre-treatment, dyeing, printing and final finishing. 

On average, rinsing purposes use 60-90% of the total amount of water consumed. They clearly 

require many rinsing sequences after each step. 

Water reuse, in fact, is not a common practice in the textile industry. Contrarily, water reuse 

close to the processes has already been used for decades in several industries such as the paper 

industry, galvanic industry, cooling towers, etc. Besides, the big picture about industrial water 

reuse is that although there is sufficient legislation at the European level to justify reuse 

programs and the primary areas of application for municipal wastewater reuse in the European 

region are agriculture and urban areas, industrial water reuse has a different situation. The 

extent of water reuse used in the industry varies considerably between different industrial 
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sectors and is highly dependent on particular situations such as types of processes, the 

applications of the water, local circumstances such as water availability, the scales and places 

where water is used (79). 

Table 9 shows the general requirements for the recycled wastewater which is necessary to be 

applied in the textile wet processing and the requirements for high, moderate and low-quality 

water suggested by the European AquaFit4Use project. This is more detailed than indications 

telling only one type of process water quality which is the highest needed, i.e. this high standard 

must be complied with for very sensitive purposes such as for the preparation of dyeing liquors 

(80, 81).   

The European AquaFit4Use project (within the 7th framework program of the European 

Commission), which presented the important and useful water reuse know-how technologies 

for most water-consuming sectors in Europe such as chemicals, food, paper and textiles was 

used as a reference for water reuse requirements.  

The feasibility of reusing the treated effluent in the textile industry was assessed considering 

the respective requirements (see Table 9). Generally, water required for textile processing has 

to be of better water quality that water which is allowed to be discharged into the environment. 

High-quality water should be used for dyeing, printing and final rinse baths. Water of moderate 

quality should be applied for mercerization, desizing, washing-off stages after scouring, 

dyeing/printing and finishing, and bleaching. For screen washing in print works, washing-down 

the equipment, paste containers and floors, low-quality water can be used (80). 
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Table 9 Main requirements in reuse purposes in the textile industry 

           (Source: Ref (26) Integrated Pollution Prevention and Control, 2003) 

 

Parameter (units) High quality 

water a 

Moderate quality 

water a 

Low quality 

water a 

General 

water 

quality b 

Color Non-visible Non-visible Non-visible - 

Absorbance at each wavelength 

(AU) 

- - - <0.01 

Chemical oxygen demand – COD 

(mg O2 L-1) 

20-50 

 

200 

 

500-2000 

 

60 

pH 6.5-7.5 7.0-8.0 6.5-8.0 6.5-8.0 

Total hardness (mg CaCO3 L-1) 90 100 100 - 

Chloride – Cl− (mg L-1) 500 500-2000 3000-4000 - 

Total iron – Fe (mg L-1) 0.1 0.1 0.1 0.1 

Total copper – Cu (mg L-1) 0.005 0.05 0.05 0.05 

Total chromium – Cr (mg L-1) 0.01 0.1 0.1 - 

Total aluminum – Al (mg L-1) 0.01 - - - 

Total manganese – Mn (mg L-1) 0.02 - - 0.05 

Total suspended solids (mg L-1) - - - 10 

Turbidity (NTU) - - - 1.0 

Conductivity (μS m-1) - - - 1500 

 

 
a Requirements presented in the AquaFit4Use project (AquaFit4Use, 2010) according to water 

quality for recycled textile wastewater; 
b Requirements proposed by the AquaFit4Use project (AquaFit4Use, 2010) for recycled textile 

wastewater. 

 

Based on the AquaFit4Use project, the color parameters of the treated water with high, 

moderate and low quality should comply with reuse requirements for textile wet processing, 

i.e. non-visible color. Besides, COD of the treated water should be in between 20 and 50 

mg L-1 for high-quality water, 200 mg L-1 for medium-quality water and between 500 and 2000 

mg L-1 for low-quality water (see Table 9) (47, 79, 80). 

After all, one of the key conclusions of the AquaFit4Use project is that water reuse in small 

and medium textile enterprise requires the development of small-scale, tailor-made and very 

specific solutions with a combination of techniques (which can also be adopted from the 

conventional technologies) to produce “fit-for-use” water (79). 

Furthermore, German legislation was contemplated as it has specific color limits (spectral 

absorption coefficient (SAC)) for direct discharge of textile wastewater. Accordingly, the color 

parameters of the treated water should comply with German discharge limits into water bodies 

for textile wastewaters, i.e.: 7 m-1 for SAC436 nm, 5 m-1 for SAC525 nm and 3 m-1 for SAC620 

nm (78). 
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1.10 Reuse of the spent adsorbent in the production of LWAs 

 

As the economy grows, the demand for raw materials is gradually rising (82). Therefore, the 

effective use of raw materials and resources is an important issue facing our societies. On the 

other hand, the "take-make-use-dispose" linear economy is not a sustainable model and is 

currently experiencing difficulties. Consequently, the circular economy with the aim of 

reducing the extraction of raw materials and taking an approach to decrease the generation of 

waste has been implemented. Subsequently, various industries, including the building industry 

must adapt to new technologies and materials allowing environmentally sustainable 

construction. Recently, incorporating waste into building materials such as agricultural 

residues, wood, paper, ash or slag, plastic, cutting minerals powder or dry sludge from 

wastewater treatment plants and the like have been investigated by different researchers (83). 

As the adsorption technology in water treatment has to consider the adsorbent regeneration 

costs and/or disposal of the concentrate stream, finding a proper waste management method is 

an outstanding issue that needs addressing (1). The incorporation of the spent adsorbent in 

materials for construction can be promising to reduce the environmental impacts of the disposal 

of the generated spent adsorbents. 

 

1.10.1  Lightweight aggregates (LWAs) 

After water, aggregate is the second most common consumed raw material. Aggregate 

industry is considered the leading supplier of raw materials for the construction of buildings, 

infrastructures, for industry and environmental protection, which gives it a specifically strategic 

character. Nowadays, LWAs constitute a large part of the total quantity of aggregates planned 

for use in construction (84). A porous granular material with a loose bulk density qualifies as 

a lightweight aggregate (85). 
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 Fig. 20 Lightweight aggregate 

             (Source: http://leca.asia). 

       

Raw materials for LWAs can have a natural or artificial origin. LWAs can be generated from 

natural resources (e.g. pumice, volcanic aggregates), requiring only mechanical treatment or 

produced through thermal processes in kilns. Igneous materials such as pumice and tuffs, 

sedimentary materials namely claystone or shale, or very low-grade metamorphic rocks are the 

most widely used natural materials mostly used for LWAs production (86). 

Typically, clay, perlite and vermiculite are appropriate staring materials for the generation of 

LWAs. 

Synthetic aggregates can be defined as ceramic materials produced by thermal treatment of 

materials with expansive properties such as (i) clay, vermiculite, perlite and shale and (ii) 

industrial by-products (e.g. slags, sludge, fly ash) (84). 

One of the most extensively used types of lightweight aggregates is LWAs generated from 

expanded clay which is commercially known as “LECA” (lightweight expanded clay 

aggregate) or generated from coal fly ash referring to as “Lytag”. Pyroplasticity and formation 

of gas occur at the same time where bloating (expansion) takes place by heating materials to 

fusion temperature. The technical applications of LWAs are mainly related to high compressive 

strength and low density (18).  

In fact, artificial LWAs are produced by the rapid heating of materials capable of expanding at 

remarkably high temperatures. The sintering process is aimed at forming a mechanically 

durable and highly porous structure to satisfy the required standards of the final product (86). 

In the sintering process, the foaming or bloating phase is of crucial importance. Upon firing, 

https://www.google.de/search?q=http://leca.asia/&spell=1&sa=X&ved=2ahUKEwjk69PDgKbtAhWENOwKHRc8BQ0QBSgAegQICRA-
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the bloating phase occurs through the creation of a liquid phase which results in the formation 

of porosity in the obtained granules. In the absence of the liquid phase, the resulting gases from 

decomposition of different materials can escape. Normally, industries add some additives 

which cause foaming or bloating the materials and increase the porosity. In addition to raw 

material constituents, additives degas (i.e. the foaming or bloating agent degasses results in an 

increase in porosity) at temperatures between the softening point and the maximum firing 

temperature, and the resultant gases remain trapped within the glassy structure (84). 

The expansion behavior comprises three prerequisites for bloating at a given firing 

temperature: (1) adequate amount of liquid phase to transform the material body into a viscous 

(pyroplastic) state; (2) a gaseous emission along with the development of gas bubbles; (3) a 

liquid phase viscosity appropriate for the gas bubbles entrapment and growth that results in 

bloating (18). Hydrocarbons, coal and waxes are extensively used as artificial gas-producing 

materials in the manufacturing process of industrial LWAs (81). 

The consumption of artificial LWAs is considerably low compared to that of natural 

aggregates; however, the properties such as low density, high porosity, acceptable mechanical 

strength and inert character of LWAs extends its applications in a variety of sectors (87). 

In recent years, there has been an increasing interest in utilizing LWAs in different applications 

due to their various advantages, including higher thermal and acoustic insulation, reduction of 

dead load, and sound and fire resistance properties. Depending on the chemical and physical 

properties of LWAs which hinges upon the raw material composition and sintering process, 

they can be applied in the building industry e.g., manufacturing of lightweight concrete and 

precast structural units, marine and floating structures, road construction, gardening, insulating 

and geotechnical applications such as embankments on soft grounds and backfills behind 

retaining structure, in horticulture applications such as green roofs, and use as a reservoir for 

fertilizers and irrigating water. Nonetheless, LWAs are widely used in the production of 

building materials such as concrete blocks, lightweight concrete structures and road 

construction insulators. The application of LWAs in concrete has the following advantages: (a) 

reducing the dead load of the concrete due to the lower density of aggregates leading to a lower 

footing size (b) reducing the beam dimensions and column sizes which leads to the greater 

space availability (c) obtaining higher thermal insulation due to the porous and sintered core in 

aggregates (d) improving fire resistance caused by the existence of pores and (e) strengthening 

the concrete properties as a consequence of the spherical shape of the aggregates (88, 89). 

 LWAs to be used in concrete must have low water absorption capacity, they should be roughly 

spherical, hard, porous, with a sintered core and should have an impermeable rough surface to 

increase the cement-aggregate bond. Enhancement of the properties through thermal insulation 

and decreases the structural dead load and possibility of the construction of larger buildings 

with the same foundation size can reduce the CO2 emissions (87). 
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At present, the concrete industry is faced with a decreasing supply of natural resources used as 

raw and construction materials, i.e. aggregates and cement. Therefore, the market for LWAs is 

expected to grow as the demand for lightweight and thermally insulating concrete rises (85, 88, 

89). 

A great deal of attention has been paid to develop several types of artificial LWAs and 

geopolymer binders from various waste streams to resolve the problems. The application of 

theses LWAs in concrete has many other benefits such as management of the depletion of 

natural resources. 

Recently, a great deal of effort has been made to find the best way to use various types of waste 

materials for the manufacture of LWAs. The main reasons behind these efforts stem from the 

following points: (i) to minimize the production expenses by replacing natural raw materials 

by waste materials, and (ii) to re-use waste materials in possible applications instead of bringing 

them to landfills and paying fees for that. The applicability of various types of waste materials 

for the production of LWAs has been shown namely for organic (non-toxic) waste, sewage 

sludge ash, polishing residue, glazing waste, fly ash and waste glass (84, 88-90). 

 

1.10.2  Life cycle assessment and Monte Carlo analysis  

Life cycle assessment (LCA) has been known as one of the most extensively used sustainability 

tools to assess the environmental impacts related to WWTPs, water supply and wastewater 

management systems (91, 92). Furthermore, LCA methodologies are usually applied to assess 

waste treatment options to determine a technology with the lowest environmental impact (93). 

LCA is a standardized and comprehensive procedure using the cradle to grave approach to 

evaluate the potential environmental impacts of a process, product or activity and it is seen as 

a useful tool for decision makers. Moreover, LCA can be used to compare, contrast and choose 

between products, processes or technologies regarding the potential environmental impacts 

over the course of their life cycle. A comparative LCA requires the same functional unit as the 

functional unit gives a reference to the level of process performance and time (92, 93). 

With reference to ISO 14040 standards, the LCA has four phases including definition of the 

goal and scope, inventory analysis, impact assessment and interpretation (94). Based on ISO 

14040, life cycle inventory (LCI) phase involves the compilation and quantification of inputs 

and outputs for a product in its life cycle (95). For the life cycle inventory, all the inputs 

including material and energy and outputs of the system including emissions and waste are 

listed for the various phases of the life cycle (96). According to ISO 14040, the aim of the life 

cycle impact assessment (LCIA) phase is to evaluate and understand the significance and 
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magnitude of the potential environmental impacts for a product system in the life cycle of the 

product (95). 

Different damage categories for studying impact assessment are defined as human health, 

ecosystems and resources. Different environmental impact categories are included in the LCA 

such as ozone depletion, global warming, human toxicity, photochemical ozone formation, 

freshwater aquatic toxicity, eutrophication, acidification, land use and energy consumption 

(96). 

With reference to ISO 14040, in order to conclude and make recommendations based on the 

evaluations on the findings of either the impact assessment or inventory analysis, life cycle 

interpretation phase is carried out related to the defined goal and scope (95). 

The well-known statistical simulation method of Monte Carlo can be applied to determine the 

overall uncertainty of the final results; accordingly, to define the significance of the difference 

between various scenarios with running repeated analysis with random input values to make a 

probability distribution (96, 97). 
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Summary of chapter 1 

 

The textile industry uses various sources/raw materials, including fabrics, chemicals such as 

dyestuffs/pigments and auxiliaries. Dyes can be categorized into different groups depending 

on the chemical structure and chemical nature. Mainly two types of fibers, including natural 

and man-made are used in the textile industry. Acrylic (PAC) fibers are synthetic polymer 

fibers in which the polymer is formed by radical polymerization of acrylonitrile in a solvent or 

aqueous emulsion. The acrylic (PAC) fibers can be dyed with both cationic and disperse dyes 

since they comprise anionic groups in their structure. The wet fabric manufacturing industry 

involves processing operations such as desizing, scouring, mercerizing, bleaching, dyeing, 

finishing and printing. 

In the dyeing process, the color is imparted to fabric or yarn with a dye that can be carried out 

in a batch or in a continuous/semi-continuous system. Both types of dyeing processes consist 

of different phases, including preparation of the dye, dyeing, fixation, washing and drying. 

The textile industry is one of the main industries that uses water, dyestuffs and other chemicals 

leading to the generation of a large volume of polluted wastewater which can render the water 

resources contaminated. The water-polluting substances can increase total dissolved solids 

(TDS) and COD/BOD5 of textile wastewater and some of them are carcinogenic, mutagenic 

and toxic.  

The main conventional treatment methods for the removal of pollutants from the textile 

effluents can be categorized into physical, chemical and biological methods. Different 

treatment techniques are adsorption, membrane filtration, anodic oxidation (AO), 

electrochemical and chemical advanced oxidation processes (AOPs/EAOPs), coagulation-

flocculation and the application of pure and mixed microbial cultures under anaerobic and/or 

aerobic conditions. 

The adsorption process is an enrichment of chemical species dissolved in a fluid phase on the 

surface of a solid or a liquid. There has been a growing interest in the application of non-

conventional low-cost adsorbents, including natural materials, industrial wastes/by-products, 

agricultural wastes/by-products in water/wastewater treatment due to high cost of activated 

carbon production and difficulties in the regeneration process. Using natural clay minerals for 

water treatment may provide an applicable alternative to adsorbents owing to their abundance 

in many regions worldwide, high adsorption capacity and low-cost. Fixed-

bed column adsorption is widely used for the practical application of the adsorption process. 

For large-scale wastewater treatment, the adsorption process in continuous operations is used 

such as fixed-bed systems to determine the breakthrough point which will result in the column 

scale-up approach. 
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The Acryl Tab company exclusively dyes polyacrylonitrile fibers (PAN) with cationic dyes for 

carpet and knitwear production. Like many other textile industries in Iran, they treat the 

produced wastewater only with coagulation-flocculation as the main treatment process. Thus, 

due to inefficient color removal a necessary further treatment step is required. As textile 

industries in Iran have economic problems and cannot afford wastewater treatment with costly 

activated carbon or AOPs, low-cost adsorbents can be used alternatively. 

Different processes in the textile industry use a high volume of water. Thus, the on-site reuse 

of treated textile wastewater is of interest to many industries. The general requirements for the 

recycled wastewater which is necessary to be applied in the textile industry and the 

requirements for high, moderate and low-quality water which was suggested by the European 

AquaFit4Use project can be used as a reference to assess the quality of the treated water for 

reuse purposes. 

As the adsorption process has to consider regeneration costs and/or disposal of the produced 

waste, a focus on a proper waste management method is highly important. This can be the 

incorporation of the generated waste into building materials, including LWAs. The LWAs are 

produced by the rapid sintering of materials capable of expanding at high temperatures. The 

sintering process results in forming a highly porous and mechanically durable structure to meet 

the required standards of the final product. 

Life cycle assessment method has been known as one of the most effective sustainability tools 

for waste and wastewater treatment technologies. It has four different steps including goal and 

scope, inventory analysis, impact assessment and interpretation. All the stages have been 

defined in ISO 14040. Monte Carlo simulation method is used for the determination of 

uncertainty on results. 
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2. Materials and Methods    

2.1 Material characterization 

2.1.1 Adsorbents 

Different natural adsorbents, including the local mineral adsorbents Persian charred dolomite 

and Persian natural bentonite, and biosorbent vermicompost were chosen and studied for their 

capability to eliminate dyes from dye-contaminated groundwater. Experiments were performed 

with solutions of individual dyes (single dye solutions), a cationic or an anionic dye, or 

solutions containing mixtures of both dyes (binary dye solutions). 

Vermicompost was obtained from Golbang Yas CO., Tehran, Iran (Fig. 21 a). It was made 

from dung (bovine manure), sawdust and forest waste. It was sieved (particle size < 2 mm) and 

the obtained material was dried in a conventional oven at 60 °C for 24 h (Fig. 21 b) (6, 8). 

 

 

  Fig. 21 (a), Vermicompost farm (Golbang Yas CO.) (b), dried vermicompost 

 

Charred, i.e. thermally processed (treated at ca. 800 °C) dolomite (Fig. 22 a, b) was acquired 

from Iranian Refractories Procurement & Production CO., Tehran, Iran (8). The charring 

process includes calcination of the raw dolomite in a muffle furnace at a temperature of ca. 800 °C 

for ca. 4 hours and leads to a porous calcite magnesium oxide structure. Typically, with thermal 

processing or calcining the dolomite sample at ca. 800 C°, the magnesium carbonate 

component of the dolomite decomposes completely to magnesium oxide; however, calcium 

carbonate (calcite) remains unchanged in the sample. This partial decomposition results in 

changes in the chemical composition and porosity of the sample, particularly, in an increase in 

specific surface area and pore volume of the dolomite (8, 27, 63). 

The product was sieved to a fine powder (particle size 0.074 to 0.149 mm) (8). 

a b 



Materials and Methods 

 

58 

 

 

Fig. 22   Charred dolomite from Iranian Refractories Procurement & Production CO. 

 

Persian raw bentonite was supplied by Iran Barite Falat CO., Tehran, Iran. 'Standard' clay 

(Nanoclay, hydrophilic bentonite) was obtained from Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany (Fig. 23). Natural bentonite was sieved to a fine powder (particle size < 

0.044 mm) and was used directly  without any further purification. The particle size of the 

commercial 'standard' bentonite was ≤ 25 µm (65). 

 

 

 Fig. 23 Persian natural bentonite and standard bentonite from the Iran Barite Falat CO. 

 

Natural granular bentonite was supplied by Iran mineral products CO. in Iran (Fig. 24). The 

natural granular bentonite was sieved to a size of 1.7-2.3 mm (8-12 mesh) and was used 

directly without any further treatment (65). 
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 Fig. 24 Natural granular bentonite from Iran mineral products CO. 

 

2.1.2 Fabric dyes and stock solutions 

Basic violet 16 (BV16, C23H29ClN2, 368.9 g mol-1) and reactive red 195 (RR195, 

C31H19ClN7Na5O19S6, 1168.2 g mol-1) were purchased from Jin-Jiang Chemical Dyestuff CO. 

Ltd, Hangzhou, China, and Atul CO. Ltd, Gujarat, India, respectively (structural formulae see 

Fig. 25 a, b). All other chemicals and solvents used were supplied by Merck (Darmstadt, 

Germany). Dye stock solutions were prepared by dissolving known amounts of BV16 and RR195 

in groundwater (from Tehran, Hesarak area) and different initial concentrations were obtained 

from the stock solutions by dilution (dilution range 10-100 mg L-1 for calibration curves, and 

dilution chosen for the experiments 5-50 mg L-1) (8). 

 

 

 

 

    

Fig. 25 Structural formulae of (a) basic violet 16 (BV16) and (b) reactive red 195 (RR195)            

(Source: Ref (8, 98, 99) Khalilzadeh Shirazi E et al. (2019)) 

b 

a 
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Table 10 Characteristics of the two fabric dyes basic violet 16, reactive red 195 

                 (Source: Ref (22, 98, 99) Díaz Gómez-Treviño et al. (2007)) 

 

Parameters Basic violet 16 Reactive red 195 

 

Molecular weight (g mol-1) 

 

368.9 g mol-1 

 

1168.3 g mol-1 
 

 

Class of dye 

 

Methine dye 

 

Single azo dye 
 

 

Absorption maxima (nm) 

 

548 nm 

 

540 nm 
 

 

Molecular formula 

 

C23H29ClN2 

 

C31H19ClN7Na5O21S6 

Industrial application 

 

 

Textile, leather, preparing carbon paper, stamp 

pad inks, paints, water tracer fluorescent, as a 

component of navy blue and black inks for 

printing, ball-point pens and ink-jet printers, 

fertilizers, anti-freezes, detergents and leather 

jackets 

 

Textile industries, cellulose 

fabric dyeing, also can be 

used for cotton and viscose 

fiber printing 

 

The dyes studied were selected among the most commonly used dyes in the textile industry of 

Iran (see Table 8). The removal of the two selected dyes from single and binary solutions using 

single and binary adsorbents (mixed sorbents) which are mentioned above has not been studied 

before (65). 

Structural formulae of basic violet 16 (BV16; a) and reactive red 195 (RR195; b) (8) are shown 

in Fig. 25. Characteristics of the two fabric dyes basic violet 16 and reactive red 195 are given 

in Table 10. RR195 has been chosen in this work as an anionic dye surrogate indicator due to its 

chemical composition and environmental relevance. RR195 is a highly water-soluble anionic 

dye due to the five substituted sulfonic acid functional groups in its structure. The sulfonic 

groups occupy five separate benzene rings in RR195.  

BV16 is a cationic dye commonly used for the dyeing of acrylic fibers. It was chosen as a 

representative of cationic dyes considering its carcinogenicity, neurotoxicity and chronic 

toxicity towards humans and animals which has been studied before (6, 46, 98, 100). 

https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
https://pubchem.ncbi.nlm.nih.gov/search/
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2.1.3 Textile wastewater from Acryl Tab textile company 

The textile wastewater was collected from a wastewater treatment plant (WWTP) at the Acryl 

Tab company located in Behshahr, in Mazandaran province in the north of Iran.  

The WWTP is composed of the following main units: (i) equalization tank (ii) coagulation and 

flocculation tanks (lime Ca(OH)2 and FeCl3 addition) (iii) sedimentation tanks (see Fig. 26). 

Textile wastewater applied in this study was collected from the sedimentation tank before 

adding chlorine (see Fig. 27). In the last basin, they usually add chlorine before discharging the 

treated wastewater into the environment (see Fig. 28).  

Characteristics of the raw textile wastewater used for this study are presented in Table 16.  

 

 

Fig. 26 Wastewater treatment plant in the Acryl Tab company  

             (photo: E. Khalilzadeh Shirazi) 

 

 

Equalization  

Coagulation-

flocculation 

process 

Sedimentation 
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Fig. 27 Sedimentation basin before adding chlorine in the Acryl Tab company 

            (photo: E. Khalilzadeh Shirazi) 

 

 

  

Fig. 28 Addition of chlorine to the treated wastewater in the last basin in the Acryl Tab industry 

            (photo: E. Khalilzadeh Shirazi) 

 

 

 

Addition 

of chlorine 

Colored effluent discharge into the 

environment 
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2.1.4 Characterization of the wastewaters from different baths (dark, 

medium and pale shade) in cationic exhaust dyeing 

 

In order to characterize wastewaters of different baths (dark, medium and pale shade) in the 

exhaust dyeing process the parameters pH, temperature, COD, conductivity and color of each 

wastewater were measured. 

 

2.2 Analytical and experimental methods 

 

An UV-Vis spectrophotometer model HACH LANGE DR-6000, Germany, was used for the 

absorption measurements. During the adsorption processes, the color was determined by 

measuring the absorbance at 436, 525 and 620 nm. To specify, two different approaches were 

used for the color measurement. Firstly, the absorbance at three wavelengths (436, 525 and 620 

nm) was determined and then, the spectral absorption coefficient (SAC) or values of indexes 

of transparency DFZ (Durchsichtfarbzahl) were measured based on Eq. (7) (see chapter 3), 

with reference to method DIN EN ISO:7887 (100-103). Secondly, the Platinum-Cobalt (Pt-Co) 

technique was used at a wavelength of 400 nm. The ASTM Designation D1209, "Standard Test 

Method for Color of Clear Liquids (Platinum-Cobalt Scale)" was used to determine the 

Platinum-Cobalt color scale (KPt-Co). The Pt-Co method is not comparable to SAC (spectral 

adsorption coefficient). In 1892, the platinum-cobalt color number (Pt/Co) was developed for 

the analysis of wastewater. This method is also known as the APHA-Hazen color number. The 

samples are calorimetrically compared to an acidic solution of potassium hexachloroplatinate 

(IV) and cobalt (II) chloride, which are given a color number based on their platinum content, 

which varies from 0 to 500 (mg L-1). Only yellowish coloring is employed with this approach 

(102, 104). Thus, the results of this method are not really reliable for characterising the color 

of wastewater. 

Derivative spectrophotometry was applied for the simultaneous analysis of BV16 and RR195 in 

binary dye mixtures using a UV-Vis spectrophotometer model HACH DR-5000, Germany, 

with software Spectragryph version 1.1.2. A shaker model Unimax 1010, Heidolph CO., 

Germany, and a WiseStir JT-M6 Digital Jar Tester, Daihan CO., China, were used for the batch 

adsorption experiments. The morphology of the adsorbents was studied with field emission 

scanning electron microscopy (FESEM) using a model Sigma VP, Zeiss CO., Germany, and a 

model MIRA3, TESCAN CO., Czech Republic. X-ray diffractograms (XRD) of the adsorbents 

were determined with Cu Kα radiation using a X’ Pert Pro, Panalytical CO., England. The 

chemical composition of the adsorbents was determined with X-ray fluorescence (XRF) using 

an ED 2000, Oxford CO., England. The specific surface areas, pore volumes and mean pore 
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diameters of the adsorbents were measured with the Brunauer-Emmett-Teller N2-BET model 

BELSORP Mini, Microtrac Bel Corp., Japan. A centrifuge model 3-18KS, Sigma CO., 

Germany, was used. A peristaltic pump model Pump Drive 5006, Heidolph CO., Germany, 

was applied for continuous adsorption experiments. TDS (total dissolved solids), pH and 

conductivity were measured with a portable multimeter model HQ40D, HACH CO., Germany. 

To measure COD (chemical oxygen demand) and TOC (total organic carbon), a UV-Vis 

spectrophotometer model HACH LANGE DR-6000, Germany, and for the digestion of the 

samples, a digestion reactor model DRB200, HACH CO., Germany, were used. Spectroscopic 

studies were done with a Fourier transform infrared spectrometer (FTIR) model Spectrum 

Two, Perkin Elmer CO., USA. To analyze heavy metals of the samples, an Inductively Coupled 

Plasma-atomic emission spectroscometer (ICP) AES model Optima 7300DV, PerkinElmer 

CO., USA, was used. The loss on ignition (LOI) was determined after heating the dry samples 

at 1000 °C for 1 h in a muffle furnace (12, 69). 

The German textile wastewater discharge standard was used for the technical evaluation of the 

present study. Due to two major reasons: (i) a simple and effective procedure for color 

measurement based on DIN EN ISO:7887 has been adopted; and (ii) for the actual textile 

wastewater used in this study, the German legislation determined 7 m-1 for SAC436 nm, 5 m-1 

for SAC525 nm and 3 m-1 for SAC620 nm which follows Iranian regulations (75 mg Pt-Co L-1) 

(78). 

 

2.3 Dye analysis  

 

To analyze dyes in single and binary dye solutions, zero-order spectrophotometry and first-

order derivative spectrophotometry were applied, respectively, using a UV-Vis 

spectrophotometer. For the analysis of single dye solutions (10 mg L-1), zero-order absorption 

spectra of BV16 and RR195 were recorded in the wavelength range between 300 and 700 nm. 

The pronounced overlap of absorption bands in the spectra of binary dye solutions made it 

necessary to use derivative spectrophotometry as a viable alternative method to determine the 

concentrations of BV16 and RR195 in parallel (8, 105, 106). 

 

2.3.1 Analysis of BV16 and RR195 in single and binary dye solutions using 

zero-order spectrophotometry 

λmax value of BV16 and RR195 were 548 nm and 540 nm, respectively. In the VIS spectra of 

binary solutions containing 10 mg L-1  of each dye, the strong overlapping of the individual dye 
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absorptions impedes the direct determination of the individual concentrations from the total 

absorbance of the dye mixture (see Fig. 29) (8). 

 

 

Fig. 29 Zero-order absorption spectra of BV16 (10 mg L-1, λmax = 548 nm), RR195 (10 mg L-1, 

λmax = 540 nm), and a 1:1 mixture of both (10 mg L-1 each) 

              (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

 

2.3.2 Simultaneous analysis of BV16 and RR195 in binary mixtures using first-

order derivative spectrophotometry 

A series of measurements of the first-order derivative absorption spectra of BV16 and RR195 in 

binary mixtures led to the result that BV16 can be quantified in the presence of RR195 at 580 

nm, at which dA/dλ of the RR195 curve is zero; on the other hand, RR195 can be determined in 

the presence of BV16 at 308 nm, at which the dA/dλ of the BV16 curve is zero (see Fig. 30) (8). 
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 Fig. 30 First-order absorption spectra of BV16 (10 mg L-1), RR195 (10 mg L-1), and a 1:1 mixture 

of both (10 mg L-1 each) (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

Calibration curves of the first-order derivative spectra of BV16 and RR195 with different 

proportions were recorded. Fig. 31 provides an example for identical concentrations (1:1; w/w) 

of dyes in binary solutions using first-order derivative spectrophotometry. Fig. 32 shows a 

calibration curve with a fixed concentration of BV16 (20 mg L-1) mixed with varying 

concentrations of RR195 (2-10 mg L-1). By contrast, Fig. 33 provides information of a 

calibration curve with a fixed concentration of RR195 (20 mg L-1) mixed with varying 

concentrations of BV16 (2-10 mg L-1) (8). 
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Fig. 31 First-order derivative spectra of 1:1 mixture of BV16 and RR195 (each in concentrations 

of 2, 4, 6, 8 or 10 mg L-1) (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

 

 

Fig. 32 First-order derivative spectra of mixture of BV16 and RR195 (fixed concentration of 2 

mg L-1 BV16 and varying concentrations of 2, 4, 6, 8 or 10 mg L-1 RR195) 

              (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 
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Fig. 33  First-order derivative spectra of mixture of BV16 and RR195 (fixed concentration of 2 

mg L-1 RR195 and varying concentrations of 2, 4, 6, 8, or 10 mg L-1 BV16) 

              (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

2.4  Adsorption in batch experiments   

 

The optimization of the adsorption parameters in single dye experiments is an initial and 

necessary step to proceed to the next steps of dye adsorption in binary dye experiments and the 

adsorption of dyes from single and binary solutions using mixed adsorbents. 

To study the effect of the mass/volume ratio on the adsorption efficiency, the mass of 

vermicompost, charred dolomite, natural bentonite and standard bentonite used ranged from 

0.3-1.8 g, 0.25-2 g, 0.01-0.035 g and 0.01-0.04 g, respectively, in 0.5 L of solution (at a constant 

dye concentration of 20 mg L-1, constant impeller speed of 200 rpm, at ambient temperature, 

at the pH of the dye solution without further pH adjustment). To study the effect of the 

concentration, the initial concentrations of dye solution lay between 10 and 50 mg L-1 (at a 

constant mass/volume ratio of 1.5 g vermicompost/0.5 L, at constant mass/volume ratio of 1.5 

g charred dolomite/0.5 L, at constant mass/volume ratio of 0.025 g natural bentonite/0.5 L, at 

constant mass/volume ratio of 0.03 g standard bentonite/0.5 L, a constant impeller speed of 

200 rpm, at ambient temperature). To study the effect of the agitation rate, a variable speed 

motor was used at 100 to 300 rpm (at constant mass/volume ratio of 1.5 g vermicompost/0.5 

L, at constant mass/volume ratio of 1.5 g charred dolomite/0.5 L, at constant mass/volume ratio 

of 0.025 g natural bentonite/0.5 L, at constant mass/volume ratio of 0.03 g standard 

bentonite/0.5 L, a constant dye concentration of 20 mg L-1, at ambient temperature) (8, 65). 
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Table 11 Adsorption of dyes on different adsorbents in single dye experiments  

               (Source: Ref (8, 65) Khalilzadeh Shirazi E et al. (2019), Khalilzadeh Shirazi E et al. 

(2020)) 

Adsorbent 

 
Dye 

Concentration of 

adsorbents 

(in g L-1) 

Contact time 

(in min) 

Stirring speed 

(rpm) 

Capacity 

(mg g-1) 

CD RR195 3 80 200 7.3 

VC BV16 3 40 200 16 

NB BV16 0.05 10 200 434.8 

SB BV16 0.06 10 200 500 

 

From an environmental point of view, it is desirable that the water after treatment has a pH 

close to neutral. Thus, there was no pH adjustment in all experiments. The spectroscopic 

measurements were performed at max = 540 nm for RR195 and at max = 548 nm for BV16. At 

the end of the adsorption experiments, the supernatant was centrifuged for 10 min at 8000 

min−1. 

For binary dye experiments, solutions of dyes (500 mL) were prepared with one dye at a fixed 

concentration and the other dye at varying concentrations. For vermicompost, natural bentonite 

and standard bentonite, one set of tests was carried out at a fixed RR195 concentration (20 mg 

L-1) and varying concentrations (10-50 mg L-1) of BV16. The other set of tests was conducted 

at a fixed BV16 concentration (20 mg L-1) while selecting various RR195 concentrations (5-30 

mg L-1). In the case of charred dolomite, the RR195 concentration varied in the range of 10-50 

mg L-1 at a fixed concentration of BV16 (20 mg L-1) and at a fixed concentration of RR195 (20 

mg L-1) the concentrations of BV16 were 5-30 mg L-1. For mixed adsorbent experiments, 

optimized amounts of natural or standard bentonite and charred dolomite were mixed to 

simultaneously remove the two dyes from binary solutions. Furthermore, different sets of 

experiments were performed with a mixture of vermicompost and charred dolomite (1:1; w/w) 

studying binary dye solutions. All experiments were performed at a temperature of 20±1°C 

under constant stirring (200 rpm) and without pH adjustment.  

To evaluate the efficiency of the granular bentonite for the removal of color and COD from the 

real textile effluent, batch experiments were conducted. The influence of the experimental 

parameters of mass/volume ratio and contact time on the removal efficiency of granular 

bentonite for color and COD was studied. To study the color removal of the wastewater, 

SAC436 nm, SAC525 nm and SAC620 nm were measured. 

To study the effect of the mass/volume ratio on the removal of color at different wavelengths 

of 436, 525 and 620 nm, the mass of granular bentonite used ranged from 0.3-1 g, in 0.1 L of 

wastewater in 250 mL glass flasks. Samples were taken from the solutions at predetermined 

time intervals in order to study the isotherm and kinetics of the adsorption process. At the end 

of the adsorption experiments, the supernatants were centrifuged for 10 min at 8000 min−1. All 
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the experiments were performed at an ambient temperature of 20±1°C on a shaker under 

constant stirring at 250 rpm and at the original pH of the wastewater, without further pH 

adjustment (8, 65). 

 

 

 Fig. 34 Batch experiments using granular bentonite for the treatment of real textile wastewater 

          (Laboratory of Water and Wastewater Treatment at Azad University in Iran) 

 

2.4.1 Equilibrium isotherms 

The adsorption isotherms which are used to describe the equilibrium relationship between the 

adsorbent and adsorbate are of crucial importance in designing the adsorption systems. The 

Langmuir and Freundlich isotherms are widely used to describe the adsorption of dissolved 

pollutants. The isotherm models of Langmuir and Freundlich describe the non-linear 

equilibrium between a compound adsorbed and in solution at a constant temperature. The 

Langmuir model explains the monolayer adsorption on homogenous surfaces (8, 65). 

The non- linearized form of the Langmuir isotherm equation is given by Eq. (1): 

 

qe =
qmax   KL Ce

1+ KL Ce
                                                                                                                        (1) 

 

where qe (in mg g-1) is the amount of adsorbate on the adsorbent at equilibrium, qmax (in mg 

g-1) is the monolayer maximum adsorption capacity, KL (L mg-1) is the Langmuir constant 

related to the adsorption energy and Ce (in mg L-1) is the concentration of the sorbate in solution 

at equilibrium (65, 106). 
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The Freundlich adsorption isotherm yields essential information regarding the adsorption on 

heterogeneous surfaces through a multilayer adsorption mechanism. 

The Freundlich isotherm is described by Eq. (2): 

 

qe = KFCe
1

n⁄
                                                                                                                  (2)            

 

where qe (in mg g-1) is the amount of dye adsorbed per unit mass of adsorbent, Ce (in mg L-1) 

is the equilibrium concentration of the dye in the solution, KF (in (mg/g)(L/mg)1/n) is the 

equilibrium constant indicative of the adsorption capacity and n is the adsorption equilibrium 

constant which is a measure of the intensity of the adsorption (22, 61, 65, 106).  

The concentrations of the unadsorbed dye in all tests were calculated from the Beer Lambert 

plot with the percentage of the dye adsorbed, using Eq. (3): 

 

R (%) =
C0 − Ct

C0
× 100                                                                                                              (3)                                      

 

where R is the percentage of dye adsorbed by adsorbent, C0 (in mg L-1) is the initial 

concentration of dye molecules and Ct (in mg L-1) is the concentration of dye molecules at 

time t. At equilibrium, dye uptake by adsorbents is determined according to Eq. (4) (8, 23, 65, 

107-109).  

 

q =  
V(Ci − Ce)

M
                                                                                                                           (4)       

 

2.4.2 Adsorption kinetics  

The changes of the adsorbate adsorption versus time are normally assessed to study the rate of 

removal using a pseudo-first-order kinetic and pseudo-second-order model as described in Eq. 

(5) and (6), respectively (8, 22). 

Physical and/or chemical characteristics of the adsorbents play a pivotal role in the kinetics of 

the adsorption. Furthermore, the adsorbates effect on the adsorption mechanism (65, 110). 

The equation for the pseudo-first-order kinetics (Lagergren) is given by: 

 

qt =  qe (1 −  e−k1t)                                                                                                              (5) 
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where qe and qt (in mg g-1) are the amounts of dye adsorbed at equilibrium and at time t (in 

min), respectively, and k1 (in g mg min-1) is the rate constant. 

This model equation for pseudo-second-order kinetics can be written as follows:   

 

 qt =  
qe

2 k2 t

1+ qe k2 t
                                                                                                                         (6)  

 

where k2 (in g mg min-1) is the pseudo-second-order rate constant and qe (in mg g-1) is the 

adsorption capacity at equilibrium and qt (in mg g-1) is the adsorption capacity at any time t (in 

min) (8, 106-111). 

 

2.5 Fixed-bed column adsorption experiments 

 

The pilot-scale experimental set-up consisted of a granular bentonite fixed-bed column, a tank 

containing real textile wastewater and a peristaltic pump. The cylindrical plexiglass column 

had a diameter of 5 cm, and a height of 100 cm. The particle size of the granular bentonite was 

1.7 - 2.3 mm (8-12 mesh), the bed heights were 5, 10 and 20 cm. The colored real textile 

wastewater was pumped to the top of the column (down-flow stream) at flow rates of 5, 10 and 

20 ml min-1 with a peristaltic pump (Heidolph pump drive 5006). A layer of glass beads (2 cm) 

was placed at the end of the column to prevent the adsorbent particles from exiting the column. 

The samples of the treated effluent were collected at different intervals (every 30 min in the 

first two hours, and then, at 60 min intervals for the rest of the experiment) and were analyzed 

for the residual color concentration in the effluents. The color was measured by a UV–Vis 

spectrophotometer (HACH-LANGE DR6000) at three peak absorption wavelengths of 436, 

525 and 620 nm. Before the analysis, samples were filtered through 45 µm filters to remove 

the fibers and suspended matter (112). 
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 Fig. 35 Treatment of acrylic fiber dyeing wastewater using natural granular bentonite in a fixed- 

bed continuous system (Laboratory of Water and Wastewater Treatment at Azad 

University in Iran) 

 

Measurement of color was carried out based on the single-wavelength method with a HACH-

LANGE DR6000. The color intensity was then presented as a spectral absorption coefficient 

(SAC), which is defined by the Eq. (7). 

 

SAC (λ) =  
A (λ)×1000

D
                                                                                                               (7) 

 

where A (λ) is spectral absorbance at a given wavelength λ and D is the cell depth in mm (10 

mm or 1 cm) (102, 112). 

The effectiveness of the adsorbent granular bentonite was tested via the ability to remove color 

and COD in the fixed-bed reactor. 

The normalized effluent color intensity Ct/C0 (in mg L-1) of the effluent versus time (t, in min) 

and/or throughput volume (in L) was plotted to create breakthrough curves where Ct (in mg L-1) 

is the effluent color concentration, C0 (in mg L-1) is the influent color concentration and t is the 

time (in min). All the tests were conducted at room temperature (25 ±2 ◦C).  
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The bed volumes were obtained as follows: 

 

BV =  
VF

VR
 =  

QFt

VR
                                                                                                                       (8) 

 

where VF (in L) is the total water volume passing through the column during the adsorption 

process, VR (in L) is the fixed-bed volume of the adsorbent, QF (in L min−1) is the feed flow 

rate in the fixed-bed and t (in min) is the service time (9, 113). 

 

2.5.1 Effect of various operating parameters 

The influence of the various operating parameters such as bed height and volumetric flow rate 

on the removal of color in a fixed-bed adsorption by the natural granular bentonite was studied 

and the breakthrough curves are shown in Figs. 70-75.  

 

2.5.1.1 Effect of feed flow rate 

 

Since the flow rate controls the contact time between the solute and the adsorbent surface, is 

of crucial importance for an optimized operation of the column. 

The effect of the flow rate on the breakthrough curves was studied using flow rates of 5, 10 

and 20 mL min-1. In all the experiments, the wastewater passed a column with 100 cm in height. 

 

2.5.1.2 Effect of bed height 

 

To study the effect of bed height on the removal efficiency of the color using a fixed-bed 

adsorption column, different bed heights of 5, 10 and 20 cm were studied (9, 114). 

 

2.5.1.3 Analysis of fixed-bed adsorption 

 

The treated effluent volume Vt (in mL) was determined using the following equation: 

 

Vt = Qte                                                                                                                                   (9) 
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where Q (in mL min-1) is the volumetric flow rate and te (in min) is the time at exhaustion. 

For a given inlet concentration of feed flow rate, the maximum column capacity qc (in mg) can 

be calculated from the area above the breakthrough curve. Thus, the maximum column capacity 

will be obtained from the area under the curve of the concentration adsorbed versus time, which 

was measured by integrating the Cad (in mg L-1) versus t (in min) plot using the following 

equation: 

  

qc =
QA

1000
 =  

Q

1000
 ∫ Cads

t=ttotal

t=0
dt                                                                                        (10)         

 

Cad used in the above equation can be calculated from the difference between influent and 

effluent dye concentrations as shown below in the following equation: 

 

Cads  =  Ci – Ce                                                                                                                     (11)     

 

where Cad, Ci, Ce and Q are the concentrations (in mg L-1) of the adsorbed dye, of the influent 

dye, and the effluent dye, respectively, ttotal is the total flow time (in min), and Q is the 

volumetric flow rate (in L min-1). 

 

2.6 Scale-up approach 

 

The bed volume (BV) of the design column can be calculated from the equation below: 

 

BV =  
Q

Qb
                                                                                                                                 (12) 

 

where Q (in m3 d-1) or (in L h-1) is the design liquid flow rate, Qb (in BV h-1) is obtained from 

the breakthrough curve from an experimental pilot column and BV is the bed volume of the 

design column. 

For the design column, the mass or weight of the adsorbent, M (in kg), is calculated by: 

 

M = (BV)(ρs)                                                                                                                       (13)     
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where ρs (in kg m3) is the bulk density of the adsorbent and BV is the bed volume of the design 

column. 

The breakthrough volume, VB (in L) (for the allowable effluent solute concentration), can be 

determined from the breakthrough curve for the laboratory - or pilot-scale column. Then, the 

volume of the liquid treated per unit mass of adsorbent V′B (in L kg-1) is calculated by: 

 

V′B  =  
VB

M
                                                                                                                               (14) 

 

where M (in kg) is the mass of the adsorbent and VB (in L) is the breakthrough volume in the 

design column. 

For the design column, the mass of the adsorbent exhausted per hour, Mt (in kg h-1), is 

calculated from: 

 

Mt =  
Q

V′B
                                                                                                                                  (15)       

 

where Q (in m3 L-1) is the design liquid flow rate and V′B (in L kg-1) is the volume of the liquid 

treated per unit mass of adsorbent. 

The breakthrough time T (in h or d) in the design column is as follows: 

 

T =  
M

Mt
                                                                                                                                  (16)   

 

where M (in kg) is the mass of the adsorbent in the design column and Mt (in kg h-1) is the mass 

of the adsorbent exhausted per hour in the design column.  

For the design column, the breakthrough volume, VB (in m3) is computed from the equation 

below: 

 

VB = QT                                                                                                                                 (17)  

 

where Q (in m3 L-1) is the design liquid flow rate and T (in d or h) is the breakthrough time in 

the design column (73). 
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2.7 Reuse of the spent adsorbent in the production of LWAS 

2.7.1 Production process in the LECA company 

The LECA company uses natural clay (Fig. 36) as a raw material to produce lightweight 

expanded clay aggregate (LECA).  

 

 

  Fig. 36 Natural clay deposit in the LECA CO. in Iran 

              (photo: E. Khalilzadeh Shirazi) 

 

The production process used to obtain LWAs as LECA is composed of three steps: mixing 

process, thermal treatment and expansion process.  

The raw clay soil is finely ground in the manufacturing process. The unfired “green” granules 

are formed by extrusion or granulation by adding sufficient water (Fig. 37). The material burns 

and expands with the aid of an additive called “Mazut” (expansion process). In other words, 

after agglomeration, the ‘green’ granules are dried and then sintered in which the sintering 

temperatures in the factory are normally between 1100 °C and 1250 °C (Fig. 38). In the 

sintering process, gas generation and gas retention occur simultaneously for the clay-derived 

LWAs within the temperature profile. 
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Fig. 37 Green granules made of the spent adsorbent, water and additive (quality control 

laboratory at LECA CO.) (photo: E. Khalilzadeh Shirazi) 

 

 

 

Fig. 38 (a, b) Thermal treatment of green granules in a muffle furnace (quality control laboratory 

at LECA CO.) (photo: E. Khalilzadeh Shirazi) 

 

 a 

b 
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The manufacturing processing steps of the LECA product include: 

1- Extraction 

2- Transportation 

3- Box feeder 

4- Separation of iron  

5- Edge mill 

6- Adding water in edge mill 

7- Pugmill (mixing/homogenization, and in some cases adding water and special 

additives) 

8- Roller  

9- Drying and nodulation in drying furnace 

     10. Burning 

     11. Satellite (Rotating cooler) 

 

The thermal treatment during LECA production at LECA CO. (temperature profile see Fig. 39) 

includes: 

1- Drying: 0 to 120 °C and afterwards 120 to 600 °C 

2- Burning: 600 to 1100-1250 °C = clay sintering 

3- Cooling: 1250 °C to 100-105 °C 

 

 

  

 

  Fig. 39 The temperature profile of the LECA production process at LECA CO. 
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 Fig. 40 Installations for heat treatment of the green granules in different phases of drying, 

burning and cooling at the LECA CO. (photo: E. Khalilzadeh Shirazi) 

 

 

2.7.2 Preparation and characterization of LWAs 

The methodological framework followed in this work to prepare and sinter the LWAs was 

based on the quality control method of the laboratory of the LECA industrial plant that 

manufactures commercial LWAs from natural clay. 

The “control” LWAs from expanded clay were made with natural raw clay based on the 

procedure described below. A series of samples were produced by incorporating a certain 

percentage of the spent bentonite, and another series of LWAs were manufactured solely with 

the spent bentonite.  

The raw granular bentonite and the spent granular bentonite were ground in a ball mill 

separately to make them ready for producing LWAs. Also, the raw material (natural clay) of 

the LECA CO. was blended with different proportions of the raw granular bentonite and of the 

spent granular bentonite (10, 20, 30 and 40 wt.%). After adding water (to obtain enough 

plasticity, consistency and workability) and an expanding agent (1% Mazut), the mixtures were 

carefully homogenized, granules with a diameter of about 16 mm were formed and dried in an 

oven for one hour at a temperature of 150 °C. Afterward, the generated granules were heated 

to a temperature of 1140 °C (sintering) in a muffle furnace for 4 minutes to obtain a glassy 

material, which then was cooled.  

Compressive strength, water absorption and density of the generated expanded granules were 

determined. 
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In order to determine and assess the suitability of a material for bloating, the percentages of 

SiO2 and the fluxing elements (ƩFlux = K2O + Na2O + CaO + MgO + FeO + Fe2O3) were 

calculated. The SiO2/ƩFlux ratio has to be ≥ 2. This is essential for the generation of a proper 

viscosity during the aggregate firing, an indication of the proper chemical characteristics to 

expand if gases are developed during firing (20). 

 

2.7.3 Life cycle assessment (LCA) and Monte Carlo analysis for comparing 

textile wastewater treatment with bentonite and activated carbon 

 

In this study, LCA and Monte Carlo simulation methods were performed to evaluate and 

compare which material, which included the natural granular Persian bentonite and activated 

carbon as the reference adsorbent, is preferable from the environmental and economic point of 

view for the decolorization of the pretreated acrylic fiber dyeing wastewater at the case study 

company in Iran.   

The inventory and the impact calculations were performed on SimaPro developer 9.0.0.48 

software, and the database Ecoinvent 3 was used. For the life cycle inventory analysis, the 

experimental data was obtained directly from the company, the laboratory and SimaPro to 

ensure the high accuracy and sensitivity of the obtained results. Impact evaluations were made 

using the ReCiPe 1.10 calculation method for 3 endpoint damage categories. The endpoint 

damage categories were considered human health, resources and ecosystem. The functional 

unit selected 1 m3 of the textile wastewater. 

Due to the high variety of specific surface areas of activated carbon products which can be 

ascribed to their different chemical and physical characterization, uncertainty analysis by 

Monte Carlo was used to predict the required amount of activated carbon for the treatment of 

a certain volume of textile wastewater (1 m3) at the studied industry. The estimation of required 

activated carbon was carried out in relation to the obtained amount of bentonite for the 

treatment of the colored wastewater from the pilot-scale experiments. 

First, a certain range of specific surface area values related to different activated carbon 

products investigated in the literature was analyzed in oracle crystal ball to build a distribution 

model and to run Monte Carlo simulations.  

Regarding the scope of LCA for textile wastewater treatment in this investigation, only 

different disposal scenarios were assessed from an environmental perspective for the reason 

that the beforehand pretreatment processes at WWTP of the studied company were the same. 

The boundary definition of this LCA for wastewater treatment involves the following 

scenarios: 

 1) spent bentonite landfilling, 
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2) spent activated carbon landfilling, 

 3) regeneration of the spent activated carbon, 

4) reusing the spent bentonite in lightweight aggregate (LWAs) at LECA company.  

In the scenario of ‶spent activated carbon landfilling″, the required amount of granular 

activated carbon for the treatment of 1 m3 colored pretreated wastewater was considered. 

The scenario of ‶spent bentonite landfilling″ includes the extraction of a specific amount of 

granular bentonite from the mine which was concluded for the treatment of 1 m3 colored 

wastewater.  

In the scenario of ‶regeneration of the spent activated carbon″, heat and electricity needed for 

the regeneration of the spent activated carbon were considered. According to the literature, the 

heat (800-900 °C) required for the regeneration of AC is the same as the temperature needed 

to produce AC (115-119). 

Therefore, the relevant heat, electricity and industrial furnace production processes were added 

to this scenario which was extracted from the original AC production process in SimaPro. All 

the values related to heat and electricity were analysed in crystal ball with Monte Carlo analysis 

method and the concluded mean values were added to this scenario for conducting the 

uncertainty analysis with their related standard deviation. The material and energy 

requirements of producing and regenerating GAC and the environmental burdens of those 

material and energy inputs (coal, electricity, steam, etc.) have been obtained from the Ecoinvent 

database. 

In the scenario of ‶reusing the spent bentonite in LECA‶, transportation of the spent bentonite 

from Acryl Tab CO. (wastewater treatment plant) to the LECA company should be added. LCA 

of the spent bentonite can be explained in this way that LECA CO. provides bentonite from the 

mine, on the way to the LECA factory, bentonite will be delivered to Acryl Tab for wastewater 

decolorization and then the spent adsorbent will be transported to the LECA factory for 

lightweight aggregate (LWAs) production. The cost and environmental burden related to the 

transportation of the waste material will be paid by the LECA Co. 
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Summary of chapter 2 

 

Different natural materials, including local mineral adsorbents of Persian charred (i.e. 

treated at 800 °C) dolomite, Persian natural bentonite and a biosorbent of vermicompost 

were studied for their adsorption capacity for dye removal from dye-contaminated 

groundwater containing a cationic and an anionic dye in single and binary dye solutions. 

The dyes studied were selected among the most widely used dyes in the textile industry of 

Iran, including basic violet 16 and reactive red 195. Specifically, BV16 is commonly used 

for the dyeing of acrylic fibers. Granular bentonite, a natural local mineral material from a 

mine in Iran, was used to study the decolorization of real acrylic fiber dyeing wastewater 

collected from the wastewater treatment plant (WWTP) at the Acryl Tab company located 

in Behshahr. Characterization of the wastewaters from different baths (dark, medium and 

pale shade) in cationic exhaust dyeing was carried out in terms of pH, temperature, COD, 

conductivity and color. 

Different analytical instruments and experimental methods were used for the 

characterization of adsorbents, the raw and treated wastewater and for the absorption 

measurements in batch and fixed-bed column adsorption studies. 

The optimization of the adsorption parameters in single-dye experiments, including the 

mass/volume ratio, the effect of the dye concentration, the agitation rate and the contact 

time was carried out to proceed to the next steps of dyes adsorption in binary dye 

experiments and the adsorption of dyes from single and binary solutions using mixed 

adsorbents. 

In the absorption spectra of the two dyes studied the absorption bands severely overlap. To 

determine the concentration of the individual dyes in the binary dye experiments, a method 

based on first-order derivative spectrophotometry was developed and applied. The results 

showed that the concentration of each dye can be precisely and effectively quantified by 

using this method. 

For experiments with a mixture of two adsorbents, different sets of experiments were 

conducted. A mixture of vermicompost and charred dolomite (1:1; w/w) was used in 

experiments with binary dye solutions. A mixture with optimized amounts of natural or 

standard bentonite and charred dolomite was used to remove two dyes from the binary 

solutions simultaneously.  

For the removal of color and COD from “real” textile effluent, batch experiments with 

granular bentonite were performed. The influence of the experimental parameters of 

mass/volume ratio and contact time on the removal efficiency of granular bentonite for color 

using the parameters SAC436 nm, SAC525 nm and SAC620 nm, and for COD was studied.  
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The adsorption isotherm models of Langmuir and Freundlich were used to describe the 

equilibrium relationship between the adsorbents and adsorbates to describe the adsorption 

of pollutants. Pseudo-first- and pseudo-second-order kinetic models were used to study the 

rate of dye removal. 

For fixed-bed adsorption studies, several column tests were carried out and the effect of 

various operating parameters such as bed height and volumetric flow rate on the fixed-bed 

adsorption of color by the natural granular bentonite was studied. The breakthrough curves 

from the pilot-scale experiments (the set-up consisted of a granular bentonite fixed-bed 

column with a diameter of 5 cm and a height of 100 cm, a tank containing real textile 

wastewater and a peristaltic pump) were studied to provide the principal information for the 

scale-up approach. 

As a solution for what to do with the spent adsorbent, green granules made of the spent 

adsorbent, water and additive were made, dried and sintered in a muffle furnace. 

Compressive strength, water absorption and density of the generated expanded granules 

were measured. 

To assess the suitability of the spent material for bloating the percentages of SiO2 and the 

fluxing elements (ƩFlux = K2O + Na2O + CaO + MgO + FeO + Fe2O3) were calculated. 

The SiO2/ƩFlux ratio necessary should be ≥ 2. 

The Monte Carlo analysis method was used to estimate the required amount of activated 

carbon for the decolorization of the pretreated acrylic fiber dyeing wastewater in the Acryl 

Tab company in relation to the obtained amount of bentonite at pilot-scale experiments. 

Different disposal scenarios for textile wastewater treatment using activated carbon and 

bentonite were defined and compared from the economic and environmental points of view 

with using LCA and Monte Carlo analysis method. 
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3. Results and Discussion 

 

This study comprises several parts as follows:  

• selection and characterization of natural adsorbents (vermicompost, natural and 

standard bentonite, charred dolomite and natural granular bentonite), 

• studies on the adsorption efficiency of vermicompost, natural and standard bentonite 

for the cationic dye basic violet 16 and charred dolomite for the anionic dye reactive 

red 195 in single dye solutions (8, 65),  

• the development of an analytical method for the simultaneous analysis of the two 

fabric dyes BV16 and RR195 in binary dye mixtures,  

• studies on the adsorption of the two dyes in binary mixtures on vermicompost, 

charred dolomite, natural bentonite and standard bentonite (65),   

• studies on the mutual interactions of the dyes with single adsorbents in binary 

solutions (8),   

• the investigation of the adsorption of dyes on the mixed adsorbents in binary dye 

solutions, 

• characterization of the real pretreated acrylic fiber dyeing wastewater from the 

WWTP in Acryl Tab company, 

• studies on the characterization of the wastewaters from different baths (dark, 

medium and pale shade) in cationic exhaust dyeing, 

• studies on the removal efficiency of color and COD using natural granular bentonite 

in a continuous fixed-bed column, 

• determination of breakthrough curves for fixed-bed columns with different bed 

heights operated at different flow rates, 

• studies on the adsorption efficiency of granular bentonite for batch treatment of 

“real” textile effluent, 

• equilibrium and kinetic studies for the adsorption of dyes from real textile effluent 

on granular bentonite, 

• studies on the possibility of reusing the textile effluent treated with granular 

bentonite in the textile industry, 

• studies on the design of a fixed-bed column by a scale-up approach, 

• studies on waste management, i.e. study on the possibility of using the spent granular 

bentonite in the production of LWAs. 
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3.1  Characterization of the adsorbents 

 

Table 12 Characterization of vermicompost; chemical constituents as determined with XRF 

and elemental analysis (in ppm) 

Chemical constituents  Concentration in ppm 

Zn 20.67  

Cu 38.9  

Fe 11.05  

Ca 44.96  

Si 28.59  

Al 3.77  

Mg 1.89  

S 5.95  

Parameters Values 

TOM 48.13 % 

Humidity 63 % 

Specific surface area (m2 g−1) * 2.91 

EC (dS m-1) 2.78  

C/N 9.97 

* determined by Brunauer-Emmett-Teller N2-BET 

 

The high concentration of total organic matter (TOM) (see Table 12) in vermicompost 

originates from the raw matter source of forestry waste and animal manure such as cow 

dung as well as sawdust. The high humidity level of vermicompost (see Table 12) can be 

attributed to high amounts of hydrophilic groups (–OH, –COOH, –SH) which interact with 

water. The low surface area of vermicompost (2.91 m2 g-1) is in accordance with the 

characteristics of an agro-waste (8, 58, 120).   
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Fig. 41 Field emission scanning electron microscopic (FESEM) images of the pristine      

vermicompost 

 

The FESEM image of the pristine vermicompost shows a porous nature, a rough surface 

with a fiber-like structure and an irregular morphology (Fig. 41) which is a characteristic of 

an agro-waste (58, 122-124). 

In general, humic materials such as vermicompost have a great number of negative charges, 

which are responsible for the adsorption of the cationic dyes (125, 126). 

 

Table 13 Characterization of Persian charred dolomite, natural bentonite and standard 

bentonite; chemical constituents as determined with XRF and elemental analysis 

(in weight %) (Source: Ref (8, 65) Khalilzadeh Shirazi E et al. (2019), Khalilzadeh 

Shirazi E et al. (2020)) 

 

Chemical constituents  Values in weight % 

 Natural bentonite Standard bentonite Charred dolomite 

Al2O3 10.10 12.72 0.84 

SiO2 77.17 75.35 2.37 

Na2O 1.11 - - 

MgO 1.50 1.81 12.61 

P2O5 0.67 0.30 - 

SO3 0.97 0.59 0.51 
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Chemical constituents  Values in weight % 

Cl 0.13 - - 

K2O 0.53 0.11 - 

CaO 2.77 2.13 78.36 

Parameters    

Specific surface area (m2 g−1)* 238.34 1205.3 11.88 

* determined by Brunauer-Emmett-Teller N2-BET 

 

The main constituents of charred dolomite are MgO and CaO which are supposed to be 

primarily responsible for the adsorption of the dyes from the solution (Table 13). Other 

oxides are present only in trace amounts. 

From the analysis, it can be concluded that the main constituents of natural bentonite and 

standard bentonite are Al2O3 and SiO2 which are supposed to be principally responsible for 

the adsorption of the dyes from the solution, whereas other oxides are present only in trace 

amounts (Table 13). The contents of CaO, Na2O and K2O reflect the interlayer cations in 

natural bentonite. The presence of Na2O and K2O shows that high-silica bentonite is 

enriched with sodium and potassium (65, 113). 

The total pore volume and mean pore diameter of charred dolomite measured were 0.09 

cm3 g-1 and 32.46 nm, respectively.  

Table 14 shows product specification of standard bentonite which was provided from 

Sigma-Aldrich (Merck). 
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Table 14 Product specification of standard bentonite (Sigma-Aldrich (Merck)) 

 

Product name Nanoclay, hydrophilic bentonite 

Product number 682659 

Formula H2Al2O6Si 

Formula weight 180.1 g mol-1 

Appearance (Color) Light tan to brown 

Appearance (Form) Powder 

Loss on drying < 18.0 % 

Bulk density 600 - 1100 kg/m3 

Average particle size ≤ 25 microns 

 

 

Fig. 42 Field emission scanning electron microscopic (FESEM) images of the pristine 

charred dolomite   

 

The typical morphology of charred dolomite with a plain and approximately compact 

stratified surface with sharp edges and crumbly nature can be seen in Fig. 42 (8, 27).  
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Fig. 43 Field emission scanning electron microscopic (FESEM) images of the pristine 

natural bentonite    

 

 

Fig. 44 Field emission scanning electron microscopic (FESEM) images of the pristine 

standard bentonite    

 

Fig. 43 and Fig. 44 are the FESEM images of the respective pristine natural and standard 

bentonite depicting an irregular morphology and sheet-like structure containing various size 

particles (65). 
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3.1.1 Characterization of natural granular bentonite as the adsorbent 

used for the treatment of textile wastewater 

 

Individual physical-chemical properties of the natural granular bentonite from the Garmsar 

deposit in the region of Semnan, Iran, are shown in Table 15.  

 

Table 15 Characterization of natural granular bentonite; chemical constituents as determined 

with XRF and elemental analysis (in weight %) 

 

Chemical constituents in weight % Values 

SiO2 59.87 

Al2O3 11.01 

Fe2O3 5.48 

CaO 6.25 

Na2O 0.87 

K2O 3.61 

MgO 2.81 

TiO2 0.69 

MnO 0.18 

P2O5 0.13 

SO3 
0.08 

 

Parameters Values 

Purity (in %) 92-96 

Humidity (in %) 2.91 
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Parameters Values 

pH 9.77 

Loss on ignition, LOI (in %) 8.86 

Total Organic Carbon (TOC) (in mg kg-1) 548 

Particle density (apparent density, in g cm−3) 2.62 

Bulk density in g cm−3 
1.12 

Specific surface area (m2 g−1) * 41.83 

Total pore volume (cm3 g−1) * 0.089 

Average pore diameter (nm) * 8.55 

* determined by Brunauer-Emmett-Teller N2-BET 

 

From XRF and elemental analysis, it can be concluded that the main constituents (~ 70%) 

of the natural granular bentonite are SiO2 and Al2O3 which are supposed to be mainly 

responsible for the adsorption of the dyes from the colored wastewater, whereas other oxides 

are present only in trace amounts (Table 15). Principally, the oxides SiO2 and Al2O3 can 

originate from quartz, phyllosilicates and feldspars (20, 65). 
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 Fig. 45 Field emission scanning electron microscopic (FESEM) images of the pristine 

granular bentonite (before adsorption)   

 

A field emission scanning electron microscope was used to analyze the morphology and 

microstructure of the pristine adsorbent. The FESEM image of the pristine granular 

bentonite (before adsorption) depicting an irregular morphology, a porous nature and almost 

a sheet-like structure containing particles with various sizes is shown in Fig. 45 (65, 127, 

128). 
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Position [°2 Theta] (Copper (Cu)) 
 

Fig. 46 X-ray diffractograms of natural granular bentonite (Position °2 Theta, Cu Kα 

radiation);  

A Albite, C Clinoptilolite, Ca Calcite, I Illite, K Kaolinite, Mo Montmorillonite, 

Mu Muscovite, O Orthoclase, Q quartz   

 

A natural granular bentonite sample was characterized using an X-ray diffractometer (XRD) 

to determine the phase composition of the sample. With reference to Fig. 46, in the granular 

bentonite sample identified different phases namely montmorillonite, clinoptilolite, 

kaolinite and muscovite-illite. Some non-clay components such as quartz, feldspar (albite, 

orthoclase) and calcite can also be identified. The main phase as determined by mineral 

analysis of the raw natural material is primarily composed of montmorillonite (31%). The 

other peaks in the diffractograms of natural granular bentonite originate from impurities 

relating to quartz and feldspar. The presence of montmorillonite was confirmed by the high 

content of silica (59.87% w/w) and alumina (11.01% w/w).  

The natural raw sample studied here is similar to other common natural clay deposits which 

typically contain smectite, illite and kaolinite in addition to some non-clay components such 
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as feldspars, calcite and quartz. Other phases related to clay minerals such as muscovite 

have also been identified (18, 65). 

 

3.2  Characterization of the raw textile wastewater from Acryl Tab CO. 

 

The raw wastewater having been treated by coagulation, flocculation and sedimentation 

(clarification) had an alkaline pH of 11.6 and a COD value of 890 mg L-1 (values of a grab 

sample which cannot be considered to be representative). 

In the dye house of the Acryl Tab company, various cationic dyes and different auxiliary 

chemicals are used in the dyeing process in five different vessels (see Fig. 47). The textile 

wastewater had a yellowish-orange color characterized by a Pt-Co scale value of 456 

mg L-1, and SAC numbers of 20.2 m-1 (436 nm), 6.4 m-1 (525 nm) and 3.9 m-1 (620 nm), 

respectively (see Table 16). These color parameters of the raw wastewater comply neither 

with Iranian nor with German discharge limits into water bodies for textile wastewaters (in 

Iran: 75 mg Pt-Co L-1, in Germany: 7 m-1 for SAC436 nm, 5 m-1 for SAC525 nm and 3 m-1 for 

SAC620 nm), nor with reuse requirements for textile processing, demanding non-visible color 

(see Table 9).  

The sampling of the wastewater was carried out based on a 2-hour composite sampling. The 

samples were taken from the basin without the chlorine addition. Within 2 hours, 200 ml of 

the influent and 200 ml of the effluent of the basin were taken every 10 minutes and added 

into a container. This process was repeated every 10 minutes. After 2 hours, the container 

containing the samples were shaken strongly to obtain a homogeneous mixture. 

 

Table 16 Characterization of the raw textile wastewater from the Acryl Tab CO. 

 

Parameter Value 

Color Yellowish orange 

Color: DFZ * number/ SAC ** at  

436 nm 20.2 

525 nm 6.4 

620 nm 3.9 

Conductivity in μS m-1 2113 
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Parameter Value 

pH 11.69 

Color: Platinum - Cobalt (Pt-Co) scale *** 456 

COD in mg L-1 890 

TDS in mg L-1 1193 

 

* DFZ = "Durchsichtfarbzahl"; DIN ISO 7887:2012-04 

** SAC = Spectral absorption coefficient 

*** also called APHA color or Hazen scale, ranges from 0 (distilled water) to 500 ppm 

 

The raw textile wastewater exceeded limits for the presence of color for high, for moderate 

and as well for low-quality reuse waters according to the reuse requirements in the textile 

industry (Table 9). In addition to color, the COD should also be lowered from 890 mg L-1 

to a range listed in Table 9. Regarding conductivity, there are no determined water quality 

requirements for recycled textile wastewater presented in the AquaFit4Use project. 

However, based on general reuse water requirements for recycled textile wastewater 

proposed there and taking into account various publications and textile companies, the 

conductivity should be lowered from 2113 to 1500 μS m-1. However, demands depend on 

the purpose of water reuse.  
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Fig. 47 Different vessels in the dye house of the Acryl Tab company in Iran 

            (photo: E. Khalilzadeh Shirazi) 

 

3.3 Characterization of the wastewaters from different baths (dark, 

medium and pale shade) in cationic exhaust dyeing 

 

Analysis of different parameters such as COD, color, conductivity, temperature and pH 

from textile effluents from textile pretreatment bath, exhausted dye bath and rinsing bath 

for light, medium and dark shades was carried out (each sampling was done at 3 different 

times, i.e. 9 dyeing procedures were investigated) (see Table 17, Fig. 48). 
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Table 17 Characterization of different baths (dark, medium and light shade) in cationic 

exhaust dyeing 

 

Dark shade pH Temperature C° 
COD 

mg L-1 

Conductivity 

 μS m-1 
Color 

First rinsing 

(Pretreatment bath) 
7.46 45 1010 844 

SAC436 nm: 16.9 

SAC525 nm: 12.0 

SAC620 nm: 8.5 

 

Chemicals 

(Acetic acid, retarder) 
4.50 41 10521 1075 

SAC436 nm: 7.6 

SAC525 nm: 5.5 

SAC620 nm: 4.7 

 

Dyeing 

(Exhausted dye bath) 
4.23 70 5210 1994 

SAC436 nm: 25.5 

SAC525 nm: 41.3 

SAC620 nm: 36.8 

 

Last rinsing 

(Rinsing bath) 
6.33 28 284 1142 

SAC436 nm: 11.8 

SAC525 nm: 13.0 

SAC620 nm: 14.0 

 

 

 

Medium shade pH Temperature C° 
COD 

mg L-1 

Conductivity 

μS m-1 
Color 

First rinsing 

(Pretreatment bath) 
7.77 43 1425 851 

SAC436 nm: 12.4 

SAC525 nm: 10.9 

SAC620 nm: 9.1 

 

Chemicals 

(Acetic acid, retarder) 
4.25 43 10430 1268 

SAC436 nm: 12.6 

SAC525 nm: 11.2 

SAC620 nm: 9.6 

 

Dyeing 

(Exhausted dye bath) 
4.09 72 4620 1953 

SAC436 nm: 75.7 

SAC525 nm: 107.9 

SAC620 nm: 14.3 

 

Last rinsing 

(Rinsing bath) 
6.65 25 280 873 

SAC436 nm: 4.2 

SAC525 nm: 4.6 

SAC620 nm: 0.9 
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Pale shade pH Temperature C° 
COD 

mg L-1 

Conductivity 

μS m-1 
Color 

First rinsing 

(Pretreatment bath) 
7.59 46 1710 797 

SAC436 nm: 29.7 

SAC525 nm: 22.9 

SAC620 nm: 17.3 

 

Chemicals 

(Acetic acid, retarder) 
4.31 46 10010 1332 

SAC436 nm: 12.2 

SAC525 nm: 10.7 

SAC620 nm: 9 

 

Dyeing 

(Exhausted dye bath) 
4.04 72 3240 1966 

SAC436 nm: 17 

SAC525 nm: 12.3 

SAC620 nm: 8.9 

 

Last rinsing 

(Rinsing bath) 
6.73 23 360 881 

SAC436 nm: 4.5 

SAC525 nm: 3.8 

SAC620 nm: 3 

 

 

 

 

Fig. 48 Wastewater from different baths (dark, medium and pale shade) from cationic exhaust 

dyeing  

1 Wastewater from pretreatment bath 2 Wastewater from the step of adding    

chemicals 3 Wastewater from exhausted dye bath 4 Wastewater from rinsing bath 
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3.4 Batch adsorption studies on real textile wastewater 

Adsorption experiments were performed in batch mode. The influence of the different 

experimental parameters such as mass/volume ratio and contact time on the efficiency of 

the adsorbent to remove color and COD was studied.  

 

3.4.1 Effect of the amount of granular bentonite on the removal of color 

as determined by measurement of the SAC number at different 

wavelengths 

 

 

Fig. 49 Effect of the amount of granular bentonite on color removal, measured as spectral 

absorption coefficient (SAC) in m-1 at a wavelength of 436 nm (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 
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Fig. 50 Effect of the amount of granular bentonite on color removal, measured as spectral 

absorption coefficient (SAC) in m-1 at a wavelength of 525 nm (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 

 

 

 

Fig. 51 Effect of the amount of granular bentonite on color removal, measured as spectral 

absorption coefficient (SAC) in m-1 at a wavelength of 620 nm (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 
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To investigate the effect of the sorbent amount on the adsorption of dyes studied at different 

wavelengths (SAC 436, 525 and 620 nm), different amounts of the natural material were 

brought into contact with 100 ml of wastewater (see Fig. 49-51). As illustrated, an increase 

in the amount of the adsorbent increases the number of active sites for the adsorption 

resulting in a higher color removal. However, as the percentage of adsorbed dye molecules 

on 0.5 and 1 g of the adsorbent does not change much with time, 0.5 g granular bentonite 

was considered as the optimum amount for further experiments. In the beginning of the 

adsorption process, due to the presence of a large number of free active sites on the surface 

of granular bentonite and subsequently improvement of the dye diffusion flux to the 

adsorbent, the adsorption process accelerates. After approximately 5 min equilibration, the 

concentration of dye molecules keeps constant. 

 

 

Fig. 52 Effect of the amount of granular bentonite on color removal efficiency, measured as 

spectral absorption coefficient (SAC) in m-1 at a wavelength of 436 nm (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 
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Fig. 53 Effect of the amount of granular bentonite on color removal efficiency, measured as 

spectral absorption coefficient (SAC) in m-1 at a wavelength of 525 nm (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 

 

 

Fig. 54 Effect of the amount of granular bentonite on color removal efficiency, measured as 

spectral absorption coefficient (SAC) in m-1 at a wavelength of 620 nm (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 
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the adsorbent surface. Furthermore, the color removal increases with time from the 

beginning of the adsorption process to approximately between 20 to 30 min which can be 

seen for lower adsorbent amounts of 0.3 and 0.4 g. At first, there is a high number of free 

active sites on the surface of the adsorbent leading to a high dye diffusion flux to the 

adsorbent. A gradual increase in the adsorption rate occurs, and more and more active sites 

are occupied. This causes a decrease in the concentration gradient and a gradual decline in 

the adsorption rate leading finally to saturation, i.e. no more available adsorption sites at the 

adsorbent surface. In other words, with increasing time, saturation at the surface of the 

adsorbents translates into the reduction of the concentration gradient and the tapering off in 

the adsorption rate. After a specific time, a  constant value is reached at which no more dye 

will be removed from the wastewater (8). 

In the batch experiments the color reduction was observed 88.1% (SAC436 nm), 70.3% 

(SAC525 nm) and 71.8% (SAC620 nm). Considering the wastewater color removal, using 

SAC436 nm, SAC525 nm and SAC620 nm as indicators, the adsorption using the mineral adsorbent 

of granular bentonite suggested to be an effective decolorization method.   

 

3.4.2 Effect of the amount of granular bentonite on COD removal  

 

Fig. 55 Effect of the amount of granular bentonite on COD removal (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 
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Fig. 56 Effect of the amount of granular bentonite on color removal efficiency (experimental 

conditions: stirring speed of 250 rpm, no pH adjustment, ambient temperature, 

volume = 100 ml) 

 

The effect of the amount of adsorbent and the contact time on the removal of COD from 

real textile wastewater was also studied over a contact time of up to 180 min (see Figs. 55 

and 56). Already after 10 min, the maximum of the removal of COD was reached, which 

later only slightly changed in the course of time. After 20 min no noticeable change in the 

reduction of COD was observed for neither amount of adsorbent indicating this to be a 

sufficiently long time to attain equilibrium. The most rapid reduction in COD occurred 

within the first 10 min of the adsorption process which might be attributed to the presence 

of a large number of binding sites on the surface of the adsorbent, due to the rapid attachment 

of solute to the adsorbent surface. Afterwards, the saturation of the available binding sites 

on the granular bentonite surface leads to a slowdown of the adsorption process. 

In addition, the results show that by increasing the mass of the adsorbent from 0.3 g to 1.5 

g, the dye removal efficiency at an equilibrium time of 20 min increased from 50% to 55% 

(Fig. 56). With the increase in the amount of adsorbent up to 0.5 g the COD removal 

efficiency increased, while higher amounts did not lead to further changes. Thus, an amount 

of 0.5 g granular bentonite was selected as the optimized amount.  
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3.4.3 Equilibrium isotherm studies 

 

 

Fig. 57 Langmuir isotherm of the adsorption of color (determined as SAC436 nm) on granular 

bentonite 

 

 

 

Fig. 58 Freundlich isotherm of the adsorption of color (determined as SAC436 nm) on granular 

bentonite 
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Fig. 59 Langmuir isotherm of the adsorption of color (determined as SAC525 nm) on granular 

bentonite 

 

 

 

 

Fig. 60  Freundlich isotherm of the adsorption of color (determined as SAC525 nm) on granular 

bentonite 
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Fig. 61 Langmuir isotherm of the adsorption of color (determined as SAC620 nm) on granular 

bentonite 

 

 

 

 

Fig. 62 Freundlich isotherm of the adsorption of color (determined as SAC620 nm) on granular 

bentonite 
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Table 18 Isotherm parameters of the adsorption of color determined as SAC on granular 

bentonite 

Isotherm Parameter Unit Value R2 

SAC436 nm     

Langmuir  KL L mg-1 0.29 0.9979 

 qmax mg g-1 9  

Freundlich KF mg g-1 0.26 0.9835 

 1/n mg L-1 0.64  

SAC525 nm     

Langmuir KL L mg-1 0.19 0.9998 

 qmax mg g-1 1.41  

Freundlich KF mg g-1 0.49 0.9992 

 1/n mg L-1 1.51  

SAC620 nm     

Langmuir KL L mg-1 0.26 0.9984 

 qmax mg g-1 1.2  

Freundlich KF mg g-1 0.33 0.9933 

 1/n mg L-1 1.37  

 

The graphs of the Langmuir and Freundlich equilibrium isotherms of the adsorption of color 

on granular bentonite are presented in Figs. 57-62. The  correlation coefficients of the 

Langmuir isotherms were higher than those of the Freundlich isotherm; thus, the Langmuir 

model better describes the adsorption process of color on granular bentonite for all three 

wavelengths (SAC determined at 436, 525 and 620 nm). This indicates that the removal of 

color occurs via a monolayer adsorption process. The isotherm constants were calculated 

and are presented in Table 18. The higher value of KL for SAC436 nm compared to the 

SAC525 nm and SAC620 nm can be related to the physical-chemical properties of the cationic 
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dyestuffs applied for dyeing and subsequently present in the wastewater, which is explained 

in section 2.1.1. 

Moreover, the Freundlich constant, n, was also calculated. The Freundlich constant n was 

found to be > 1 based on SAC436 nm which indicates that the adsorption is more favorable 

for dyes absorbing at this wavelength compared to the other wavelengths studied. It can be 

associated to the structure and physical-chemical properties of the dyestuffs (8, 65). 

 

 

Fig. 63 Removal of color (determined via SAC436 nm) from textile wastewater applying 

granular bentonite, a pseudo-second-order equation was used 
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Fig. 64 Removal of color (determined via SAC525 nm) from textile wastewater applying 

granular bentonite, a pseudo-second-order equation was used 

 

 

 

Fig. 65 Removal of color (determined via SAC620 nm) from textile wastewater applying 

granular bentonite, a pseudo-second-order equation was used 
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Table 19 Parameters of the pseudo-second-order kinetics of dye adsorption on granular 

bentonite 

SAC 
Adsorbent 

dosage (g) 

 

qe,exp (mg g-1) 

k2  

(g/mg min) 

 

qe,cal (mg g-1) 

 

R2 

 

 

436 

 

0.3  5.12 0.08 5.74 0.999 

0.4 4.14 0.25 4.37 0.9998 

0.5 3.56 9.06 3.56 1 

1 1.79 18.24 1.79 1 

525 

0.3  1.31 0.79 1.31 0.9996 

0.4 1.05 2.22 1.05 0.9999 

0.5 0.90 15.3 0.90 1.0000 

1 0.45 

 

12.2 

 

0.45 

 

1.0000 

620 

0.3  0.80 1.73 0.80 0.9996 

0.4 0.65 4.43 0.65 0.9999 

 

 

 

 

 

 

0.5 0.56 15.09 0.56 1.0000 

1 0.26 12.75 0.28 1.0000 

 

3.4.4 Kinetic analysis 

Figs. 63-65 provide information on the results of the kinetic studies of color adsorption on  

the adsorbent studied at different wavelengths (SAC at 436, 525 and 620 nm, respectively). 

The results showed that the adsorption processes follow more satisfactorily a pseudo-

second-order model (similar qe for experiment and model as well as a high value of R2) 

indicating that the adsorption process is most likely based on chemical adsorption. The type 

of the adsorption (chemisorption) can be related to the interaction of the cationic dyestuffs 

with the surface of the adsorbent (see the structure of the dyestuffs in section 2.1.1). With 

reference to literature, the adsorption on the raw (natural) montmorillonite (the main 

component of bentonite) is through both cation exchange and electrostatic attraction 

between cationic dyes and negatively charged surface of montmorillonite. 
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The overall charge of bentonite is neutral, and the lattice of this mineral material has an 

excess negative charge. Bentonite has three-layer structure with two tetrahedral silicate 

layers enveloping an octahedral aluminate layer. This derives from the partial substitution 

of tetravalent silica with trivalent aluminum that results in the replacement of trivalent 

aluminum with divalent calcium. The surface lattice of the bentonite clay with a negative 

charge allows an interaction with cationic dyes. In other words, owing to the isomorphous 

substitution (Al for Si), bentonite has excess negative charges, although natural bentonite 

has an overall neutral charge. Exchangeable cations between the layers from the external 

medium compensate for this kind of negative charge. The exchangeable cations like sodium 

ions diffuse away from the solid surface when water comes into contact with bentonite 

giving negative charges to the clay surface. Negative charges on the surface of clay layers 

attract dye cationic ions. Due to electrostatic attraction, the negatively charged sites of the 

bentonite favor the adsorption of cationic dyes.  

A kind of the cation exchange is possibly the driving force for the adsorption of the cationic 

dye (12, 65, 128).   

 

 

 

Fig. 66 Langmuir isotherm of the adsorption of COD on granular bentonite 
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Fig. 67 Freundlich isotherm of the adsorption of COD on granular bentonite 

 

Table 20 Isotherm parameters of the adsorption of COD on granular bentonite from textile 

wastewater 

Isotherm Parameter Unit Value R2 

Langmuir  KL L mg-1 0.002 0.956 

 qmax mg g-1 5.04  

Freundlich KF mg g-1 35.191 0.9909 

 1/n mg L-1 14.145  

 

 

The Langmuir and Freundlich equilibrium isotherms of COD on granular bentonite studied 

are presented in Figs. 66 and 67. The higher correlation of the Freundlich isotherm  shows 

that the Freundlich model better describes the adsorption process of COD on granular 

bentonite. This indicates that the adsorption of COD occurs according to a multilayer model. 

The low value of KL indicates a low removal efficiency of granular bentonite for COD. The 

Freundlich constant n was calculated to be < 1 which indicates that granular bentonite is 

unfavorable for COD removal (see Table 20). 
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Fig. 68 Removal of COD from textile wastewater applying granular bentonite using a 

pseudo-second-order equation 

 

Table 21 Kinetic constants of the adsorption of COD from textile wastewater onto granular 

bentonite 

Adsorbent dosage (g) qe,exp (mg g-1) 
k2  

(g mg min-1) 
qe,cal (mg g-1) R2 

0.3  156.25 0.82 155.67 0.9998 

0.4 156.25 1.77 156.67 1.0000 

0.5 94 1.79 94.33 0.996 

1 48 0.094 47.61 1.0000 

1.5 32.07 1.77 32.05 0.9999 
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All in all, it was found that the efficiency of natural granular bentonite to remove COD and 

color from the effluent after treatment with granular bentonite depended on the reaction time 

and the amount of the adsorbent. At best, under the optimum conditions, COD concentration 

could be lowered from an initial 890 mg L-1 to 403 mg L-1, i.e. 54.7% of COD was removed. 

The batch results demonstrated that based on SAC measurements the color reduction was 

88.1% (SAC436 nm), 70.3% (SAC525 nm) and 71.8% (SAC620 nm), respectively. This shows that 

the treatment by adsorption on granular bentonite can decrease the color of the wastewater 

to a higher degree than COD. This can be attributed to the fact that water-soluble compounds 

such as acetic acid or formic acid, maybe surfactants and so forth do not adsorb on the 

adsorbent whereas the physical-chemical properties of the cationic dyestuffs are much more 

favorable for adsorption. 

 

 

Fig. 69 Field emission scanning electron microscopic (FESEM) images of the spent granular 

bentonite (after adsorption) 

 

The FESEM image of natural granular bentonite after the adsorption of dyes is shown in 

Fig. 69. The surface appears less porous and more homogeneous. This suggests that the dye 

molecules have penetrated into the pores and have “coated” the surface of granular 

bentonite, a prerequisite for an effective adsorption (127). 

 

3.4.5 Fixed-bed column adsorption experiments 

As a conclusion from the previous batch results, among the other investigated adsorbents of 

powdered bentonite, charred dolomite and vermicompost, the naturally occurring granular 
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bentonite was selected for the column tests. The reason for this selection was that the 

acrylic-textile dyeing wastewater to be decolorized only contains cationic (and no other) 

dyes. According to the previous experimental results conducted in this thesis, charred 

dolomite can merely adsorb the anionic dyes due to its positive surface charge. Regarding 

vermicompost, although it has a negative surface charge, its adsorption capacity achieved 

for cationic dyes was low. Powdered bentonite had a high adsorption capacity for cationic 

dyes due to its negative surface charge and high specific surface area.  

The use of powdered clays in packed columns seemed to be not feasible since clays are 

made up of extremely fine particles, and their swelling capacity would likely result in 

substantial head losses and lead to clogging of the packed columns. Thus, to prevent the 

clogging effect in the column, the granular bentonite was selected to be used in the fixed-

bed column tests rather than using the powdered bentonite.  

As the breakthrough curves from the laboratory or the pilot-scale experiments are required 

to provide the principal information for the scale-up approach, several column tests were 

carried out to obtain the necessary data. 

To study the ability of the natural mineral material “granular bentonite” to remove color 

from real textile wastewater tests were performed in a fixed-bed column reactor. The 

column was 1 m in height and had a diameter of 5 cm. The dependence of the flow rate and 

bed height on the removal efficiency of bentonite for  color and COD was investigated.  

The breakthrough curves for adsorption studies were constructed by plotting the normalized 

effluent color intensity C1/C0 (in mg L-1); C1 and C0 are the effluent and influent dye 

concentrations, respectively, versus time t (in min) and throughput volume (in L). 

Initially, different ranges of the flow rate with special focus on the head loss were 

analyzed with a column with a bed height of 5 cm, and finally, the flow rate range of 5 to 

20 ml min-1 was selected for further experiments in order to determine the optimum flow 

rate.   
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3.4.5.1 Experimental breakthrough curves for different bed heights and 

flow rates 

 

 

 

Fig. 70 Comparison of different breakthrough curves (C/C0 versus time) at a constant bed 

height of 5 cm with different flow rates of 5, 10 and 20 ml min-1, absorbance at 

SAC436 nm (no pH adjustment, ambient temperature) 

 

 

Fig. 71 Comparison of different breakthrough curves (C/C0 versus throughput volume) at a 

constant bed height of 5 cm with different flow rates of 5, 10 and 20 ml min-1, 

absorbance at SAC436 nm (no pH adjustment, ambient temperature) 
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With reference to Fig. 70, breakthrough time and the exhaustion time of the color adsorption 

determined via SAC436 nm with influent flow rate 5 ml min-1 and a bed height 5 cm were 360 

min and 600 min, respectively. Treated water volumes (Vb) at the breakthrough time and 

exhaustion time were found to be 1.8 L (see Fig. 71) and 3 L, respectively.  

According to Fig. 70, breakthrough time and exhaustion time of the color adsorption 

determined via SAC436 nm with influent flow rate 10 ml min-1 and bed height 5 cm were 180 

min and 420 min, respectively. Treated water volumes (Vb) at the breakthrough time and 

exhaustion time were found to be 1.8 L (see Fig. 71) and 4.2 L, respectively.  

According to Fig. 70, breakthrough time and exhaustion time of the color adsorption 

determined via SAC436 nm with influent flow rate 20 ml min-1 and bed height 5 cm were 30 

min and 360 min, respectively. Treated water volumes (Vb) at the breakthrough time and 

exhaustion time were found to be 0.6 L (see Fig. 71) and 7.2 L, respectively.  

 

 

 

Fig. 72 Comparison of different breakthrough curves (C/C0 versus time) at a constant bed 

height of 5 cm with different flow rates of 5, 10 and 20 ml min -1, absorbance at 

SAC525 nm (no pH adjustment, ambient temperature) 
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Fig. 73 Comparison of different breakthrough curves (C/C0 versus time) at a constant bed 

height of 5 cm with different flow rates of 5, 10 and 20 ml min-1, absorbance at 

SAC620 nm (no pH adjustment, ambient temperature) 

 

 

 

Fig. 74 Comparison of different breakthrough curves (C/C0 versus time) at a constant flow 

rate of 5 ml min-1 with different bed heights of 5, 10 and 20 cm, absorbance at 

SAC436 nm (no pH adjustment, ambient temperature) 
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Fig. 75 Comparison of different breakthrough curves (C/C0 versus throughput volume) at a 

constant flow rate of 5 ml min-1 with different bed heights of 5, 10 and 20 cm, 

absorbance at SAC436 nm (no pH adjustment, ambient temperature) 

 

 

 

Fig. 76 Comparison of different breakthrough curves (C/C0 versus time) at a constant flow 

rate of 5 ml min-1 with different bed heights of 5, 10 and 20 cm, absorbance at 

SAC525 nm (no pH adjustment, ambient temperature) 
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Fig. 77 Comparison of different breakthrough curves (C/C0 versus time) at a constant flow 

rate of 5 ml min-1 with different bed heights of 5, 10, and 20 cm, absorbance at 

SAC620 nm (no pH adjustment, ambient temperature) 

 

Breakthrough times of the color removal using adsorbent bed heights of 5, 10 and 20 cm 

were 360, 540 and 960 min, for flow rate of 5 ml min-1, respectively (See Fig. 74). The 

respective exhaustion times were 600, 840 and 1140 min. Treated water volumes (Vb) at the 

breakthrough time for adsorbent bed heights of 5, 10 and 20 cm were found to be 1.80 L, 

2.70 L and 4.8 L for the flow rate of 5 ml min-1, respectively (See Fig. 75). Furthermore, 

treated water volumes (Ve) at the exhausting time were 3 L, 4.2 L and 5.7 L for the flow 

rates of 5 ml min-1
, respectively.  

 

3.4.5.2 Analysis of fixed-bed adsorption data 

3.4.5.2.1 Dependence of adsorption efficiency on the flow rate  

 

The column reactor with a filled with granular bentonite (bed heights: 5, 10 and 20 cm) was 

operated at three different flow rates of 5, 10 and 20 ml min-1 using the actual textile 

wastewater.  

When wastewater is fed into the column, most of the mass transfer occurs near the bed inlet, 

where the fluid first contacts the material in column. The service time of the column, which 

can be defined as the time the adsorbed dye molecules break through the column bed and 

are detected in the effluent, is used to assess its overall performance for each bed volume of 

bentonite material. When the column is considered saturated, its operation can be terminated 

(129). 
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concentration of color was detected in the effluent. In other words, a relatively high removal 

of color was observed when the wastewater initially came in contact with the new porous 

adsorbent, this gradually changed with time until the breakthrough profile was developed. 

In fact, the breakthrough curves demonstrated an initial color removal followed by a gradual 

decrease with increasing time till saturation. 

The colored wastewater as sorbate is continuously in contact with the given quantity of fresh 

granular bentonite as sorbent in the studied fixed-bed adsorption, providing the requisite 

concentration gradient between bentonite and cationic dyes for sorption. However, as the 

colored wastewater continuously enters and leaves the column, the equilibrium is never 

achieved at any stage (130). 

The results of the experiments concerning the effect of different flow rates on the fixed-bed 

adsorption of color on granular bentonite showed that the parameter of flow rate affects the 

breakthrough curve (C/C0 versus time or throughput volume). The breakthrough curves 

showed that at a lower flow rate of 5 ml min-1 the curves tended to be more gradual. In 

contrast, at relatively higher flow rates, i.e. 10 and 20 ml min-1, the breakthrough curves 

were steeper. In conclusion, increasing the flow rate in the granular bentonite bed resulted 

in a decrease in color removal efficiency (see Fig. 70). This is due to the fact that at higher 

flow rates, the flow of the adsorption zone through the bed is faster which decreases the 

time for adsorption of dyes on the granular bentonite bed. Therefore, it can be concluded 

that a low contact time between the adsorbate and adsorbent leads to a reduction in the 

adsorption efficiency of the granular bentonite bed (113). In other words, the number of 

dyes adsorbed onto the adsorbent decreased with an increase in the flow rates, because the 

contact time between the solute in the fixed bed is directly related to the flow rate, and a 

large contact time will allow a higher amount of dye to be adsorbed. On the other hand, the 

concentration of color adsorbed onto the natural adsorbent increased with decreasing flow 

rates since the residence time of the solute in the fixed bed is directly proportional to the 

flow rate, and a longer residence time will allow a higher amount of dye to be adsorbed. In 

fact, the flow rate is an important parameter as it controls the contact time between the 

adsorbate and adsorbent surface. A decrease in the breakthrough time as well as the 

exhaustion time at a higher flow rate of 20 ml min-1 and at a lower bed length of 5 cm may 

be due to the rapid occupation the adsorption sites (9). In contrast, lower flow rate (5 ml 

min-1) and higher bed height (20 cm) were found to improve the performance of the 

adsorption column due to the higher retention time facilitating sufficient contact time for 

efficient bonding of dye molecules to the active sites of the adsorbent and the diffusion 

processes of dye molecules into the pores; consequently, longer breakthrough and 

exhaustion times do result (Fig. 70 and Fig. 74). 
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In particular, the volumetric flow rate of the wastewater can affect the rate of change in bed 

capacity in two ways. The higher the volumetric flow rate of the liquid, the lower is the 

external film mass resistance on the surface of the adsorbent due to the additional velocity 

shear, thereby reducing the film thickness. At the same time, the residence time of 

wastewater in adsorbent bed decreases as the volumetric flow rate of the wastewater 

increases. This will reduce the time it takes for the adsorbed molecules to penetrate and 

diffuse into the center of the adsorbent. 

Regarding the adsorption mechanism, cationic dyes carry positive charge which can enter 

into the precursor bentonite via cationic exchange reaction. In other words, cationic dyes 

are adsorbed on the clay via cationic exchange mechanism between cations and the 

exchangeable ions of bentonite. In conclusion, the uptake of cationic dyes on bentonite is 

carried out by both cation exchange and electrostatic attraction between the cation of dyes 

and negatively charged surface of bentonite (131). 

 

3.4.5.2.2 Dependence of adsorption efficiency on the bed height 

 

Figs. 70 and 71 suggest that a flow rate of 5 ml min-1 is an optimized flow rate for higher 

color removal  efficiency. 

Fig. 74 shows the breakthrough curves for columns with bed heights of 5, 10 and 20 cm 

operated at a constant flow rate of 5 ml min-1. A higher adsorbent bed height means that due 

to the larger amount of the adsorbent being passed in sum a larger surface area for adsorption 

is available which should correlate also with an increased number of binding sites. Thus, 

the breakthrough point for lower bed heights can be reached - as expected - earlier than in 

the case of columns with larger ones. In other words, the breakthrough time and the 

saturation/exhaustion time both increased as the bed height from 5 to 20 cm was increased. 

This is due to the fact that the mass transfer zone had to travel farer from the bed's entry 

point to its exit point. At a longer bed height, the increase in the breakthrough time could 

be related to the moving time of the mass transfer zone and longer distance between two 

ends of the column (see Fig. 74). The mass transfer zone is the area where most of the 

concentration change happens. With increasing bed height, the slope of the breakthrough 

curve decreases, resulting in a broadened mass transfer zone. Due to the precedence of the 

axial dispersion over mass transfer when the bed height is reduced, the concentration of 

solute does not have enough time to diffuse into the entire bed of sorbent, decreasing solute 

diffusion (129). 

The early exhaustion of the packed bed occurred with decreasing the bed height which 

caused the breakthrough curves to become steeper indicating faster saturation (600 min for 

the column with 5 cm bed height, 840 min for the one with 10 cm bed height and 1140 min 
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for the one with 20 cm bed height). The saturation time for the column with a higher mass 

of the adsorbent was greatly higher compared to the column with a lower amount of the 

adsorbent. The fact that more adsorption sites in a higher mass of the natural material are 

available results in the smaller gradient of its breakthrough curve.  

The volume of the treated water at the breakthrough times and the exhausting times 

increased with an increase in bed height.  

Concluding from the results of Fig. 74, the optimum conditions for the operation of the 

column with regard to the removal efficiency of color are: 20 cm bed height and a flow rate 

of 5 ml min-1. At these parameters the breakthrough point was reached after 16 h and it 

lasted longest to reach the saturation point. At higher adsorbent bed height, a longer time 

was required for the available active sites of the adsorbent to be fully saturated resulting in 

a higher efficiency of adsorption. Therefore, breakthrough times and exhaustion times 

increased with the decrease of the flow rate and the increase of the adsorbent bed height. 

The curves were similar to a classic “S-shaped” breakthrough curve at a lower flow rate (5 

mL min-1) suggesting a slower process and a higher color removal efficiency (9, 113). 

 

 

Fig. 78 Dependence of the COD removal efficiency of natural granular bentonite in columns 

of different bed heights (5, 10 and 20 cm) operated at various flow rates (5, 10 and 

20 mL), (no pH adjustment, ambient temperature) 

 

According to Fig. 78, for all bed heights the COD removal efficiencies were almost identical 

with slight differences at different flow rates. Thus, the amount of adsorbent did not have a 

major effect on the removal of the COD. At higher bed heights, COD removal is slightly 
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greater due to the longer residence time (higher contact time between the adsorbent and the 

adsorbate). 

One of the advantages in using natural granular bentonite for the treatment of wastewater in 

a fixed-bed column is that due to the expansion (swelling) of the granular bentonite package 

observed in the column, the adsorbent gets more effectively packed, thereby decreasing the 

channeling along the walls of the column and between individual particles. This leads to 

better contact and interaction with the bulk solution, enhancing the mass transfer of the dye 

molecules which reduces the concentration of the dye in effluent (9). 

 

3.4.6 Reuse of the treated textile wastewater in the studied textile industry 

To comply with reuse requirements in the AquaFit4Use project mentioned in Table 9, the 

color of the treated effluent should be below certain detection limits ("non-visible") for all 

kinds of reuse waters (low- to high-quality water). According to the results, the effluent at 

the breakthrough point treated in the fixed-bed column (20 cm adsorbent height, 5 ml 

min-1 flow rate) not only fulfils the requirement for reuse in textile processing (non-visible) 

(see Fig. 79) but it also meets German and Iranian legal requirements for discharge. To 

compare and comply with Iranian legislation for discharge, the color should be lowered 

from 456 to 75 mg Pt-Co L-1
. By treatment in the fixed-bed adsorption column, 32 mg Pt-

Co L-1 was reached which is below the determined limit demanded by Iranian standards. 

The color of the treated effluent reduced as determined via SAC went down from 20.2 to 

3.9 for SAC436 nm, from 6.4 to 1.5 for SAC525 nm and from 3.9 to 1.4 for SAC620 nm, this also 

fulfils German discharge limits. 

The COD of the effluent after treatment in the fixed-bed column decreased from 890 

mg L-1 to 382 mg L-1 which meets the allowed COD range for “low-quality water” 

mentioned in Table 9. 

There is no limitation for the parameter "conductivity" in “low- to high-quality water” 

requirements determined by the AquaFit4Use project. Nevertheless, the conductivity of the 

effluent after treatment reached 1565 μS m-1 (initial value: 2113 μS m-1) and the pH reached 

8.15 (initial value: 11.69). Thus, the parameter conductivity fulfils the “general water reuse” 

limitation and the pH meets the requirements for “medium- to low-quality water” (Table 9). 

To comply with the heavy metal concentration limit of the “low-quality water”, Fe, Cu and 

Cr should be below 0.1, 0.05 and 0.1 mg L-1
, respectively according to the reuse limitations 

in Table 9. The measurements of heavy metals by ICP AES for the treated wastewater after 

the fixed-bed adsorption showed that the Cu concentration (0.02 mg L-1) is below the 

standard limit and the Cr concentration (0.12 mg L-1) is almost equal to the suggested limit 
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value. However, Fe (1.97 mg L-1) (this higher value might be ascribed to the addition of 

FeCl3 to wastewater in coagulation-flocculation process) exceeded the reuse requirements 

for “low-quality water” suggested in the AquaFit4Use project. The concentration of heavy 

metals of the water for “fibers rinsing” (pretreatment step before dyeing) which is reused 

several times for washing the fibers, washing down the equipment, and for washing the floor 

in the Acryl Tab company were measured to be 0.005 mg L-1 for Cu, 0.05 mg L-1 for Cr and 

0.937 mg L-1 for Fe. The results showed that the concentration of Fe in the treated water 

from the continuous fixed-bed adsorption system is close to the value measured in the water 

used for the pretreatment step. However, recycled water can only be used for very low-

quality purposes. Besides, the total hardness of the treated water was measured to be 340 

mg CaCO3 L-1 which is higher than the required reuse standard limit suggested by the 

AquaFit4Use project (100 mg CaCO3 L
-1). However, in the Acryl Tab company, the reused 

water (for washing the fibers in the pretreatment step) showed a higher value for the total 

hardness (345 mg CaCO3 L
-1

: the average value between 220 and 480 mg CaCO3 L
-1) than 

the standard limit. It should be noted that the COD of the reused water for the pretreatment 

bath measured was 6500 mg L-1 (average value between 5870 mg L-1 and 7650 mg L-1) 

which not only is much higher than the proposed COD reuse limit in the AquaFit4Use 

project but also it is higher than the COD of the treated wastewater obtained from the 

adsorption process using granular bentonite. The chloride concentration of the treated 

wastewater from the adsorption process was 84.2 mg L-1 which is much less than that of the 

standard limit for high quality water (500 mg L-1). The chloride amount in the reused water 

of the studied industry was 303.2 mg L-1. 

Therefore, the treated water obtained after the fixed-bed adsorption process can be 

recommended to be used in the studied industry for rinsing the fibers in the pretreatment 

step, washing down the equipment and washing the floors. 
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Fig. 79 Treated real acrylic fiber dyeing wastewater using fixed-bed column            

(Laboratory of Water and Wastewater Treatment at Azad University in Iran) 

 

 

Fig. 80 Pretreatment of the fibers in the Acryl Tab CO. 

           (photo: E. Khalilzadeh Shirazi) 
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3.4.7 Fixed-bed column design by the scale-up approach 

 

The purpose of this part of the work was to suggest a design for an up-scaled packed-bed 

column based on the pilot-scale experimental data, i.e. the breakthrough curve parameters. 

The data used in the following calculations were obtained from different experimental pilot-

scale columns with different bed heights (5, 10 and 20 cm). The treated water at 

breakthrough points of all bed heights was concluded suitable to be used for reuse in 

washing purposes (as low-quality process water according to the Aquafit4use project) in the 

studied industry. 

A breakthrough curve is shown in Fig. 74. The data used in the following calculations was 

obtained from an experimental pilot-scale column (5 cm bentonite bed height) operated at 

3.06 BV/h. Other data related to the pilot-scale column are as follows: inside diameter: 5 

cm, length: 1 m, mass of granular bentonite 0.11 kg and packed carbon density 1120 kg/m3. 

The scale-up approach was used to determine the design bed volume in m3
,
 the design mass 

of granular bentonite required in kg, the breakthrough time (T) in hours and/or days and the 

breakthrough volume (VB) in m3
. 

The wastewater flow rate in the Acryl Tab company is 150 m3 d-1. 

1) Bed volume of the design column: 

Bed volume (BV) = Q/Qb 

Q = design liquid flow rate  

Qb = liquid flowrate in terms of bed volumes per unit time  

= 150 m3/24 h /3.06  

= 2.04 m3 

The liquid flowrate in terms of bed volumes per unit time (Qb) was obtained 3.06 which the 

value of Qb is usually from 0.2 and 3.0 bed volumes per unit time (68). 

2) Mass or weight of the adsorbent for design column 

M= (BV)(ρs) 

Bulk density of the adsorbent: 1120 kg/m3 

= 2.04 m3 * 1120 kg/m3 

= 2287 kg 

3) Volume of liquid treated per unit mass of adsorbent  

V^B = VB/M 

VB= breakthrough volume (L) 
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M = adsorbent mass in pilot column (kg) 

=1.8/0.11 L/kg 

=16.36   L/kg 

4) Mass of the adsorbent exhausted per hour for design column 

Mt = Q/V^B 

= 150 m3/24 h * kg/16.36 L * 1000 L/m3 

= 381.25 kg/h 

5) Breakthrough time for design column 

T = M/Mt 

= 2287 kg/381.25 (kg/h) 

= 6 h 

6) Breakthrough volume for design column 

VB= QT 

=150 m3/24 h * 22.42 h 

= 37.5 m3 

7) Adsorbent volume and height in the design column 

Volume= (2287kg) (1m3/1120 kg) 

= 2 m3 

Adsorbent height= (2 m3) (4/π) (1/2 m)2 

= 0.63 m 

 

According to the data obtained from the above calculations, the design column can treat 

37.5 m3 of wastewater in 6 hours using 2287 kg of bentonite which is required for the 

treatment of wastewater with a flow rate of 150 m3 d-1. In total, 9148 kg of bentonite is 

required for wastewater treatment in 24 hours at the Acryl Tab company. As the company 

works mainly in 2 shifts (16 h), 6098 kg of bentonite is needed in practice. 

The data used in the following calculations was obtained from an experimental pilot-scale 

column (10 cm bed height) operated at 1.53 BV/h. Other data related to the pilot-scale 

column are as follows: inside diameter: 5 cm, length: 1 m, mass of granular bentonite 0.22 

kg and packed carbon density 1120 kg/m3.  

1) Bed volume of the design column: 

Bed volume (BV) = Q/Qb 
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Q = design liquid flow rate  

Qb = liquid flowrate in terms of bed volumes per unit time  

= 150 m3/24 h /1.53  

= 4.08 m3 

2) Mass or weight of the adsorbent for design column 

M= (BV)(ρs) 

Bulk density of the adsorbent: 1120 kg/m3 

= 4.08 m3 * 1120 kg/m3 

= 4569.6 kg 

3) Volume of liquid treated per unit mass of adsorbent  

V^B = VB/M 

VB= breakthrough volume (L) 

M = adsorbent mass in pilot column (kg) 

= 2.7/0.22 L/kg 

= 12.27 L/kg 

4) Mass of the adsorbent exhausted per hour for design column 

Mt = Q/V^B 

= 150 m3/24 h * kg/12.27 L * 1000 L/m3 

= 509.37 kg/h 

5) Breakthrough time for design column 

T = M/Mt 

= 4569.6 kg/102 (kg/h) 

= 9 h 

6) Breakthrough volume for design column 

VB= QT 

=150 m3/24 h * 9 h 

= 56.25 m3 

7) Adsorbent volume and height in the design column 

Volume= (4569.6 kg) (1m3/1120 kg) 

= 4 m3 
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Adsorbent height= (4 m3) (4/π) (1/2 m)2 

= 1.27 m 

According to the data obtained from the above calculations, the design column can treat 

56.25 m3 of wastewater in 9 hours using 4569.6 kg of bentonite which is required for 

the treatment of wastewater with a flow rate of 150 m3 d-1. In total, 12185.6 kg of 

bentonite is required for wastewater treatment in 24 hours at the Acryl Tab company. As 

the company works mainly in 2 shifts (16 h), 8123.73 kg of bentonite is needed in practice. 

However, it can be a high quantity to handle and to process. 

The data used in the following calculations was obtained from an experimental pilot-scale 

column (20 cm bed height) operated at 0.765 BV/h. Other data related to the pilot-scale 

column are as follows: inside diameter: 5 cm, height: 1 m, mass of granular bentonite 0.47 

kg, packed bentonite density 1120 kg/m3. 

1) Bed volume of the design column: 

Bed volume (BV) = Q/Qb 

Q = design liquid flow rate  

Qb = liquid flowrate in terms of bed volumes per unit time  

= 150 m3/24 h *1/0.765  

= 8.17 m3 

The liquid flowrate in terms of bed volumes per unit time (Qb) was obtained 0.765 which 

the value of Qb is usually from 0.2 and 3.0 bed volumes per unit time (73). 

2) Mass or weight of the adsorbent for design column 

M= (BV)(ρs) 

Bulk density of the adsorbent: 1120 kg/m3 

= 8.17 m3 * 1120 kg/m3 

= 9150.4 kg 

3) Volume of liquid treated per unit mass of adsorbent  

V^B = VB/M 

VB= breakthrough volume (L) 

M = adsorbent mass in pilot column (kg) 

=5.1/0.47 L/kg 

=10.85   L/kg 
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4) Mass of the adsorbent exhausted per hour for design column 

Mt = Q/V^B 

= 150 m3/24 h * kg/10.85 L * 1000 L/m3 

= 575 kg/h 

5) Breakthrough time for design column 

T = M/Mt 

= 9150.4/575 (kg/kg) 

= 16 h 

6) Breakthrough volume for design column 

VB= QT 

=150 m3/24 h * 16 h  

=100 m3 

7) Adsorbent volume and height in the design column 

Volume= (9150.4 kg) (1m3/1120 kg) 

= 8.17 m3 

Adsorbent height= (8.17 m3) (4/π) (1/8.17 m)2 

=1.27 m 

According to the data obtained from the above calculations, the design column can treat 100 

m3 of wastewater in 16 hours using 9150.4 kg of bentonite which is required for the 

treatment of wastewater with a flow rate of 150 m3 d-1. In total, 13725.6 kg of bentonite 

is required for wastewater treatment in 24 hours at the Acryl Tab company. As the company 

works mainly in 2 shifts (16 h), 9150.4 kg of bentonite is needed in practice. 

Column diameter and column area, if the design column has a unit flow rate of 2.04 l/m2-s, 

are as follows: 

D = ((150 m3/d) (d/86400 s) (s-m2/2.04 l) (1000 l/m3) (4/π))1/2 

= 1.04 m  

= πD2/4  

= 0.84 m2 

The design column has an area A of 0.84 m2 and diameter d of 1.04 m.  

With respect to geometric considerations, a fixed-bed column is desirable to have a large 

height-to-diameter ratio (H/D). By increasing this ratio, the percent usage of the maximum 
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capacity of the adsorbent increases. Normally, H/D is between 3:1 to 5:1 and the unit liquid 

loading (hydraulic loading rate) is usually between 2.7 to 6.8 l/s-m2.  

As H/D of the column is usually between 3:1 to 5:1 (78), the height of the design column 

can be between 3.12 m and 5.2 m (73). 

One of the aims of this thesis was to investigate the possibility of reusing the treated 

wastewater as process water in the studied industry. As the quality of the treated water at 

breakthrough points of all bentonite bed heights (5, 10 and 20 cm) fulfilled the requirements 

of water reuse (low-quality water for washing purposes based on the Aquafit4use project), 

the amount of bentonite scaled up from the pilot-scale column with 5 cm bed height will be 

reasonable to be considered for industry from the economic point of view. 

With regard to the cost analysis, each kilogram of bentonite from the mine provided for this 

study costs 450 toman (1.34 cent). Supply of 6098 kilogram of bentonite per day which can 

treat wastewater generated from 2 working shifts of the textile company costs 82 euro 

(calculated for the design column based on the pilot-scale column with 5 cm bed height). 

Supply of 9148 kilogram of bentonite per day which can treat wastewater generated from 3 

working shifts (sometimes the company produces in maximum working shifts, 24 hours) of 

the textile company costs 123 euro. 

 

3.5 Reuse of the spent adsorbent in the production of LWAS 

 

The chemical composition of the spent adsorbent determined by using XRF for the analysis 

of major elements is shown in Table 22. 
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Table 22  Characterization of the natural granular bentonite before and after adsorption; 

chemical constituents as determined with XRF and elemental analysis (in weight 

%) 

Parameter  Before adsorption After adsorption 

Content of oxides*   

in % wt SiO2 59.87 59.03 

 Al2O3 11.01 11.0 

 K2O 3.61 3.71 

 CaO 6.25 6.53 

 MnO 0.18 0.19 

 Fe2O3 5.48 20.78 

 Na2O 0.87 0.83 

 MgO 2.81 2.71 

LOI in %  8.86 10.86 

TOC in mg kg-1  548 1807 

* determined with XRF and elemental analysis 

 

The SiO2/ƩFlux ratio can be used to determine the ability of the green granules to bloat. If 

this ratio is ≥ 2, sintering can produce a material with a favorably high viscosity. This ratio 

is an indicator of the suitable chemical characteristics for the expansion of a material when 

the gases evolve during the firing (18, 90, 115, 132).  

According to the SiO2/ƩFlux ratio, the percentages of SiO2 and the fluxing agents (CaO + 

MgO + Na2O + K2O + Fe2O3 + FeO) related to the spent adsorbent (granular bentonite) and 

raw granular bentonite should be measured in order to evaluate their suitability for 

expansion in the production process of LWAs. In addition, real trials were carried out to 

verify the true propriety of the materials for bloating. 

The flux content (defined as the weighted sum of Fe2O3, Na2O, K2O, CaO and MgO) for 

the raw and spent material was calculated. As the SiO2/ƩFlux ratio for the raw adsorbent is 

≥ 2 and the calculated ratio for the spent adsorbent is about 2, sufficient viscous phases are 
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therefore expected to be formed within the sintering of LWAs for the entrapment of a 

significant amount of the gaseous compounds released.  

Furthermore, the granular bentonite adsorbent contains quartz, muscovite and feldspar (Fig. 

46) which with reference to the literature, can promote the bloating process by forming a 

liquid phase when sintered and reduce the density of the granulates. In addition, the presence 

of these mineral phases improves the sintering process and the gas entrapment (93, 94). 

Moreover, most clay minerals have shown bloating and can be utilized to make LWAs. It 

has been suggested that illitic clays are more effective than kaolinitic clay at trapping CO2 

from carbonate decomposition. With reference to the literature, the major minerals of 

expanding clays can be different in their quantities of smectite, illite, quartz, kaolinite and 

various related minerals which can be seen in XRD of the adsorbent (Fig. 46) (18). 

Besides, as the organic materials present in the spent granular bentonite, carbon reacts with 

oxygen, CO2 and other gases like CO, H2O, H2, O2, SO2 or Cl2 can be formed in the process 

and remain captured in the granules assisting in more expansion of the granules (114). 

Both granular bentonite samples, used and unused, contained a significant amount of SiO2 

(59%) (Table 22), which is responsible for the glassy phase of the ceramic products which 

directly affects the compressive strength of the LWAs. In addition, the spent adsorbent 

showed a higher degree of loss on ignition (LOI) (increased from ca. 8.8% in unused 

granular bentonite to 10.8% after color adsorption) which can be a consequence of the 

elevated content of organic matter, originating from the textile wastewater. It contributes to 

the formation of gases leading to pores inside the granules (133). 

Based on these results it can be expected that the spent granular bentonite is suitable for the 

production of LWAs due to its feature of bloating and other physical-chemical properties. 
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Fig. 81 (a) Produced LWAs from the natural clay (standard LECA), (b) from the spent 

adsorbent (granular bentonite), (c) from the pristine adsorbent (granular bentonite) 

 

LWAs made from the spent granular bentonite had lower densities compared to the LWAs 

made from the "standard" clay from LECA CO. This can be attributed to the adsorbed 

organic substances in the spent material which decompose during the sintering process. The 

generation of porous beads and the development of a more porous structure of the aggregate 

are both influenced by further evolved gases, i.e. the porosity of the aggregates increases. 

This leads to the observed slight increase in water absorption.  

In addition, LWAs when made with the spent granular bentonite showed a compressive 

strength (1.03 N/mm2), water absorption (20%) and density 1.4 comparable with the 

standard LECA produced in the LECA CO. (1.3 N/mm2 for compressive strength, 17% for 

water absorption and 1.8 g/cm3 for density) which both were in the standard range at LECA 

CO.  

In the LECA company, the standard range of compressive strength is between 1.4 to 1 

N/mm2. The standard range of particle density is between 1.30 and 2.00 g/cm3. The standard 

range of water absorption is between 17 and 24%. 

a 
Standard LECA 

product of the 

LECA CO. 

LECA from the 

spent adsorbent  

LECA from the 

pristine adsorbent  

b 

c 



Results and Discussion 

 

140 

 

Comparing the standard LWAs and the lightweight aggregates produced with the mixtures 

of raw clay soil/spent materials, the addition of spent granular bentonite to clay soil can 

promote the development of pores and decrease the density of the produced LWAs; 

consequently, enhance the water absorption. 

 

Table 23 Properties of lightweight aggregates produced with different percentages of natural 

clay (LECA CO; standard) and granular bentonite (granular bentonite; before and 

after usage for adsorption) 

 

Clay used in the 

LWAS production 

process 

Percentage of clay 

types used (%) 
Density (g/cm3) 

Water absorption 

(%) 

Compressive 

strength (N/mm2) 

 

Natural raw 

material 

 

100% natural clay 

 

 

 

 

1.80 

 

 

17 

 

1.3 

 

100% granular 

bentonite 

 

2.04 

 

21.33 

 

0.93 

 

 

 

 

Waste material  

(spent granular 

bentonite) 

 

 

 

 

100% spent 

granular bentonite 

 

 

1.40 

 

20 

 

1.03 

 

 

Natural clay +  

raw granular 

bentonite 

    
90% natural clay + 

10% raw granular 

bentonite 

1.67 22 0.9 

80% natural clay + 

20% raw granular 

bentonite 

1.55 21 0.9 

70% natural clay + 

30% raw granular 

bentonite 

1.50 18 0.8 

60% natural clay + 

40% raw granular 

bentonite 

1.47 18 1.2 

Natural clay +  

waste material 

(spent granular 

bentonite) 

 

90 natural clay + 

10% spent granular 

bentonite 

1.78 21 1.0 

80 natural clay + 

20% spent granular 

bentonite 

1.75 20 1.0 

70% natural clay + 

30% spent granular 

bentonite 

1.59 19 1.1 

60% natural clay + 

40% spent granular 

bentonite 

 

 

 

 

1.58 19 1.1 
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In general, the products (LWAs) made with the spent material are comparable to those made 

with the standard natural clay in terms of physical properties such as compressive strength, 

water absorption and density. 

According to literature, at temperatures between 1100 °C and 1150 °C, organic matter is 

completely destroyed, and gases are formed which are responsible for the microstructure of 

LWAs with their high porosity. 

With reference to the Air Pollution Control Technology Fact Sheet (EPA-452/F-03-022), 

between 590 °C and 650 °C, thermal destruction of most organic compounds already occurs. 

Moreover, it has been reported that most hazardous waste incinerators are operated at 

temperatures between 980 °C and 1200 °C to ensure almost complete destruction of the 

organics in the waste. Therefore, considering the temperature profile of the production 

process of LWAs at the LECA factory (see Fig. 39), almost all organic materials are 

destroyed in the generation process of expanded granules.  

The outcome of the technical investigation proves the usefulness of the spent adsorbent to 

be applied in textile wastewater treatment for the production of relatively high-quality 

LWAs (84, 86, 134). 

Table 24 Heavy metals in the produced sintered lightweight aggregate made of the spent 

adsorbent (determined by ICP-AES) 

Heavy metals wt. % 

As < 0.003 

Ti 0.0285 

Zr 0.0225 

Ca 2.7518 

Co 0.0048 

Cr 0.0335 

Cu 0.0051 

Fe 7.9183 

K 0.0707 

Mg 2.4876 
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Heavy metals wt. % 

Na 0.7383 

Ni 0.0024 

Pb 0.0006 

Zn 0.0097 

Mn 0.0280 

Sr 0.0341 

Ba 0.0102 

 

Within this context, considering specific applications for the produced LWAs from the spent 

adsorbent is of crucial importance. In the case of LWAs production in the LECA CO., the 

main application is in cement-bound products such as concrete blocks. The application of 

the spent adsorbent in LWAs which are used in agriculture should be avoided due to the 

direct contact of the LWAs with water. 

It should be noted that the low leachability of contaminants/heavy metals typically observed 

is a significant advantage of incorporating polluted wastes into synthetic aggregates. It has 

been reported that the leaching of metals from cement-based materials is barely considered 

an issue. When LWAs are used as gravels in the production of concretes, the sensitivity of 

aggregates to external pH influences has no further consequences on the leaching behavior 

of LWAs. But when the aggregate is not used in bound form in different applications such 

as concrete, the influences of external pH is required to be considered, which may impose 

specific limitations on its application in acidic environments (18, 88, 135, 136).  

In addition, from an environmental point of view, the sintering process at high temperatures 

(>1000 °C) leads to the destruction (organic compounds) or the immobilization (inorganic 

compounds like heavy metals) of hazardous components (21, 91, 137). During sintering at 

high temperatures, leachable heavy metals and other soluble substances present in the waste 

material is encapsulated in the silicate-based matrix or may replace other ions in the crystal 

structure or vitreous phases, rendering them non-leachable (90). In fact, in vitrified (glassy) 

phases formed by thermal treatment, chemical components are physically encapsulated and 

are usually not mobilized by leaching processes into the environment.  

Some researchers observed a considerable immobilization of most of the studied 

contaminating rare-earth elements and metals in the body of LWAs.  
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Giro-Paloma et al. (2019) studied sintered granulates made of weathered bottom ash from a 

municipal solid waste incinerator and rice husk. They claimed that the permeability of 

contaminants in the large fraction (particle diameter > 8 mm) of the sintered granulates into 

water decreased due to the formation of the outer vitreous layer which waterproofs the inner 

layer, thereby reducing the release of contaminants (137). 

Furthermore, Ju et al. (2017) drew the conclusion that the sintering process causes 

immobilization of potentially hazardous metals in LWAs produced from red mud and 

limestone, gold mine tailings, and thus, a lower risk for contamination of the environment 

exists when using these LWAs for construction (138). 

Guoren Xu et al. (2013) who made an investigation on the stabilization of heavy metals in 

a lightweight aggregate made from river sediment and sewage sludge claimed that even 

when the broken LWAs with particle diameter like 2 mm were saturated with an acid 

solution, the solidification efficiency of heavy metals was greater than 95%. This means 

that strong chemical bonds within the silicate or aluminosilicate matrix in the sintered LWA 

were formed, making it difficult for heavy metals to leave the LWA and to cause harmful 

environmental effects (139). 

 

3.6 Life cycle assessment (LCA) and Monte Carlo analysis for comparing 

textile wastewater treatment with bentonite and activated carbon 

 

Based on the Monte Carlo analysis for determining an approximate amount of activated 

carbon in relation to the obtained amount of bentonite from pilot-scale experiments, a 

lognormal distribution and a mean specific surface area of 1080.5 g/m2 (assumption cell) 

were concluded. To specify, in relation to 13 tons of granular bentonite (specific surface 

area of 40 g/m2) concluded from the scaled-up experimental results for the treatment of 150 

m3 of the acrylic fiber-dyeing wastewater per day, Monte Carlo simulation was applied to 

estimate the relative required amount of activated carbon with mean specific area of 1080.5 

g/m2. The statistical analysis of Monte Carlo on the forecast cell resulted 3.81 as the mean 

kg of activated carbon with standard deviation of 6.32 for the treatment of 1 m3 wastewater 

after running repeated analyses with random input values (100000 iterations) based on the 

lognormal probability analysis. Although 6 tons of bentonite based on 5 cm bentonite bed 

height at pilot-scale experiments fulfilled the water reuse purposes in the studied company, 

for LCA studies the worst scenario with regard to the amount of bentonite (13 tons) was 

considered to increase the validity of the investigation. 

In the scenario of ‶spent activated carbon landfilling″, the production of 3.81 kg of granular 

activated carbon for the treatment of 1 m3 colored pretreated wastewater was considered. 
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The scenario of ‶spent bentonite landfilling″ includes the extraction of 86.6 kg granular 

bentonite from the mine which was concluded for the treatment of 1 m3 colored wastewater.  

Results of the comparison of 4 waste management scenarios related to the treatment of 150 

m3 pretreated textile wastewater treatment are as follows: 

 

 

Fig. 82 Comparison of the scenarios - Impact characterization with ReCiPe 2016 v1.1 

Endpoint (H). 

 

According to the inventory data, single score results show environmental burden related to 

all compartments of emissions to air, soil, water and other parts such as raw material 

extraction and the like. Results (Fig. 82) indicated that the lowest environmental impact is 

pertaining to the scenario of reusing bentonite in LECA (single score: 1.81) but regeneration 

of activated carbon concluded 235 which it is about 130 times worse than reusing the spent 

bentonite in LECA production. On the other hand, to compare two landfilling scenarios, 

environmental burden of the spent bentonite landfilling with single score 180 is about half 

of the activated carbon landfilling with single score of 332. 

The comparison between AC and bentonite revealed that the latter is a more 

environmentally friendly and cheaper alternative for the treatment of the acrylic fiber dyeing 

wastewater. The most affected environmental categories were human health and ecosystem. 

In conclusion, the application of natural bentonite for the treatment of the pretreated textile 

wastewater to obtain a treated water suitable for water reuse as the process water in the 

studied industry concluded to be an economically and efficiently attractive option compared 

to activated carbon. 
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In order to study more precisely, two more scenarios were defined in SimaPro to compare 

the environmental impacts of the production of 3.81 kg granular activated carbon with 

production of 86.6 kg granular bentonite which both were already concluded for the 

treatment of 1 m3 textile wastewater. 

 

 

Fig. 83 Comparison of the scenarios - Impact characterization with ReCiPe 2016 v1.1 

Endpoint (H). 

 

According to the results, 86.6 kg of granular bentonite showed half of the environmental 

burden (single score of 1.68) compared to the environmental impacts of 3.81 kg granular 

activated carbon production (single score of 3.22). 

From a weighted life cycle impact assessment (LCIA) results perspective (Fig. 83), natural 

bentonite appears as a much more environmentally friendly alternative compared to 

activated carbon for the pretreated textile wastewater treatment. The environmental impact 

of using activated carbon as an adsorbent in wastewater treatment is dominated by energy 

and heat in the production and reactivation processes.  

In order to compare both adsorbents of granular bentonite and activated carbon from the 

economic perspective, the prices of different products were compiled from industries in 

Iran. In Iran market, the price for AC is from 100 000 to 1350000 toman (3 to 41 euro) per 

kilogram, and the price for bentonite is from 450 to 2000 toman (0.01 to 0.06 euro) per 

kilogram. 

Probability distributions were determined on the range of products prices. Probability 

distribution of AC price range was concluded triangular with likeliest price of 500 000 
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toman (15 euro) per kilo, and the probability distribution of bentonite price range was 

concluded uniform. 

The forecast cells in crystal ball were defined as: 1) the price of wastewater treatment with 

AC per hour, 2) the price of wastewater treatment with bentonite per hour and 3) the ratio 

of both defined forecasts cells. The Monte Carlo analysis was carried out with 10000 trials. 

10000 runs means 10000 different AC or bentonite products were bought and the 

wastewater were treated 10000 times with using each product. 

The ratio of both defined forecasts was concluded: 0.06 (the mean price of wastewater 

treatment with 86.6 kg bentonite per hour/the mean price of wastewater treatment with 3.8 

kg AC per hour). The mean price of wastewater treatment with 3.8 kg AC per hour: 2 515 

201 toman (76.21 euro). The mean price of wastewater treatment with 86.6 kg bentonite per 

hour: 106 131 toman (3.21 euro). The treatment cost with AC is about 24 times more than 

the treatment cost with bentonite. The reason is that the mean price of AC in Iran (500 000 

toman) is 500 times more expensive than the mean price of bentonite in Iran (1000 toman). 

It can be concluded that treatment of textile wastewater with GAC entail higher costs 

compared to natural bentonite, due to the highly intensive use of energy and heat in GAC 

production and regeneration phases as well as much more expensive price of AC compared 

to bentonite in Iran. 

Additionally, the carbon footprint of both adsorbents of bentonite and activated carbon in 

the treatment of textile wastewater was assessed in this study. 

Emitted carbon dioxide which is one of the main sources of the global warming potential 

burden are as follows for the studied scenarios (see Table 25): 

 

Table 25 Emitted carbon dioxide in different scenarios of the spent adsorbents disposal 

 

 

Scenarios 

Spent 

bentonite 

landfilling 

Spent activated 

carbon landfilling 

Regeneration of 

spent activated 

carbon 

Reusing spent 

bentonite in 

LECA 

 

Emitted CO2 

 

0.709 

 

1.81 

 

0.624 

 

0.36 

 

Based on the results (see Table 25), the highest amount of the emitted carbon dioxide is 

concluded in the scenario of ‶spent activated carbon landfilling″ and the lowest amount is 

concluded in ″reusing the spent bentonite in LECA‶. The amount of CO2 emitted to 
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atmosphere in reusing spent bentonite in LECA is about half of the emitted carbon dioxide 

in regeneration process of spent activated carbon.  

 

3.7 Batch adsorption studies on dye-spiked groundwater 

3.7.1 Equilibrium isotherms in single and binary dye systems 

 

Fig. 84 Isotherms of the adsorption of BV16 (10-50 mg L-1) and RR195 (5-30 mg L-1) on 

vermicompost in single dye solution at 25 C° (Source: Ref (8) Khalilzadeh Shirazi 

E et al. (2019)) 

 

Fig. 85 Freundlich isotherm of the adsorption of BV16 (10-50 mg L-1) in the presence of a 

fixed RR195 concentration (20 mg L-1) on vermicompost at 25 C°   

              (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 
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Fig. 86 Isotherms of the adsorption of BV16 (5-30 mg L-1) and RR195 (10-40 mg L-1) on 

charred dolomite in single dye solutions at 25 C°    

              (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

 

Fig. 87 Isotherms of the adsorption of RR195 (10-50 mg L-1) in the presence of a fixed BV16 

concentration (20 mg L-1) on charred dolomite at 25 C°   

              (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 
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Fig. 88 Isotherms of the adsorption of BV16 (10-40 mg L-1) and RR195 (5-30 mg L-1) on 

natural bentonite in single dye solutions at 25 C° 

              (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

 

Fig. 89 Isotherms of the adsorption of BV16 (10-50 mg L-1) in the presence of a constant 

RR195 concentration (20 mg L-1) on natural bentonite at 25 C°  

               (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 
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 Fig. 90 Isotherms of the adsorption of BV16 (10-40 mg L-1) and RR195 (5-30 mg L-1) 

on standard bentonite in single dye solutions at 25 C°    

                 (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

 

Fig. 91 Isotherms of the adsorption of BV16 (10-50 mg L-1) in the presence of a constant 

RR195 concentration (20 mg L-1) on standard bentonite at 25 C°    

             (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 
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Table 26 Isotherm parameters of the adsorption of BV16 and RR195 on charred dolomite (CD), 

vermicompost (VC), natural bentonite (NB) and standard bentonite (SB) in single 

and binary dye solution (* no data fit) 

             (Source: Ref (8, 65) Khalilzadeh Shirazi E et al. (2019), Khalilzadeh Shirazi E et 

al. (2020)) 

Dye/ 

adsorbent 

Dye 

solution 
Langmuir isotherm Freundlich isotherm 

 qmax (mg g-1) KL (L mg-1) R2 RL 
KF 

(mg g-1) 
1/n R2 

aBV16/VCb Single 16.07 0.27 0.990 
0.26-0.06  

(10-50 mg L-1 C0 BV16) 
4.03 0.456 0.978 

BV16/VC Binary *                *                  * * 0.15 1.668 0.989 

cRR195/CDd Single 7.32 0.73 0.999 
0.12-0.02  

(10-50 mg L-1 C0 RR195) 
4.60 0.13 0.982 

RR195/CD Binary 7.74 0.14 0.995 
0.1-0.35  

(10-50 mg L-1 RR195) 
1.88 0.45 0.959 

BV16/NBe Single 
434.78 

 
2.30 0.995 

0.041-0.008 

(10-50 mg L-1 C0 BV16) 
289.13 0.13 0.962 

BV16/NB Binary 
833.33 

 
0.18 0.998 

0.1-0.35 

(10-50 mg L-1 C0 BV16) 
189.00 0.43 0.996 

BV16/SB Single 500.00 0.83 0.997 
0.1-0.02 

(10-50 mg L-1 C0 BV16) 
258.82 0.24 0.996 

BV16/SB Binary 1111.111 0.08 0.991 
0.5-0.2 

(10-50 mg L-1 C0 BV16) 
112.10 0.61 0.988 

 
a   BV16: Basic violet 16 

b   VC: Vermicompost 

c   RR195: Reactive red 195 

d CD: Charred dolomite 

e  NB: Natural bentonite 

f  SB: Standard bentonite 

 

The adsorption equilibrium isotherms of BV16 on vermicompost and on the two kinds of 

bentonites studied, and the equilibrium isotherms of RR195 on charred dolomite are 

presented in Figs. 84-91. With reference to the correlation coefficients determined, the 

Langmuir model can efficiently describe the adsorption process of BV16 on vermicompost 

and the adsorption process of RR195 on charred dolomite in single dye solutions. In binary 

dye solutions, the adsorption of the cationic dye on vermicompost was in agreement with 

the Freundlich model, while the Langmuir model better explains the results of the adsorption 
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of the anionic dye on charred dolomite. The results related to the adsorption of the cationic 

dye on vermicompost in binary solution only poorly fitted to the Langmuir isotherm model 

(data not shown). With respect to the two kinds of bentonites studied, the  correlation 

coefficients of the Langmuir isotherms  were higher than that of  the Freundlich isotherm; 

thus, the Langmuir model better describes the  adsorption process of the dyes on the 

adsorbents in single and binary dye solutions. Other researchers have subscribed to the view  

that the Langmuir isotherm model can well define multi-solute adsorption systems (8, 65, 

140, 141).    

The initial sharp rise of the curves observed in Figs. 88 and 90 suggests a high affinity 

between the dye and the adsorbent surface. For natural and standard bentonite high 

adsorption capacities of 435 mg g-1 and 500 mg g-1 for BV16 were determined, respectively. 

Abidi et al. proved that the high adsorption capacity of bentonite for the cationic dye roots 

in the colloidal properties and negatively charged layers of bentonite. The adsorption 

capacity of natural bentonite for BV16 (833 mg g-1) and of standard bentonite for BV16 (1111 

mg g-1) doubled in the presence of the anionic dye (11, 65).  

The isotherm constants were calculated (see Table 26). For single dye solutions, the high 

values of KL indicate a strong bonding of the dyes to the adsorbents. However, the KL values 

of the adsorbate/adsorbent systems RR195/CD, BV16/NB, and BV16/SB for binary solutions 

were found to be lower than those found for single solutions. This can be ascribed to the 

fact that the adsorption affinity of BV16 to both kinds of bentonites, and RR195 to charred 

dolomite is greater in the single solution than in binary mixtures. Obviously, the adsorption 

affinity of the adsorbents is affected by the presence of the oppositely-charged dye (65).   

Moreover, the Freundlich constants, KF and n, were also calculated for the adsorption of the 

dyes in single and binary mixtures. With regard to the adsorption of the cationic BV16 on 

vermicompost and two bentonites, and to the adsorption of the anionic RR195 on charred 

dolomite, the Freundlich constant n was found to be > 1 in the single dye solution and in 

binary solution in the presence of the oppositely-charged dye which indicates that the 

adsorption is favorable in both cases. In contrast, in binary solution a value n < 1 obtained 

for the adsorption of the cationic dye on vermicompost reflects an unfavorable adsorption 

process attesting a negative impact of the presence of the anionic dye on BV16 adsorption. 

The high value of KF proves a relatively easy uptake of the cationic dye BV16 to 

vermicompost and both natural and standard bentonite, and of the anionic dye RR195 to 

charred dolomite in both single and binary dye solutions. The decrease in the constant KF 

in binary solutions affirms the interfering role of the other dye (8, 65). 

Furthermore, the adsorption capacity of the natural bentonite used in this study is roughly 

comparable to that of the standard clay investigated. The approximate similarity of the 

adsorption capacities and the adsorption behaviour between the two kinds of bentonite in 



Results and Discussion 

 

153 

 

the dye systems might thus be attributed to their similar surface characteristics and chemical 

nature (65, 110).   

Moreover, the RL values lying between 0 and 1 indicate the favourable adsorption of BV16 

onto vermicompost (in single dye solution), and of BV16 onto both bentonites, and of RR195 

on charred dolomite in single and binary dye experiments.  

The maximum adsorption capacity of both bentonites is highly greater than that of 

vermicompost and charred dolomite. It shows that natural bentonite can provide more 

adsorption sites than charred dolomite and to vermicompost due to the higher specific 

surface area (8). 

 

3.7.2 Dye interactions in binary dye experiments 

The effect of the initial concentration of one dye  on the adsorption of the second dye onto 

the adsorbents in binary solutions was studied and compared to the respective results of 

single-dye experiments (65). 
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Fig. 92 Adsorption capacities of the different adsorbents for dyes: 

(a) vermicompost toward BV16 in the absence and presence of RR195 

(b) vermicompost toward RR195 in the absence and presence of BV16 

(c) charred dolomite toward RR195 in the absence and presence of BV16 

(d) charred dolomite toward BV16 in the absence and presence of RR195 

(e) natural bentonite toward BV16 in the absence and presence of RR195 

(f) natural bentonite toward RR195 in the absence and presence of BV16 

(Source: Ref (8, 65) Khalilzadeh Shirazi E et al. (2019), Khalilzadeh Shirazi E et al. (2020)) 

 

Principally, when a mixture of dyes is present in a water sample there might be three 

different possible types of interactions between the components leading to increasing or 

decreasing removal efficiencies/adsorption capacities: synergism, antagonism and non-

interaction (65, 105, 142).  

 Fig. 92 a shows the effect of the anionic dye on the adsorption of the cationic dye on 

vermicompost. Apparently, antagonistic effects were observed for the adsorption of BV16 

on vermicompost in the presence of fixed concentrations of RR195 (20 mg L-1). Although, 

the adsorption of negatively charged RR195 on negatively charged vermicompost is very 
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low, it is even less in binary compared to a single dye solution presumably due to a strong 

electrostatic attraction between positively charged BV16 and negatively charged 

vermicompost (Fig. 90 b) (8). 

Fig. 92 c shows the effects of initial concentrations of BV16 on the adsorption of RR195 on 

charred dolomite. Similar adsorption capacities for both single and binary dye solutions 

proved that the presence of BV16 roughly had no competitive effect on the adsorption of 

RR195 on charred dolomite. Fig. 92 d shows the effects of initial concentrations of RR195 on 

the adsorption of BV16 on charred dolomite. The adsorption capacity of charred dolomite 

for BV16 increased with an increasing concentration of BV16 at a constant concentration of 

RR195 (synergistic effect). The presence of RR195 promoted the adsorption of BV16 in the 

binary solution. This synergistic effect presumably resides in the structure of the RR195 

molecule. There are four SO3
-- (sulfonate) groups per RR195 molecule (and one sulphate 

group SO4
2-). Some of these groups can interact with the functional groups on the surface 

of charred dolomite, the other free groups can provide negatively charged active sites for 

adsorption of the cationic dye. RR195 serves as a bridge between BV16 and charred dolomite. 

Similar results were reported by Jun-xia Yu et al. (2015) and Wang et al. (2012) (8, 33, 

106).  

The anionic dye RR195 (20 mg L-1) had an inhibitory (antagonistic) effect on the adsorption 

of cationic BV16 on natural bentonite in low concentrations (10-20 mg L-1; Fig 92 a). By 

contrast, at higher concentrations of BV16 (30-50 mg L-1), the maximum adsorption capacity 

for BV16 increased considerably (from 435 mg g-1 to 833 mg g-1; see Table 26) in the 

presence of anionic RR195, which proves its promoting effect. This enhancing effect on the 

removal efficiency of the cationic BV16 can be seen in Fig. 92 a as well. Fig. 92 b shows the 

influence of a given initial concentrations of the cationic dye on the adsorption of anionic 

RR195 on natural bentonite. The adsorption capacity of RR195 was much higher in the 

presence than in the absence of BV16. It was observed that the adsorption of both BV16 and 

RR195 increased in the experiments with binary dye solutions which affirmed the synergistic 

effect. This might be ascribed to the contribution of the permanently positively charged 

quaternized nitrogen atoms of BV16 resulting in a positive net surface charge with which 

RR195 molecules can interact. It can be concluded that the cationic dye supports the bonding 

of the anionic dye to bentonite in binary mixtures (65). 

     Clay (Mineral fraction)                Positive ion                       Dye (Organic fraction) 

Negative charge                        Positive charge                       Negative charge 
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Fig. 93 Interaction of dyes in binary dye experiments 

 

3.7.3 Kinetic analysis 

Figs. 94-97 provide information on the results of kinetic studies of BV16 and RR195 on  the 

adsorbents studied, in both single- and binary-dye solution with identical initial 

concentrations (20 mg L-1)  at different time intervals. The results show that the adsorption 

processes in both single and binary dye solutions follow more satisfactorily a pseudo-

second-order model (similar qe for experiment and model as well as a high value of R2) 

indicating that the adsorption process is chemical sorption (8, 143).   

Moreover, a similar pseudo-order kinetics in both individual dye solutions highlight that the 

dye adsorption kinetics on the adsorbents is not changed compared to the binary dye 

solution. However, the kinetic constants (k2 in Table 27) indicate faster adsorption of dyes 

on the adsorbents in single dye solutions compared to the binary dye solution (8, 65). 
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Table 27 Parameters of the pseudo-second-order kinetics of dye adsorption on 

vermicompost (VC), charred dolomite (CD), natural bentonite (NB) and 

standard bentonite (SB) (Source: Ref (8, 65) Khalilzadeh Shirazi E et al. (2019), 

Khalilzadeh  Shirazi E et al. (2020)) 

Dye/Adsorbent Dye solution qe,exp (mg/g) 
k2 

(g/mg min) 
qe,cal (mg/g) R2 

BV16/VC Single 6.54 0.01 6.79 0.999 

BV16/VC Binary 4.038 0.03 4.74 0.999 

RR195/CD Single 5.26 0.009 6.41 0.996 

RR195/CD Binary 4.68 0.012 5.55 0.999 

BV16/NB Single 336.45 0.014 344.82 0.999 

BV16/NB Binary 288.31 0.15 285.71 0.999 

BV16/SB Single 255.24 0.006 263.15 0.999 

BV16/SB Binary 249.48 0.005 256.41 0.999 

 

In both single and binary dye solutions, BV16 and RR195 adsorption increased with time 

(Figs. 94-97). However, the lesser degree of adsorption of BV16 and RR195 in the binary-

dye solution revealed the interference of the second dye on the rate of the adsorption process 

of the first one. Initially, the high number of active sites on the surface of the adsorbents 

promotes the adsorption process due to the improvement of dye diffusion flux to the 

adsorbent. Later on, a gradual increase in the adsorption rate takes place followed by a 

decrease in the concentration gradient and gradual decline in the adsorption rate due to 

saturation, i.e. less adsorption sites at the adsorbent surface are available (8, 63).   

In other words, with increasing time, gradual saturation of the surface of the adsorbents 

translates into the reduction of the concentration gradient and the tapering off in the 

adsorption rate. At some specific time (equilibrium), a  constant value is reached at which 

the dye concentration in solution will be constant (8, 144).   
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Fig. 94 Kinetics of the adsorption of BV16 (20 mg L-1) on vermicompost in single and binary 

dye solution at 25 C° (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 95 Kinetics of the adsorption of RR195 (20 mg L-1) on charred dolomite in single and 

binary dye solution at 25 C° (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 
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Fig. 96 Kinetics of the adsorption of BV16 (20 mg L-1) on natural bentonite in single and 

binary dye solution at 25 C° (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

 

              

Fig. 97 Kinetics of the adsorption of BV16 (20 mg L-1) on standard bentonite in single and 

binary dye solution at 25 C° (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

Kinetic studies on the adsorption of BV16 to natural and to standard bentonite were 

performed under the same experimental conditions (initial dye concentrations: 20 mg L-1  at 

varying times). Initially, dye removal was rapid and reached an equilibrium within the first 

5 min indicating a high affinity between the cationic BV16 molecules  and the surfaces of 

both kinds of bentonites (12, 65).   

As can be seen from Table 27 (similar qe value for the experimental and model data as well 

as high values of R2) the adsorption processes in both single and binary dye experiments 
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fitted well to a pseudo-second-order model. The good fit for this model indicates that 

chemical adsorption presumably controls the adsorption rate (65, 145).   

The adsorption of the dye initially takes place through exchange reactions on the surface. 

After a complete occupation of the adsorption sites, dye molecules diffuse into the layers of 

bentonite where they can undergo ion-exchange and/or complexation reactions. With 

regards to the reaction mechanism, ion exchange may involve positively charged groups 

(–NR3
+ or –NH+=N–) in BV16 and Na+ ions in bentonite (65, 110).  

 

3.7.4 Adsorption of dyes on the mixed sorbent in binary dye solutions 

Since the two sorbents are not capable to adsorb dyes with the same charge as the surface 

charge of the sorbent, a sorbent system consisting of VC mixed with CD (1:1) was examined 

with regard to its potential to remove the cationic and anionic dye simultaneously in one 

step (8). 

 

 

Fig. 98 Adsorption capacity of BV16 (A) and RR195 (B) to single and mixed sorbent systems 

 

RR195: 𝑞𝑉𝑒𝑟𝑚𝑖
𝑅𝑅195 = 0.192 𝐶0

𝐵𝑉16 R2= 0.993 

RR195: 𝑞𝑀𝑖𝑥𝑒𝑑
𝑅𝑅195  = 0.113 𝐶0

𝐵𝑉16 R2=0.99 

  

  (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 
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The removal efficiencies and adsorption capacities of vermicompost for BV16 (10-50 mg L-

1) in the presence of RR195 at a fixed concentration (20 mg L-1) were approximately similar 

to those obtained for the mixed sorbent VC+CD (Table 28), and also the slopes in the qe-c0- 

graph obtained for the single sorbent system and for mixed sorbents were similar (Fig. 97 

A) (8, 62).  However, in the binary solution consisting of RR195 (10-50 mg L-1) and BV16 at 

a fixed concentration (20 mg L-1) the efficiency of charred dolomite to adsorb RR195 

decreased slightly in the presence of vermicompost (Table 28, Fig. 98 B) indicating a 

potential inhibitory impact of vermicompost on the adsorption of RR195 on charred dolomite 

(8).  

Table 28 Efficiencies of mixed adsorbents (VC+CD) for removal of BV16 and RR195 in single 

and binary dye solutions (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

C0 in mg L-1 

Removal efficiencies 

of mixed sorbent 

VC+CD in % 

BV16 RR195 BV16 RR195 

10 0 96.6 0 

20 0 90.6 0 

30 0 89.2 0 

40 0 88.1 0 

50 0 85.2 0 

10 20 83.6 51.0 

20 20 84.1 54.3 

30 20 85.6 58.0 

40 20 75.6 45.6 

50 20 76.1 56.0 

0 5 0 91.7 

0 10 0 69.7 

0 15 0 60.8 

0 20 0 53.6 

20 5 89.2 84.0 

20 10 86.2 55.3 

20 15 78.2 55.9 

20 30 72.9 41.0 

 

Obviously, the initial surface area of charred dolomite decreases when vermicompost 

particles settle in the pores of charred dolomite. In conclusion, in binary solutions, the 
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cationic dye (BV16) has a high tendency to adsorb onto vermicompost, whereas the anionic 

dye (RR195) is preferentially adsorbed onto charred dolomite. Moreover, most of the 

removal efficiencies of the mixed sorbent system determined for each of these dyes were 

> 70% (with an average of 71.7 %) (Table 28), proving that the cationic and the anionic dye 

can be removed simultaneously and efficiently from aqueous solution with this novel mixed 

sorbent system. As many adsorbents can readily adsorb various mixed organic dyes but are 

generally poor at selectively removing the targeted organic dye (8). 

Table 29 Removal efficiencies of mixed adsorbents (NB+CD)/(SB+CD) for BV16 and RR195 

in single and binary dye solutions (Source: Ref (65) Khalilzadeh Shirazi E et al. 

(2020)) 

C0 

in mg/L 

Removal efficiencies of 

mixed sorbent NB+CD 

in % 
 

Removal efficiencies of 

mixed sorbent SB+CD 

in % 

BV16 RR195 BV16 RR195 BV16 RR195 

10 0 99.20 0 98.40 0 

20 0 72.61 0 70.53 0 

30 0 43.20 0 41.34 0 

40 0 38.85 0 35.01 0 

50 0 32.90 0 29.84 0 

10 20 81.23 72.85 70.34 81.84 

20 20 73.24 78.36 71.32 71.69 

30 20 67.50 71.46 74.24 65.43 

40 20 58.38 77.58 73.85 55.04 

50 20 59.99 70.95 71.56 56.23 

0 5 0 71.21 0 72.54 

0 10 0 57.24 0 61.04 

0 15 0 51.75 0 50.39 

0 20 0 41.47 0 43.66 

0 30 0 38.47 0 36.54 

20 

 

 

5 91.34 73.86 90.54 71.65 

20 10 92.31 77.34 93.45 78.23 

20 15 85.99 72.72 82.11 70.32 

20 30 78.32 66.50 76.21 65.92 
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Single sorbents are not efficient to remove dyes if their surface charge is the same as the 

charge of the respective dye. Thus, two mixed sorbent systems consisting of natural or 

standard bentonite and charred dolomite (NB+CD and SB+CD) in optimized ratios were 

investigated for their potential to simultaneously remove the cationic and anionic dyes from 

the binary dye solutions. The cationic BV16 is preferentially adsorbed on natural and 

standard bentonite, whereas the anionic RR195 was well adsorbed on charred dolomite, 

proving selective adsorption. The results given in Table 29 show that both dyes can be 

removed efficiently from aqueous solution in one step with this new mixed sorbent system: 

most of the removal efficiencies of the mixed sorbent system determined for the cationic 

and the anionic dye were > 70% (with an average of 81%) (Table 29). Furthermore, in the 

case of the binary solutions consisting of BV16 in variable concentrations (10-50 mg L-1) 

and RR195 in a non-variable concentration of 20 mg L-1, the removal efficiencies of neither 

natural bentonite nor standard bentonite for BV16 changed significantly if charred dolomite 

was present as the second adsorbent (65). 
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Fig. 99 Conceptual scheme of the proposed method for dye elimination from water with 

mixed sorbents in single and binary dye solutions 

 

             (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 
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Fig. 100 Field emission scanning electron microscopic (FESEM) images of vermicompost 

(negative surface charge) before (A) and after (B) adsorption of the positively 

charged dye (BV16) (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

The FESEM images of vermicompost before and after BV16 adsorption are shown in Fig. 

100 A and B, respectively. Fig. 100 A is an image of the pristine vermicompost showing a 

porous nature and irregular morphology characteristic of an agro-waste which has been 

described before (8, 58, 59, 120). This image in Fig. 100 B indicates an effective adsorption 

of dye molecules into the pores of the adsorbent leading to a less porous surface (8, 59, 120, 

124). 
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Fig. 101 FTIR spectra of vermicompost (VC) before and after adsorption of BV16 and/or RR195 

           (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

Fourier transform infrared (FTIR) spectra of vermicompost were recorded in the range of 

400-4,000 cm−1 at room temperature. Fig. 101 shows the FTIR spectra of vermicompost 

samples before and after adsorption of BV16 and RR195 from single and binary dye solutions. 

The most pronounced bands for pristine vermicompost (VC) are observed in the regions of 

3,500 and 3,000 cm−1 which can be ascribed to the stretching vibration of N–H bonds from 

amines and amides as well as to alcoholic, phenolic and carboxy O-H bonds. In the range 

of 3,000 to 2,800 cm−1, the absorption can be mainly assigned to the vibration of C–H bonds 

from aliphatic groups. The absorption at 1,639 cm−1 can be attributed to C=C and C=O 

vibrations. The bands between 1,100 and 1,000 cm−1 (1,035 cm−1) are characteristic of the 

C–O bond stretching in polysaccharide or polysaccharide-like substances and Si–O bonds 

of silicates present in the vermicompost structure (8, 58).   

The FTIR spectrum of vermicompost loaded with BV16 alone (VC-BV16) and the spectrum 

of the adsorbent with BV16 together with RR195 (VC-BV16 RR195) are very similar indicating 

selective adsorption of BV16 interacting with the respective functional groups of the 

adsorbent mentioned above. This influence of functional groups in the chemical adsorption 

process was demonstrated also in some previous works (8, 58, 120, 124, 146).  
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Fig. 102 Field emission scanning electron microscopic (FESEM) images of charred dolomite 

before (A, C) and after (B, D, E) adsorption of the oppositely charged dye RR195 

            (Source: Ref (8, 13) Khalilzadeh Shirazi E et al. (2018), Khalilzadeh Shirazi E et al. 

(2019)) 

 

The typical morphology of charred dolomite with a plain and approximately compacted and 

stratified surface with sharp edges and crumbly nature can be seen in Fig. 102 A and C (27). 

The creation of new pores and voids on the surface of charred dolomite and noticeable 

change in the surface structure of the sample specifies the adsorption of RR195 on charred 

dolomite (Fig. 102 B, D and E) (8, 13). 
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Fig. 103 FTIR spectra of charred dolomite (CD) before and after adsorption of BV16 and/or 

RR195 (Source: Ref (8) Khalilzadeh Shirazi E et al. (2019)) 

 

Fourier transform infrared (FTIR) spectra of charred dolomite was recorded in the range of 

400 - 4,000 cm−1 at room temperature. Fig. 103 shows the FTIR spectra of charred dolomite 

samples before and/or after adsorption of BV16 and RR195 from single and binary dye 

solutions. 

The spectrum of pristine charred dolomite shows the main absorption band at ca. 1,418 

cm–1 which is related to the C-O vibrations of the carbonate ion. Bands around 2,500 cm-1 

can be assigned to water molecules bonded to the sample. The adsorption at 3,428 cm-1 

which can be attributed to OH– bonds indicates possible sorption of RR195 molecules to 

dolomite through hydrogen bonding/chemisorption (electrostatic attraction)  in the single 

and binary dye solution. The absorption band at ca. 3,698 cm-1 in the spectrum of charred 

dolomite after the adsorption of RR195 which does not occur in the spectrum of “dye-

unloaded” dolomite- can be attributed to O-H- vibrations originating from the hydration of 

the charred dolomite sample and possible adsorption of RR195 molecules via chemisorption 

(8, 62).    
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 Fig. 104 Field emission scanning electron microscopic (FESEM) images of natural 

bentonite before (A) and after (B) adsorption of the oppositely charged dye 

(BV16)  (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

 

 

Fig. 105 Field emission scanning electron microscopic (FESEM) images of standard 

bentonite before (A) and after (B) adsorption of the oppositely charged dye (BV16) 

               (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

The SEM images of natural bentonite and standard bentonite before and after the adsorption 

of BV16 are shown in Figs. 104 (A-B) and 105 (A-B), respectively. Fig. 104 A and 105 A 

are the SEM of the pristine natural and standard bentonite depicting an irregular morphology 

and sheet-like structure containing various size particles (147). 
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Figs. 104 B and 105 B indicate an effective adsorption of the cationic BV16 molecules into 

the pores of the adsorbents resulting in a less porous and more homogenous surface. This 

suggests that the dye-adsorbed bentonite surface after dye adsorption is coated by dye 

molecules (65, 127). 

 

Fig. 106 FTIR spectra of natural bentonite before and after adsorption of BV16 and/or RR195                 

(Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

Fig. 107 FTIR spectra of standard bentonite before and after adsorption of BV16 and/or RR195 

             (Source: Ref (65) Khalilzadeh Shirazi E et al. (2020)) 

 

Fourier transform infrared (FTIR) spectra of natural bentonite, standard bentonite and 

charred dolomite were recorded in the range of 400 - 4,000 cm−1 at room temperature before 

and after adsorption of BV16 and RR195 in single and binary dye solutions. Fig. 106 shows 
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the FTIR spectra of natural bentonite samples and Fig. 107 that of standard bentonite 

samples. IR absorptions at ca. 524, 466, and 917 cm–1 which can be attributed to Al ·O· Si, 

Si ·O· Si and Al ·Al ·OH vibrations confirm the presence of montmorillonite. Bands in the 

region of 3,800 - 3,400 cm–1 can be ascribed to the stretching vibration of O.H bonds. The 

FTIR spectra of both types of bentonites show two bands in this region (3,624.8 cm–1 and 

3,416 cm–1). The FTIR spectrum of natural bentonite loaded with solely BV16 and the 

spectrum of this adsorbent with BV16 together with RR195 are very similar indicating 

selective adsorption of BV16 via an interaction with the respective functional groups of the 

adsorbent mentioned above. Analogous results were obtained for standard bentonite. This 

influence of functional groups on the chemical adsorption process was demonstrated also in 

some previous works (65, 127, 148).    
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Fig. 108 Adsorption of BV16 on charred dolomite (A), adsorption of RR195 on charred 

dolomite (B), adsorption of RR195 on vermicompost (C), adsorption of BV16 on 

vermicompost (D)                   

 

 

 

Fig. 109 Removal of RR195 with charred dolomite by stirring the suspension in a Jar Tester 
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Summary of chapter 3 

 

 
Characterization of the adsorbents  

The characterization of the adsorbents showed that vermicompost has a high content of total 

organic matter (48.13%), high humidity (63%) and a low surface area (2.91 m2 g-1). The 

main constituents of charred dolomite were MgO and CaO and in natural bentonite SiO2 

(59.87%) and Al2O3 (11.01%) dominated which are supposed to be mainly responsible for 

the adsorption of the dyes from the solution. The specific surface area for natural powdered 

bentonite, standard bentonite, charred dolomite and natural granular bentonite was 1205.3, 

238.34, 11.88 and 41.83 m2 g-1
, respectively. Analysis by X-ray diffractometer (XRD) for 

mineral analysis of the granular bentonite revealed that the natural material has a phase 

composition, including the constituents of montmorillonite, clinoptilolite, kaolinite and 

muscovite-illite, with the main phase being montmorillonite (8, 65). 

 

 

Characterization of the real wastewater from acrylic-fiber dyeing at Acryl 

Tab CO. 

The wastewater already pretreated by coagulation-flocculation, characterized by a 

yellowish-orange color, SAC numbers of 20.2 m-1 (436 nm), 6.4 m-1 (525 nm) and 3.9 m-1 

(620 nm), an alkaline pH of 11.6 and a COD value of 890 mg L-1 was obtained from Acryl 

Tab CO. It was investigated and treated with natural granular bentonite in batch and fixed-

bed column studies. 

 

Batch adsorption studies on real textile wastewater 

In the batch studies, the optimized amount of natural granular bentonite for color removal 

from wastewater was 5 g/L. The adsorption processes followed satisfactorily a pseudo-

second-order kinetics and was in agreement with the Langmuir model for all three 

wavelengths investigated. 

The results from the batch experiments showed that the color removal was 88.1% 

(SAC436 nm), 70.3% (SAC525 nm) and 71.8% (SAC620 nm) and under the optimum conditions, 

COD concentration was decreased from initial 890 mg L-1 to 403 mg L-1, i.e. 54.7% of COD 

was removed. 
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Fixed-bed column adsorption experiments 

The experimental breakthrough curves for different bed heights and flow rates in fixed-bed 

column studies indicated that the influent flow rate of 5 mL min-1
 using a column filled with 

granular bentonite with a bed height of 20 cm is the best condition for the reduction of color 

and COD. Breakthrough times of the color removal using adsorbent bed heights of 5, 10 

and 20 cm were 360, 540 and 960 min, for the flow rate of 5 ml min-1, respectively. The 

respective exhaustion times were 600, 840 and 1140 min. It was concluded that the 

breakthrough times and exhaustion times increased with the increase of the adsorbent bed 

height and the decrease of the flow rate which is related to the better contact and interaction 

of the bulk solution with the adsorbent, improving the mass transfer of the dye molecules 

which lowers the concentration of the dye in the effluent. 

 

Reuse of the treated textile wastewater in the textile industry 

By treatment in the fixed-bed adsorption column a color concentration corresponding 32 

mg Pt-Co L-1 was obtained which is below the determined limited value for discharge 

according to Iranian standards. The SAC values of the treated effluent decreased to 3.9 for 

SAC436 nm, 1.5 for SAC525 nm and to 1.4 for SAC620 nm which is also German discharge limits. 

The color of the treated effluent was above detection limits ("non-visible") necessary for a 

general reuse as suggested by the AquaFit4Use project. The COD of the effluent after 

treatment decreased from 890 mg L-1 to 382 mg L-1 which lies in the allowed COD range of 

“low-quality water”. Therefore, considering color and COD values as well as other 

parameters such as heavy metals, total hardness and chlorine of the treated wastewater from 

the continuous fixed-bed filled with granular bentonite and of the water which is normally 

reused at the Acryl Tab company, the treated water from the fixed-bed adsorption process 

can be suggested to be used in the studied industry for rinsing the fibers in the pretreatment 

step, washing down the equipment and for washing the floors. 

 

Fixed-bed column design by the scale-up approach 

With reference to the data obtained from the calculations based on the scale-up approach, 

the design column has an area of A = 0.84 m2 and a diameter of d = 1.04 m. The height of 

the design column can be between 3.12 m to 5.12 m. According to the results from 5 cm, 

10 cm and 20 cm bentonite bed height at pilot-scale, the design column can treat 37.5 m3, 

56.25 m3 and 100 m3 of wastewater, respectively in 6 h, 9 h and 16 h (at break through 
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points) using 2287 kg, 4569.6 kg and 9150.4 kg of bentonite which is required for the 

treatment of wastewater with a flow rate of 150 m3 d-1. As the company works mainly in 2 

working shifts, 6098 kg bentonite (5 cm bed height), 8123.73 kg bentonite (10 cm bed 

height) and 9150.4 kg bentonite (20 cm bed height) is required to treat the generated 

wastewater. 

 

Reusing the spent bentonite in lightweight aggregates production 

The SiO2/ƩFlux ratio of the green granules made of the spent adsorbent was ca. 2. This 

shows the ability of the material to bloat and lets expect a high viscosity of the melted 

material during sintering.  

The products (LWAs) made with the spent material were comparable to those made with 

the standard natural clay in terms of technical properties such as density, water absorption 

and compressive strength. 

 

Life cycle assessment (LCA) and Monte Carlo analysis for comparing 

textile wastewater treatment with bentonite and activated carbon 

 

Monte Carlo simulation method concluded that 3.81 kg of activated carbon is required to 

treat 1 m3 of textile wastewater (in relation to 86.6 kg bentonite). Different disposal 

scenarios which were studied by LCA indicated that the lowest environmental impact is 

related to the scenario of reusing bentonite in LECA (single score: 1.81) but regeneration of 

activated carbon concluded 235 which it is about 130 times worse than reusing the spent 

bentonite in LECA production. 

From the economic point of view, Monte Carlo analysis concluded that the treatment of 1 

m3 textile wastewater with bentonite is much cheaper than using AC.  

Regarding carbon footprint assessment, the highest amount of the emitted carbon dioxide is 

concluded in the scenario of ‶spent activated carbon landfilling″ and the lowest amount is 

concluded in ‶reusing the spent bentonite in LECA″.  
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Batch adsorption studies on dye-spiked groundwater 

 

Adsorption of dyes on the single sorbent and mixed sorbent in binary dye 

solutions 

 

In both single and binary dye experiments, charred dolomite (having a positive surface 

charge), i.e. natural Persian dolomite thermally treated at ca. 800 °C, vermicompost and also 

natural untreated bentonite (having a negative surface charge) have a high potential to 

remove anionic and cationic fabric dyes from contaminated groundwater, with preference 

for the respective dye with the opposite charge, respectively. Thus, charred dolomite is very 

efficient to remove the reactive dye RR195 from water and negatively charged adsorbents 

such as vermicompost and natural bentonite are very effective adsorbents to remove the 

cationic dye BV16 from water, whereas the dye with the same charge as the adsorbent has 

only a very low affinity. Electrostatic attraction is likely to play the main role in the 

mechanism of the adsorption process.  

The experimental results not only revealed interactions between the dyes and the adsorbents 

but also mutual effects between the dyes BV16 and RR195 themselves. Interestingly, in binary 

dye solutions, the degree of adsorption of RR195 on bentonite increased considerably in the 

presence of BV16, which can be interpreted as synergism. In a similar synergistic way, RR195 

caused a double increase in the degree of adsorption of bentonite toward BV16. On the other 

hand, when charred dolomite was used as the adsorbent, RR195 enhanced the adsorption of 

the cationic dye BV16. However, RR195 relatively reduced the adsorption of BV16 to 

vermicompost. 

The adsorption data were used to determine adsorption isotherms and kinetic curves for 

single and binary dye experiments.  

The behavior of all adsorbents in single and binary dye experiments could well be described 

by the Langmuir adsorption model. However, in the case of the adsorption of BV16 on 

vermicompost in a binary dye system, it was found that the Freundlich model is in good 

agreement with the experimental data. The adsorption processes totally hinge on the initial 

dye concentration. Kinetic measurements suggest a pseudo-second-order kinetics as the 

most acceptable one  in single and binary dye solutions, which implies that chemisorption 

dominates the dye uptake process, and that the reaction rate is proportional to the 

concentration of adsorbent and adsorbate (8, 65). 
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Using mixed adsorbents, the effect of different mass ratios of the two adsorbents was 

investigated in order to reach the optimal removal efficiency. Regarding the system 

vermicompost/charred dolomite, a ratio of 50:50 was selected, and concerning charred 

dolomite/natural bentonite, the ratio concluded from optimized adsorbent amounts 

(obtained from experiments with single dye solutions) was chosen. 

These two systems, CD+VC (consisting of a 50:50 mixture of charred dolomite and 

vermicompost) and CD+NB (a mixture of charred dolomite and natural bentonite in 

optimized ratios), were successfully used for the simultaneous removal of two charged 

fabric dyes (the cationic dye BV16 and the anionic dye RR195) from contaminated 

groundwater. The results showed that for both dyes more than half of the removal 

efficiencies determined for both dyes onto the mixed sorbents were >70%, highlighting that 

these mixed sorbents are highly efficacious for simultaneous removal of cationic and 

anionic dyes from contaminated groundwater (8, 65). 

High removal efficiencies were obtained using the mixed sorbent approach. In the 

experiments using single sorbent/single dye and single sorbent/binary dye also a high 

efficiency for the removal of the dyes from groundwater spiked with a textile effluent from 

the dying section of a textile plant was observed.  

Further lab-scale experiments under optimal adsorption conditions with groundwater spiked 

with one of the dyes were performed to study the reusability of the materials. In terms of 

the reuse capability of the adsorbents, vermicompost and natural bentonite proved to be 

efficient sorbents which allow a high number of adsorption-desorption cycles stressing their 

economic and environmental advantage.  

In a series of preliminary bench-scale experiments with single dye solutions optimum 

operation conditions were determined. In the single dye experiments, BV16 was not removed 

by charred dolomite, and RR195 was not removed by either of the two kinds of bentonites 

and vermicompost due to the same charge of the dye and the adsorbent. 
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4. Summary and Outlook 

 

This thesis highlights the effectiveness of a mineral material “granular bentonite” as a natural 

adsorbent in the decolorization and reduction of the pollution load (COD) of wastewater 

produced in the Iranian textile company of Acryl Tab. The wastewater originating from the 

dyeing process of acrylic fiber is pretreated at the Acryl Tab CO. by means of 

coagulation/flocculation.  

A series of pilot-scale fixed-bed columns packed with granular bentonite were designed. They 

operated for treating real colored wastewater. It was found that the performance of the fixed-

bed column is considerably influenced by the influent flow rate and the bed height of the 

column. Increasing the column bed height resulted in increasing both breakthrough time and 

exhaustion time of the column bed, whereas the studied parameters decreased with increasing 

the influent flow rate. For the practical application at the industry studied, the scale-up method 

based on the data obtained from the breakthrough curves of the pilot-scale column studies was 

used to design a larger packed-bed column. In addition, experimental studies have been carried 

out to understand the fundamental mechanisms and kinetics of the adsorption.  

Due to the high removal efficiency of color, fixed-bed adsorption using granular bentonite can 

be considered as a very good option for treating this kind of acrylic fiber dyeing effluent. 

Important quality parameters, including color and COD, fulfilled the required demands for 

reuse of the treated wastewater for washing applications in the textile industry. Other 

parameters such as heavy metal concentrations and total hardness not only were comparable 

with that of the water which is normally used in the Acryl Tab CO. but even lower. 

Furthermore, compared to other conventional technologies such as AOPs and activated carbon, 

the advantages of this approach include low investment costs as well as low energy 

consumption and a low consumption of chemicals. In the near future, the Iranian textile 

industry will be forced to improve the quality of the generated wastewater for both discharge 

into the environment and reuse. As most industries in Iran nowadays have economic problems, 

using an adsorption system obviates the need to apply more expensive treatment technologies. 

This method would enable the industry to decrease the cost and space requirements needed for 

the effluent treatment as well as less consumption of groundwater for process water in the 

industry considering the water shortage crises in Iran. 

In general, treatment of textile wastewater with a combination of a good biological treatment 

system and adsorption might be a better option. In other words, an adsorption step better not 

be used as the only treatment method. However, regarding the textile industries in Iran which 

most of them (including Acryl Tab CO.) do not have any biological treatment system in their 

wastewater treatment plant and in practice (operation and maintenance) are not able to have an 
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efficient biological treatment system, using an environmental-friendly and cost-effective 

adsorbent compared to the common adsorbent activated carbon is reasonable. Based on the 

LCA and Monte Carlo analysis, using the natural granular bentonite showed a much more 

environmentally friendly and cheaper alternative compared to activated carbon for the 

treatment of acrylic fiber dyeing wastewater in Acryl Tab CO. This approach can be very useful 

for medium to small-scale industries in Iran, to avoid the continuation of causing a lot of harm 

to the environment. Interestingly, the spent bentonite landfilling in LCA concluded less 

environmental impacts compared to the regeneration of the spent activated carbon used in 

textile wastewater treatment which can be ascribed to the intensive consumption of energy and 

electricity in the production and regeneration of activated carbon. Nevertheless, aimed at 

minimizing the environmental impacts, reusing the spent bentonite in LECA production was 

investigated in this thesis. 

The spent adsorbent showed a good potential to be used as a raw material for manufacturing 

LWAs. The sintered aggregates made from the spent adsorbent resulted in approximately 

similar technical performance in terms of water absorption, compressive strength and density 

when compared to the commercial LECA available in Iran. The spent adsorbent as a novel raw 

material can bring about a new market line for its application as LWAs in the construction 

industry such as lightweight concrete. The reuse of the secondary material generated from the 

treatment process will translate into the conservation of natural resources as well as landfill 

diversion.  

In the LCA study for using bentonite in textile wastewater treatment and reusing the spent 

bentonite in LWAs, the distances between the mine, Acryl Tab CO and LECA CO were 

considered. The results showed that using bentonite for textile wastewater treatment with the 

scenario of reusing the spent bentonite in LECA was the best scenario compared to the other 

studied scenarios from the environmental and economic perspectives. Nonetheless, close to the 

LECA factory, there are some important industrial areas with acrylic textile dyeing industries 

which can bring about even lower emission of CO2 due to the relatively shorter distances 

between the wastewater treatment plants and the LECA factory and in general due to the 

reduced weight of lightweight concretes produced from LWAs in transportation. 

All in all, it is recommended to assess the possible environmental impacts of incorporating 

waste materials into products such as LWAs for further investigations. Particularly, the risks 

of reuse and recycling strategies  posed on the environment must be evaluated to avoid the 

development of new potential sources of pollution (90). 
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The main results obtained and the innovative character of the preliminary 

studies achieved can be summarized as follows: 

1. the development of an analytical method (first-order derivative 

spectrophotometry) for the simultaneous analysis of the two fabric dyes BV16 

and RR195 in binary dye solutions (8), 

2. the adsorption of the cationic dye BV16 on vermicompost with high removal 

efficiency in single dye solutions (8), 

3. the adsorption of the cationic dye BV16 on vermicompost in binary dye solutions 

with high removal efficiency (8), 

4. the adsorption of the anionic dye RR195 on charred dolomite in single dye 

solutions with high removal efficiency (8), 

5. the adsorption of the anionic dye RR195 on charred dolomite in binary dye 

solutions with high removal efficiency (8), 

6. the adsorption of the cationic dye BV16 on charred dolomite (both positively 

charged) enabled by the presence of the anionic dye RR195 (synergistic effect) 

(8), 

7. the adsorption of the cationic dye BV16 on natural Persian bentonite in binary 

dye solutions with high removal efficiency (65), 

8. a doubling of the adsorption capacity of both standard and natural bentonite for 

the cationic dye BV16 in the presence of the anionic dye RR195 (synergistic 

effect) (65),    

9. simultaneous removal of BV16 and RR195 (oppositely charged dyes) with high 

removal efficiency from dye-spiked groundwater using mixed adsorbent 

systems (8, 65). 

 

Novel mixed natural low-cost materials available in Iran for water treatment were investigated. 

Two dyes commonly used in the dyeing section of a textile factory could successfully be 

removed from dye-spiked groundwater. Selective and simultaneous removal of oppositely 

charged (i.e. cationic and anionic) dyes was possible. It was demonstrated that mixed adsorbent 

systems could be successfully used for the remediation of dye-contaminated groundwater 

which shows the potential of such mixtures for textile wastewater treatment and thereby the 

sustainable protection of water resources (65). 

Taking into account that the total removal of the compounds sometimes is not needed and some 

useful chemicals are required to be recycled in industrial waste streams, these novel adsorption 

materials with a high selectivity towards targeted dyes and the ability to retrieve useful 

chemicals during the treatment of industrial wastewater in the controlled separation of dye 

mixtures have currently received many attentions. Since, many adsorbents can readily adsorb 
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various mixed organic dyes, but are typically poor at selectively removal of the targeted organic 

dyes (149). 

Moreover, multiple components including cationic and anionic dyes are commonly present in 

real wastewater systems and they cannot be eliminated simultaneously by one sorbent. In order 

to achieve high removal efficiency for both of dyes with opposite charges, it is important to 

use oppositely charged materials at the same time (33). 

 

Studying different adsorbents and pre-screening for adsorbents and choice 

of best-performing materials 

 

The comprehensive literature review demonstrated that various natural and engineered 

materials have been proposed as adsorbents for dye removal from water, most of them from 

single dye solutions, and some of them also from binary dye solutions. Some researchers 

investigated the application of mixed sorbents for dye removal from binary dye solutions. 

However, all the mixed sorbents studied were nanomaterials and/or chemically modified and/or 

magnetically tailored sorbents that pose various chemicals such as surfactants, acids or bases, 

and the like as secondary contaminants to the environment. Their required removal causes 

further costs. Moreover, some of the mixed sorbents studied only can remove one type of dye 

(i.e. solely cationic or solely anionic dyes). For some of them the dye elimination efficiency is 

low, and for others maximum number of regeneration cycles is low. 

The novel concept proposed in this thesis overcomes the disadvantage of other adsorbents 

requiring chemicals necessary for modification and/or of being expensive and/or of having low 

removal efficiencies and/or low number of regeneration cycles. Using the adsorbents 

investigated, it is possible to remove cationic and anionic dyes simultaneously by selective 

adsorption and with high removal efficiency. To my knowledge none of the mixed sorbents 

reported in literature so far demonstrated all the advantages mentioned above at the same time, 

specifically considering the application of the proposed mixed adsorbents systems for the 

removal of dyes from dye-spiked groundwater. 

The dye removal capacity of each of the adsorbents natural bentonite, charred dolomite and 

vermicompost was tested in single dye experiments with dye-spiked deionized water. The 

investigation of dolomite included different raw and charred dolomitic products of the factory. 

They were prepared and the best-performing material with regard to removal efficiency and 

adsorption capacity was selected. The results showed that unlike charred dolomite, raw 

dolomite cannot adsorb the dyes effectively. Therefore, charred dolomite was chosen to 

proceed with the experiments with binary dye solutions and for using it in mixed sorbents.  
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With reference to literature, Na-bentonite has a higher adsorption capacity for most kinds of 

dyes in aqueous solutions than Ca-bentonite. Thus, Na-bentonite was selected to study the 

removal of dyes from aqueous solutions.  

In a further step, the dye removal efficiency and the adsorption capacity of each material were 

determined. The capability of these adsorbents to remove the dyes from dye-spiked 

groundwater in single dye experiments in the new (groundwater) matrix was assessed. 

Regarding the adsorption of dyes on all materials in both matrices, the results showed that the 

adsorbents can remove the oppositely charged dyes with high elimination efficiency and that 

they have a very negligible capability to adsorb the dyes with a charge identical to their surface 

charge. 

 

Regeneration of the adsorbents 

Further lab-scale experiments were performed to determine the maximum reuse capability of 

the adsorbents. Eight successive adsorption-desorption steps, involving regeneration steps with 

1 N HCl, prove the practicability and economic advantage of natural biosorbent vermicompost. 

The efficiency of vermicompost to remove the cationic dye BV16 from the aqueous solution 

kept roughly constant during the first five cycles (~4% reduction), it decreased by ~9% after 

eight cycles. Unlike charred dolomite, natural bentonite (eluent: 1 N HCl) can be used multiply. 

After five cycles there was only a ~7% reduction of the efficiency to remove the cationic dye 

BV16 using natural and 9% using standard bentonite. The efficiency of charred dolomite 

(eluent: 1 N NaOH) to remove RR195 decreased significantly to ca. 50% already after three 

cycles (8, 65). 
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Appendix 

 
A1. Recovery studies for the first-order derivative spectrophotometry 

experiments                                                          

 

To evaluate the accuracy of the first-order derivative spectrophotometry in determining the dye 

concentrations in binary solutions, the recovery studies were carried out. Different 

concentrations of the binary dye solutions consisting of BV16 and RR195 were prepared, and the 

first-order derivative spectra of the binary mixtures were determined. The results are 

summarized in Table A1. The recoveries, errors and average percentage errors (all in %) of the 

theoretical concentrations (Ct) compared to the measured concentrations (Cm) were calculated 

using Eq. 1-3, respectively. In Eq. 3, N is the number of measurements.   

 

 

Recovery (%) = 
Cm

Ct
 × 100                                                                                                  (1)                                           

 

Error (%) = 
Cm−Ct

Ct
 × 100                                                                                                               (2)                    

 

C (%) = 
∑ Cm−Ct

Ct
⁄N

i=1

N
                                                                                                                          (3)                    

(105). 

 

Table A. 1 Results of the percentage recovery, error and average error values for the 

concentrations of BV16 and RR195 in binary mixtures obtained from first-order 

derivative spectra 

 

Theoretical mgL-1 
 

Measurement in mgL-1 
 

Recovery % 
 

Error % 

CRR195 CBV16 
 

CRR195 CBV16 
 

RR195 BV16 
 

RR195 BV16 

2 2 
 

2 2.1 
 

100 105 
 

0 5 

2 4 
 

2 3.9 
 

100 97.5 
 

0 -2.5 

2 6 
 

1.9 5.7 
 

95 95 
 

-5 -5 

2 8 
 

1.9 8.1 
 

95 101.2 
 

-5 1.25 

2 10 
 

1.9 9.9 
 

95 99 
 

-5 -1 

           

2 2 
 

2 2.1 
 

100 105 
 

0 5 

4 2 
 

3.9 1.9 
 

97.5 95 
 

-2.5 -5 

6 2 
 

6.2 2 
 

103.3 100 
 

3.33 0 
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Theoretical mgL-1 
 

Measurement in mgL-1 
 

Recovery % 
 

Error % 

8 2 
 

8.2 1.9 
 

102.5 95 
 

2.5 -5 

10 2 
 

10.1 1.9 
 

101 95 
 

1 -5 
           

2 2 
 

2 2.1 
 

100 105 
 

0 5 

4 4 
 

4.2 4 
 

105 100 
 

5 0 

6 6 
 

6.2 6.1 
 

103.3 101.6 
 

3.33 1.66 

8 8 
 

8.2 7.9 
 

102.5 98.7 
 

2.5 -1.25 

10 10 
 

10.1 10.2 
 

101 102 
 

1 2 

         
2.4* 2.9* 

*Average percentage error 

As can be seen in Table A1, the recoveries for the determination of the concentrations of the 

dyes BV16 and RR195 in binary mixtures by the first-order derivative spectrophotometry were 

in the range of 95-105% and the average percentage errors (%) were 2.9 and 2.4% for BV16 

and RR195, respectively. With reference to the recovery studies, it can be indicated that the 

concentrations of BV16 and RR195 concentrations in binary mixtures can be accurately 

determined using derivative spectrophotometry (8, 105). 

 

A2. Studies on the reuse of adsorbents 

 

Dye-loaded vermicompost and dye-loaded natural and standard bentonite were contacted to 

aqueous HCl (10 mL; 0.1 M) and dye-loaded charred dolomite was contacted to NaOH (10 

mL; 0.1 M). After stirring the suspensions (200 rpm; 10 min) the adsorbents were filtered via 

filter paper. After separating the adsorbents, they were washed by deionized water for the 

subsequent following adsorption experiments. The amount of the dyes desorbed was 

determined using spectrophotometry (8, 65). 

 

A3. pH points of zero charge (pHpzc) of the adsorbents 

 

The drift method was used to determine the pHpzc of the adsorbents. Each adsorbent (0.1 g) 

was added to a NaCl solution (0.1 M; 50 mL) which initially had been adjusted to a pH between 

2 and 10 using either NaOH or HCl (both 0.1 M). After shaking the suspensions for 24 h, the 

final pH values were measured. pHpzc is the pH for which ΔpH (difference between initial and 

final pH) is zero. The pHpzc was obtained as the pH at the point of intersection of the curve 

obtained by plotting Δ pH versus the initial pH axis (65). 
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 Fig. A 1 Drift method test 

                (Laboratory of Water and Wastewater Treatment at Azad University in Iran) 

 

 

A4. Effect of pH on absorbance and λmax 

 

To find out if pH influences the absorbance of dye solutions, experiments were performed at 

different pH values from acidic to basic. 

 

 

 Fig. A 2 Effect of changes of pH on the absorbance of reactive red 195 at 540 nm, 20 mg L-1 

 

 

As can be seen in Fig. A2 the absorbance at 540 nm for RR195 keeps constant at pH values 

between 3 and 9. Therefore, RR195 is not sensitive to pH in that range. 
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Fig. A 3 Effect of changes of pH on max of basic violet 16 (BV 16), 20 mg L-1  

 

        For a solution of BV16 (20 mg L-1) max keeps constant within a pH range of 2 to 11. Therefore, 

it is not sensitive to pH. 

 

A5. Reuse studies 

 

From the aspect of sustainability as well as from an economical point of view it is desirable to 

have adsorbents available which can be regenerated or reused in a large number of cycles. 

Therefore, the regeneration capabilities of vermicompost, charred dolomite and the two kinds 

of bentonites were examined in experiments performing subsequent adsorption-desorption 

cycles. Desorption experiments were carried out to assess the maximum reuse capability of the 

natural adsorbents for the removal of the fabric dyes (20 mg L-1 each). 

The desorption cycles for regeneration were performed with HCl (0.1 M) and NaOH (0.1 M) 

as eluents. It could be shown that BV16 strongly adsorbs to vermicompost, but it can be hardly 

removed from vermicompost by the eluents applied. Obviously, a high proportion of dye 

molecules irreversibly binds to the vermicompost adsorption sites and cannot be remobilized 

by HCl leading to a low percentage of recovery of the dye.  The efficiency of vermicompost to 

remove BV16 from the aqueous solution kept roughly constant during the five adsorption–

desorption cycles (~4% reduction), it decreased by ~9% after eight cycles. In contrast, the 

efficiency of charred dolomite for the removal of RR195 decreased significantly already after 

three adsorption-desorption cycles (~ 50%). 

The limited amount of dye which could be desorbed from both kinds of bentonites proves a 

strong interaction and a high affinity between the cationic dye and the negative clay surface. 

After five cycles there was only a ~7% reduction of removal efficiency for the cationic dye 

BV16 using natural bentonite, and 9% using standard bentonite; after eight cycles there was a 

reduction of the efficiency by 25% for natural and 30% for standard bentonite (8, 65). 
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A6. pH points of zero charge (pHpzc) of the adsorbents 

 

 

 

  Fig. A 4 pHpzc of a suspension of vermicompost in water  

 

In general, humic materials such as vermicompost have a great number of negative charges, 

which are responsible for elevated PZC.  

A suspension of vermicompost in water had a pHPZC of ca. 7.8. At this pH the surface is 

“neutral”. At a pH > pHpzc, the charge of the adsorbent surface converts to negative 

(deprotonation) and it changes to positive (protonation) at a pH < pHPZC. The measurement of 

the Zeta potential shows that the surface of vermicompost at the pH where the experiments 

were performed is negatively charged, allowing it to interact with positively charged molecules 

(see Fig. A4). Thus, the electrostatic attraction can explain the strong adsorption of cationic 

dyes on this adsorbent. 

 

 

 

7.8 
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  Fig. A 5 pHpzc of a suspension of charred dolomite in water 

 

The pHPZC of charred dolomite determined was 10.8; below this pH, the surface of charred 

dolomite is positively charged due to protonation (see Fig. A5). Thus, based on electrostatic 

attraction negatively charged molecules like anionic dyes strongly adsorb to charred dolomite.  

 

 

 

Fig. A 6 pHpzc of a suspension of natural bentonite in water 
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 Fig. A 7 pHpzc of a suspension of standard bentonite in water 

 

 

A suspension of natural bentonite and standard bentonite had a pHPZC of ca. 9.5 and 7.8, 

respectively (see Fig. A6 and A7). At a pH > pHpzc, the charge of the adsorbent surface converts 

to negative and it changes to positive at a lower pH < the pHPZC. In the case of bentonite, the 

permanent negative net charges on the bentonite surface generated by the isomorphous 

substitutions (Al3+ for Si4+ in the tetrahedral layer and Mg2+ for Al3+ in the octahedral layer) 

are independent of pH.   Hence, based on electrostatic attraction the cationic dye can strongly 

interact with bentonite within a broad range of pH > pHPZC (65).
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