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The review aimed to identify differences and similarities in the adsorption process of five azo dyes [congo red (CR), reactive black 5 (RB5), methyl orange (MO), orange II (OII), and methyl red (MR)] on natural materials, biosorbents, industrial and agricultural waste, or biomass, which are alternatives of costly activated carbon and are locally available. The azo dyes were characterized and compared based on their molecular structure and weight, water solubility, acid dissociation constant, n-octanol-water partition coefficient, and maximum absorbance. RB5 and CR are diazo dyes, whereas MO, OII, and MR are mono-azo dyes. MO, OII, and MR are anionic acid dyes, RB5 is an anionic reactive dye, and CR is an anionic direct dye. CR, RB5, MR, and OII molecules contain one or more sulfonate functional group(s), but MR does not. We performed a literature review based on the following parameters: initial dye concentration, adsorbent dosage, pH, temperature, isotherm, kinetic models, thermodynamic parameters, and synergetic or competitive interactions. The azo dyes tended to adsorb best in an acidic medium and at higher temperatures. The initial dye concentration and adsorbent dosage studies indicated the importance of using an appropriate amount of adsorbent dosage for an effective removal. The studies tended to follow the Langmuir isotherm and kinetic pseudo-second-order model. Most adsorption processes were endothermic and spontaneous, leading to an increase in randomness at the solid-liquid interface. These results indicate similarities between the adsorption process of the five azo dyes. Relevant adsorption mechanisms in azo dye adsorption processes were assumed to be electrostatic forces, hydrogen bonding, and π–π interactions, among others. Nevertheless, the focus of the studies lies more on the development and characterization of adsorbent materials, not on the study of influences from the matrix “industrial wastewater”. Therefore, more research is needed to develop adsorption units for application in textile industries.
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1 INTRODUCTION
Many industrial processes, such as textile dyeing, paper printing, and the production of food or cosmetics, use azo dyes. From these, the textile industry is responsible for releasing a large quantity of azo dyes in wastewater and—if not adequately treated—discharges into the aquatic environment (Wong et al., 2019). Correspondingly, about 50,000 tons/year of dyes are dumped into the environment (Dihom et al., 2022). Globally, it is estimated that textile production is responsible for about 20% of water pollution (Mani and Bharagava, 2018). This contamination mainly affects regions of textile industry hubs, such as India and Bangladesh, where water stress is already high. Southern and Central Asia, for example, registered high levels of water scarcity at over 75% in 2019, where the contamination of freshwater from untreated textile wastewater further threatens local ecosystems and deepens existing inequalities (Pan et al., 2021; OHCHR, 2022; UN, 2022).
Azo dyes are the most important class of synthetic textile dyes, accounting for over 60%–70% of all commercial dyes, and do not exist naturally in the environment (Berradi et al., 2019). They are widely used due to their readily synthesized varieties in chemical structure, their straightforward application methods, and their cost-effectiveness (Chudgar, 2000). While the complex structure of azo dyes gives them an advantage in application, this causes problems in removing them from wastewater (Wong et al., 2019).
Due to their specific features, azo dyes are not or hardly biodegradable and resistant to light, heat, and oxidizing agents, which makes it difficult to remove them in wastewater treatment plants (Wong et al., 2019; Lai et al., 2020). After discharge, untreated azo dye-containing wastewater accumulating in natural water bodies can be highly toxic and develop carcinogenic and mutagenic properties for human and aquatic life (Du et al., 2014; Lai et al., 2020).
Conventional biological wastewater treatment methods (aerobic and anaerobic) have often been proven inefficient for azo dye removal (Saad et al., 2010) because the process is not carried out under optimal conditions (Didier de Vasconcelos et al., 2021). For sufficient azo dye removal, a combination of an anaerobic step, which is responsible for discoloration by breaking azo bonds, and an aerobic step, which promotes an efficient removal of organic compounds, is necessary (Didier de Vasconcelos et al., 2021). Different enhanced treatment options are available, e.g., chemical methods (Coagulation/flocculation, Fenton oxidation, ozonation, photocatalytic or sonocatalytic oxidation, radiolysis), and physical methods (membrane filtration and adsorption) (Brillas and Martínez-Huitle, 2015; Wang F. et al., 2022; Dihom et al., 2022). Considering chemical methods, high costs of chemicals and reagents, large amounts of sludge (e.g., for coagulation/flocculation and Fenton oxidation), and problems faced during handling and disposal of wastes are drawbacks. Membrane filtration is a promising technology but has high operating costs and produces a concentrate which cannot be treated (Pang and Abdullah, 2013; Wang X. et al., 2022). In contrast, adsorption is a promising technology for the removal of azo dyes from wastewater because of its high efficiency, low cost, simplicity, high capacity, and ease of up-scaling (Tanyildizi, 2011; Yılmaz et al., 2016; Saleh and Al-Absi, 2017; Wang X. et al., 2022) For adsorption a large number of materials, such as activated carbon, polymeric resins, agricultural and industrial by-products (e.g., peat, bentonite, chitin, silica, and fly ash) are available (Wang X. et al., 2022). Some review articles were written, for example, on the adsorption of anionic or cationic azo dyes on agricultural solid waste (e.g., Salleh et al., 2011; Afroze and Sen, 2018; Birniwa et al., 2022; Haque et al., 2022). Adsorption does not degrade azo dyes but accumulates them onto the surface of the adsorbent. However, a prerequisite for applying materials as adsorbents is that they are produced with reproducible quality and can best be regenerated and reused. It should be noted that if regeneration is not possible, additional waste product is generated, and other costs are incurred.
The adsorption process of azo dyes is complex and depends on their individual physical and chemical characteristics including pore size, surface area, and pore volume and functional groups (Al-Amrani et al., 2022; Haque et al., 2022. Additionally, other physiochemical parameters, including modifier coverage, adsorbent dosage, temperature, contact time, initial dye concentration, pH, and agitation speed influence the adsorption process (Al-Amrani et al., 2022).
The focus of this paper is the discussion of adsorption studies of azo dye removal with adsorbents replacing costly activated carbon with more economical and locally available adsorbents with good adsorption performance. Understanding and maximizing the physical and chemical interactions at the molecular level involved in adsorption is vital for choosing or developing an appropriate adsorbent for treating azo-dye-containing wastewater (Pan et al., 2021; Li et al., 2022). Furthermore, textile wastewater can contain multiple types of azo dyes, and an adsorbent should ideally be able to remove them all. Most review papers about azo dye adsorption focus on a specific adsorbent material or adsorbate. This review aims to systematically compare adsorption behavior and interactions between diverse azo dyes and different kinds of adsorbents to critically reveal differences or similarities in their adsorption processes.
Therefore, this review characterizes five widely applied azo dyes, namely, congo red (CR), reactive black 5 (RB5), methyl orange (MO), orange II (OII), and methyl red (MR). We have chosen them based on their wide application in the textile industry, their structural behavior, difficulty removing them from wastewater, and the problems they cause for ecosystems and humans. The dyes are described and compared based on molecular structure and weight, water solubility, acid dissociation constant (pKa), n-octanol-water partition coefficient (log KOW), and maximum absorbance ([image: image]. Moreover, we present an overview of the results and parameters of different adsorption studies of the above-mentioned azo dyes. For the review, 50 papers, with 66 studies, were identified and revised in detail. The effects of initial dye concentration, adsorbent dosage, pH, and temperature on adsorption are analyzed, as well as the isotherm and kinetic models, thermodynamic parameters, and synergetic or competitive interactions between different dyes.
Based on that, the objective is to answer the following research question:
1) Which adsorbents are available besides activated carbon with good adsorption performance?
2) Can general recommendations be given concerning parameters that affect their adsorption capacity and removal rate and available models?
2 METHODOLOGY
This study is based on the characterization and literature review of adsorption studies of the five azo dyes CR, RB5, MO, OII, and MR. We characterized and compared the dyes based on the following parameters: molecular formula, molecular structure, molecular weight, water solubility, pKa, log KOW, and [image: image] value.
We identified peer-reviewed papers published between 2002 and 2022 studying the adsorption of the above-mentioned azo dyes via Google Scholar, MDPI, and Elsevier. We selected the documents based on the intention to include diverse adsorbents and papers from various researchers from different countries, especially countries with big textile industries (see also Figure 1). Ten papers were selected for each of the five azo dyes and reviewed in detail according to a pre-defined set of parameters.
[image: Figure 1]FIGURE 1 | PRISMA 2020 flow diagram for the review (according to Page et al., 2021).
The following parameters are relevant based on their well-known importance and impact on adsorption processes: initial dye concentration, adsorbent dosage, pH, temperature, isotherm, thermodynamic parameters, and competitive or synergetic interactions with other dyes. Based on the results, adsorption mechanisms and interactions, which might occur during an adsorption process between an azo dye and an adsorbent, were proposed. The strengths and weaknesses of the investigated studies were also briefly mentioned. If information from the written text and available graphs or tables was contradictory, we used the information from graphs and tables.
Some papers tested more than one azo dye and adsorbent in their work. Finally, this resulted in the review of 11 articles with 14 different studies for CR, 11 papers with 16 various studies for RB5, 13 articles with 15 various studies for MO, ten papers with 11 various studies for OII, and ten papers with ten different studies for MR. We analyzed the data using Microsoft Excel since a statistical analysis would require more studies.
3 AZO DYES CHARACTERISTICS
Generally, azo dyes can be classified according to their dissociation in an aqueous solution as anionic (acid, direct and reactive) dyes, cationic (basic) dyes, and nonionic (disperse) dyes (Eren and Acar, 2006; Munagapati et al., 2018). Due to their chemical structure, azo dyes are highly stable and hardly biodegradable; some are even carcinogenic and mutagenic (Chen et al., 2010; Du et al., 2014). Hence, they pose ecological and toxicological risks for aquatic life and human beings if discharged into receiving water bodies (Chen et al., 2010; Du et al., 2014; Zheng et al., 2019). Due to its chromophoric functional group, the azo bond linkage is primarily responsible for the color. It makes them highly stable owing to their complex aromatic rings and covalent azo bonds.
Several factors affect the adsorption process, including the adsorbate properties. Anionic azo dyes have different numbers of aromatic rings and functional groups bound to the rings. The hydrophobicity and the spatial dimensions of anionic azo dyes influence the adsorption process and depend on the distance between the most distant atoms in the dye molecule, water solubility, molecular weight, and pKa (Blachnio et al., 2018; Al-Amrani et al., 2022) For further discussion, the characteristics of the five azo dyes, CR, RB5, MO, OII, and MR, are shown in Table 1, which includes their molecular structure, molecular weight, water solubility, pKa, log KOW, and [image: image] value, which is relevant in assessing their probability of being successfully removed from textile wastewater by adsorption.
TABLE 1 | Overview of various characteristics and the structures of CR, RB5, MO, OII, and MR.
[image: Table 1]CR shows a linear symmetry and contains two chromophore groups (–N=N–) attached to a naphthalene and benzene ring. Furthermore, a sulfonate (–SO3Na) and amino group (–NH2) are attached to each naphthalene ring. The sulfonate groups dissociate in water and are negatively charged in acidic conditions (Du et al., 2014; S; Liu et al., 2014). RB5, also known as remazol black B, is an anionic, reactive diazo dye. Reactive dyes are typically azo-based chromophores combined with different reactive groups that can form covalent bonds between dye and textile fibers (Eren and Acar, 2006). Like CR, the structure of RB5 is symmetrical and contains two chromophore groups (–N=N–). The two azo groups are attached to a naphthalene ring in the center of RB5. Four functional groups are attached to the naphthalene ring, two sulfonate (–SO3Na) groups, one amino (–NH2), and one hydroxyl (–OH) group. Conversely, each azo group is connected to a reactive vinyl sulfone group (Greluk and Hubicki, 2010; Tanyildizi, 2011).
MO, also known as orange III or acid orange 52, is an anionic, acid monoazo dye significantly smaller than CR and RB5 (National Center for Biotechnology Information, 2022). MO contains one chromophore group (–N=N–) attached to two benzene rings, while one has a functional sulfonate group (–SO3Na). OII, also known as acid orange 7, is an anionic, acid monoazo dye. Like MO, OII contains one chromophore group (–N=N–) but is attached to one benzene and naphthalene ring. The naphthalene ring contains a hydroxyl (–OH) group and the benzene ring a sulfonate group (–SO3Na). MR or acid red 2, is also an anionic, acid monoazo dye. Like MO and OII, MR contains one chromophore group (–N=N–). The azo group is tied to two benzene rings, where one benzene ring is attached to a carboxyl (–COOH) functional group.
RB5 possesses the biggest molecule size of all the examined azo dyes, followed by CR, OII, MO, and MR, representing the smallest molecule. A bigger molecular size could reduce the number of molecules attaching to an adsorbent surface (Wong et al., 2019). Furthermore, MO, OII, and MR only have one chromophore group and can, therefore, be classified as mono-azo dyes, whereas RB5 and CR are diazo dyes. MO, OII, and MR have more in common; they are all acid dyes, while RB5 is reactive and CR is direct. However, all five dyes are anionic, dissociating in water and forming anions (negatively charged ions). CR, RB5, MO, and OII all contain one or more sulfonate functional group(s), which could indicate similar adsorption behavior. MR is the only dye investigated that contains a carboxyl (–COOH) functional group. Additionally, RB5 is the only dye containing a reactive vinyl sulfone group.
The investigation of water solubility, log KOW, and pKa provided a range of values, partly due to different testing methods, which do not allow for a clear comparison. However, the high water solubility of RB5 stands out. Comparing the values of the safety data sheets, OII seems to be very soluble, CR soluble, while MO and MR appear to be poorly soluble in water. The very negative log KOW of RB5 goes along with the reported high water solubility and implies hydrophilic behavior. The relatively high log KOW value of MR indicates that this dye is hydrophobic, i.e., poorly soluble in water. Similarly, the log KOW of CR suggests hydrophobicity, which could contribute to a higher adsorption rate. For MO and OII, it is impossible to assume based on their wide value span.
4 REMOVAL OF AZO DYES BY ADSORPTION
In all publications, adsorption studies were performed as laboratory tests, including batch and/or column tests. The studies utilized a range of adsorbents, including both commercial sorption materials as well as materials that were developed or manufactured in-house. Overall, the studies focused on developing adsorbents based on natural materials. The analyses primarily focused on different initial dye concentrations, adsorbent dosages, pH values, and temperatures. It is acknowledged that additional parameters, such as the stirring rate, particle size, or the surface area, were also studied in the reviewed papers. However, these parameters are not the focus of the presented study.
4.1 Adsorption materials
The studies investigated different adsorption materials based on carbon-based materials, e.g., fly or bottom ash, natural or modified biomass, biochar, ion exchangers (modified or unmodified), magnetic substances, and metal-organic frameworks (see Table 2). As the publications show, materials are often modified to improve the properties of adsorption materials or physical performance. Physical treatment methods, such as heating and autoclaving, and chemical processes, like pre-treatment with acids, alkalis, and organic chemicals, have been reported.
TABLE 2 | Overview of the selected studies and materials for CR, RB5, MO, OII, and MR adsorption.
[image: Table 2]An overview of experimental parameters, optimal testing conditions, used isotherm and kinetic models, and thermodynamic parameters for all five azo dyes is listed in Supplementary Tables S1–S5.
4.2 Effect of initial dye concentration
The initial dye concentration has a significant impact on the effectiveness of removing azo dyes from an aqueous solution. Therefore, the effect of increasing initial dye concentration on the adsorption capacity and the percentage of dye removal (% DR) in the different studies was investigated in equilibrium. Supplementary Tables S1–S5 give a detailed overview of each investigated study’s observed initial dye concentration.
Overall, 21 studies investigated the effect of increasing initial dye concentration on % DR, and 49 studies tested the effect of it on adsorption capacity. In summary, increasing the initial dye concentration led to an increase in adsorption capacity in 93.9% and a decrease in adsorption capacity in 6.1% of the studies. 64% studies for CR, 63% studies for RB5, 60% studies for MO, 91% for OII, and 80% studies for MR observed that an increase in initial azo dye concentration led to an increase in adsorption capacity. For example, the adsorption of OII on modified brown macroalgae showed an increase in adsorption capacity from 20.3 to 45.5 mg/g when the initial dye concentration was elevated from 30 to 90 mg/L (Kousha et al., 2012). Similarly, the adsorption capacity of CR onto an adsorbent made of graphene oxide/chitosan fibers with etched-off silica nanoparticles (GO/CS/ETCH) increased from 32.6 to 221 mg/g when increasing initial dye concentration from 20 to 200 mg/L (Du et al., 2014). Initial dye concentration provides the required driving force (concentration gradient) to overcome the mass transfer resistance to transfer dye molecules from the bulk solution to the adsorbent surface (Vimonses et al., 2009; Mohammadi et al., 2011). Therefore, an increase in initial dye concentration intensifies the concentration gradient, enhancing the diffusion rate and number of dye molecules on the adsorbent surface, which ultimately increases the adsorption capacity (Vimonses et al., 2009; Ip et al., 2010; Mohammadi et al., 2011; Kousha et al., 2012; Mu and Ma, 2021). Additionally, higher initial dye concentration may lead to enhanced interactions, where the probability of practical collision between the dye molecule and adsorbent is higher (Mohammadi et al., 2011; Kousha et al., 2012; Gul et al., 2022). In contrast, a decrease in adsorption capacity was observed in one RB5 study and two MO studies. Wong et al. (2019) investigated the adsorption of RB5 and MO on spent tea leaves modified with polyethyleneimine. They reported a decrease in adsorption capacity of RB5 from 24.8 to 6.7 mg/g and of MO from 22.2 to 1.6 mg/g when the initial dye concentration was increased from 50 to 100 mg/L. This opposite behavior can be explained by the limited number of active sites on an adsorbent, which is only able to adsorb a target amount of dye molecules, or by a possible electrostatic repulsion between a negatively charged azo dye and adsorbent (Robati et al., 2016; Wong et al., 2019).
The % DR decreased due to increasing initial dye concentration in 85.7% of the studies and showed no increase in investigated studies. Specifically, a % DR decrease was observed in three CR, four RB5, five MO, three OII, and three MR studies. The adsorption of CR on coir pith carbon demonstrated that an increase in initial dye concentration from 20 to 80 mg/L led to a dye removal decrease from 66.5% to 30.5% (Namasivayam and Kavitha, 2002). Similarly, an adsorption study of MR on eggshell powder found a % DR decrease from 82.2% to 40.3% when increasing MR concentration from 20 to 100 mg/L (Rajoriya et al., 2021). The reason is that the number of active sites is limited to a fixed adsorbent dosage. Nearly complete coverage of binding sites on the adsorbent leads to an apparent reduction of % DR by a further increase of the initial dye concentration because dye molecules remain in the solution (Mohammadi et al., 2011; Zaghouane-Boudiaf et al., 2012; Wong et al., 2019; Zheng et al., 2019; Mu and Ma, 2021).
For some studies, the results were not as clear. The adsorption of RB5 on sunflower seed shells showed a decrease of % DR with increasing initial dye concentration in the first 30 min of the adsorption process. However, a higher % DR was observed afterward for higher initial dye concentrations (Osma et al., 2007). On the contrary, OII adsorption on a titania aerogel adsorbent started with an increase in % DR but then decreased above 200 mg/L initial dye concentration (Abramian and El-Rassy, 2009). The adsorption of MO onto a chitosan/MgO composite showed no significant change in % DR with increasing initial dye concentration from 50 to 300 mg/L (Haldorai and Shim, 2014). Haldorai and Shim (2014) explained this by the extensive surface area of the adsorbent and the electrostatic interactions between MO and the adsorbent.
The results generally revealed that the adsorption capacity tended to increase, and the % DR decreased when the initial dye concentration was raised. However, the effect of the initial dye concentration on the adsorption process depends not only on the adsorbent dosage but also on other critical parameters, such as pH, temperature, and surface charge. The investigated studies used various experimental parameters, making a comparison of the results difficult. Too high initial dye concentration and/or too little adsorbent dosage would, for example, lead to a quick coverage of all active adsorption sites and, as a result, remaining high dissolved azo dye concentrations. Nevertheless, the outcome shows the importance of using an adequate amount of adsorbent dosage for an expected initial dye concentration. We recommend the determination of a maximum sorption capacity for the investigated adsorbent.
4.3 Effect of adsorbent dosage
Investigating the effect of adsorbent dosage helps to understand the effectiveness of an adsorbent and the ability of a dye to be adsorbed with minimal adsorbent dosage (Salleh et al., 2011). Applying an adequate amount of adsorbent is essential to ensure an economically viable adsorption process, as insufficient adsorbent dosage or overdosing would result in either low removal efficiency or high operation cost (Du et al., 2014). Supplementary Tables S1–S5 overview the observed adsorbent dosage in each investigated study.
Overall, 30 studies investigated the effect of increasing adsorbent dosage on % DR, and 23 tested its effect on adsorption capacity. 78.3% of the studies found a decrease in adsorption capacity with increasing adsorbent dosage, whereas the rest found an increase in adsorption capacity.
Specifically, five studies for CR, three for RB5, four for MO, five for OII, and one for MR observed that increased adsorbent dosage led to decreased adsorption capacity. For example, an increase in the adsorbent dosage of raw pinecone powder from 0.01 to 0.03 g led to a decrease in adsorption capacity from 13.4 to 6.28 mg/g (Dawood and Sen, 2012). Comparably, the adsorption of MO and CR on a MnO2/biomass micro-composite found a decrease of adsorption capacity from 230 to 2.37 mg/g and 250 to 2.42 mg/g, respectively, when increasing the adsorbent dosage from 10 to 1000 mg (Omorogie et al., 2022). Three possible explanations exist for this behavior. Firstly, a high ratio of adsorbent to the azo dye can lead to rapid superficial adsorption of the azo dye(s), resulting in a lower dye concentration in solution, decreasing the concentration gradient as the driving force for the adsorption process (Senthil Kumar et al., 2010; Dawood and Sen, 2012). Secondly, unsaturated adsorption sites derive from the increase in adsorbent dosage with fixed initial dye concentration (Hamzeh et al., 2012; Du et al., 2014; Lai et al., 2020). Consistent with the mass balance equation where adsorption capacity is inversely proportional to adsorbent mass, increasing adsorbent dosage reduces adsorption capacity, as fewer dye molecules adsorb per unit weight (Dawood and Sen, 2012). However, this reduction in adsorption capacity does not necessarily lower % DR, which remains efficient despite higher adsorbent amounts, highlighting a distinct behavior between adsorption capacity and % DR. Thirdly, the reduction in adsorption capacity might be due to adsorbent particle clogging and aggregation, which would lead to a decrease in total adsorbent surface area and, as a result, lengthen the diffusion paths of the dye molecules (Hamzeh et al., 2012; Omorogie et al., 2022). An increase in adsorption capacity with increasing adsorbent dosage, on the other hand, was detected in two MO and OII studies, which both examined the adsorption on bottom ash and de-oiled soya (Gupta et al., 2006; Mittal et al., 2007). One MR adsorption study on an iron-based metal-organic framework loaded onto iron oxide nanoparticle adsorbent also reported the same behavior. It concluded that increased adsorbent dosage with a fixed initial dye concentration can lead to a larger adsorbent surface area, resulting in higher adsorption capacity (Dadfarnia et al., 2015).
An increase in % DR when increasing adsorbent dosage was reported in 93.3% of the studies. A decrease in % DR with increasing adsorbent dosage was reported in two studies, where the %DR initially increased with higher adsorbent dosages, reaching a peak at a certain point, before subsequently decreasing. However, these observations did not present a consistent trend across the studies. For example, a study of the adsorption of OII and RB5 on canola stalks reported a % DR increase from 41% to 51% and 41%–95%, respectively, when increasing adsorbent dosage from 2 to 10 g/L (Hamzeh et al., 2012). Similarly, MR adsorption on treated bagasse was investigated and showed a % DR increase from 67.8% to 83.2%, as the adsorbent dosage increased from 2 to 10 g/L (Saad et al., 2010). Similar to above, the increase in % DR with higher adsorbent dosage might be attributed to an increased adsorbent surface area with more active functional groups and pore volume and, thus, more available adsorption sites (Dadfarnia et al., 2015; Hamzeh et al., 2012; S; Liu et al., 2014; Vimonses et al., 2009).
Two studies, one of CR and RB5, do not have similar results. For the adsorption of CR onto a polyacrylamide grafted xanthan gum and silica nanocomposite (XG-g-PAM/SiO2), it was found that an amount of adsorbent of 50 mg resulted in a maximum dye removal of 96.4%. In contrast, a higher adsorbent dosage of up to 150 mg led to a lower % DR (Ghorai et al., 2013). Comparably, the adsorption of RB5 on a 3D graphene oxide/high molecular weight chitosan (GO/HCS) composite found an increase in % DR when increasing the adsorbent dosage to 15 mg, likely due to more available sorption sites (Lai et al., 2020). However, the % DR decreased with a further increase of adsorbent dosage beyond 15 mg, potentially due to the agglomeration of adsorbent particles (Lai et al., 2020).
Overall, the results indicated that adsorption capacity tends to decrease and % DR increases with increasing adsorbent dosage. However, the investigated studies used a variety of experimental parameters, making comparing the results difficult. Nevertheless, these results confirm the importance of using an adequate adsorbent dosage for an expected initial dye concentration.
4.4 Contact time
Another factor that affects the adsorption process is the contact time between the dye and the adsorbent. At the beginning of the adsorption, the removal rate is higher due to the large surface area of the adsorbent (Al-Amrani et al., 2022). Commonly, dye adsorption increased with longer contact time until equilibrium, and the amount of azo dyes adsorbed at equilibrium represents the adsorbent’s maximum adsorption capacity under the specific operating conditions (Al-Amrani et al., 2022). However, the adsorption rate decreases over time as fewer active sites are left on the adsorbent material until equilibrium is reached.
Therefore, in most studies, especially in the initial phase of the adsorption process, high adsorption rates were observed that eventually slowed down with time before reaching equilibrium. This demonstrates that at a high concentration, which is in the early stages of the cleaning (adsorption process), the “driving force” for adsorption is high. The initial rapid uptake of azo dyes by the adsorbents was explained by the high number of available adsorption sites on the surface area of the adsorbents at the beginning of the adsorption process, which become scarcer over time (Chen et al., 2010; Ghorai et al., 2013; Zheng et al., 2019). Decreasing adsorption rates, which were observed after this initial phase, could be attributed to the decrease in available adsorption sites and to the slower rate of diffusion of azo dye molecules from external adsorption sites on the surface area to internal adsorption sites since internal diffusion processes require more time to reach equilibrium (Chen et al., 2010; Ghorai et al., 2013; Du et al., 2014).
The time needed to reach equilibrium varied greatly among different studies and adsorbents. CR studies analyzed time spans between 10 min and 25 h. The equilibrium time for the investigated RB5 studies was significantly longer and varied between 30 min and 48 h. To reach equilibrium, more time is needed for RB5 than for CR. The reason for this could be that RB5 forms a covalent bond (Lewis, 2011), and, in contrast, CR is only fixed via physical forces, which means that equilibrium starts much more quickly. For MO studies, equilibrium was achieved between 5 min and 6 h. MO has a significantly smaller molecule size than CR and RB5, mirrored in the shorter equilibrium time. For OII, the equilibrium time ranged from 60 min to 24 h. The equilibrium for MR adsorption was achieved between 50 min and 22 h. Even though MR dye has the smallest molecule size, the equilibrium time in the investigated studies tended to be slightly longer than in MO studies, which could be explained by more vital forces/interactions in MO adsorption or due to differences in experimental parameters such as initial dye concentration or adsorbent dosage.
4.5 Effect of pH
The pH value of a solution is essential for the dye adsorption process since it determines the electrostatic charge of a dye molecule (Salleh et al., 2011). This can impact the degree of ionization, speciation, and structure of a dye as well as affect the dissociation of the functional groups and surface charge of an adsorbent and, consequently, the rate of adsorption (Vimonses et al., 2009; Salleh et al., 2011; Dadfarnia et al., 2015).
Overall, 27 studies investigated the effect of increasing solution pH on % DR, and 32 studies tested the effect of it on adsorption capacity (see also Supplementary Tables S1–S5). 71.9% of the studies observed a decrease in adsorption capacity when increasing solution pH. Likewise, 48.2% of the studies found a reduction in % DR removal due to rising solution pH. Five studies observed no change in either % DR or adsorption capacity when increasing pH. The investigated studies did not describe an increase in adsorption capacity or % DR when increasing solution pH.
Five studies for CR, two for RB5, seven for MO, five for OII, and four for MR observed that an increase in the initial pH of the solution led to decreased adsorption capacity. For example, the adsorption of RB5 and CR on banana peel powder showed a maximum adsorption capacity at pH 3 of 26.9 and 147 mg/g, respectively, which decreased significantly when increasing pH to 10 (Munagapati et al., 2018). Likewise, Du et al. (2014) reported that CR adsorption onto GO/CS/ETCH decreased adsorption capacity from 123.7 to 99.4 mg/g when raising pH from 3 to 10. Another study investigated the effect of pH between 1 and 10 on MR adsorption on hopbush bark and found that the maximum adsorption capacity of 34 mg/g occurred at pH 1 and was reduced to 2.5 mg/g at pH 9 (Gul et al., 2022).
A decrease in % DR was observed in two CR, four RB5, four MO, two OII studies, and one MR study. The adsorption of RB5 on a graphene oxide/cross-linked chitosan composite, for instance, demonstrated a % DR of 86% at pH 2, which decreased to 36% at pH 12 (Travlou et al., 2013). Similarly, CR was almost entirely removed at pH 3 by a zeolite adsorbent but continuously decreased to less than 80% removal at pH 11 (Vimonses et al., 2009). On the contrary, pH was not a critical factor for two CR and three RB5 studies, and no change in either % DR or adsorption capacity could be observed. For example, the adsorption of CR onto a MnFe2O4 adsorbent showed a % DR of around 99% from pH 4 to 9 (Yang et al., 2014).
Many studies did not observe a clear trend for % DR and adsorption capacity (40.7% of the studies for % DR and 21.9% of the studies for adsorption capacity). For instance, % DR of CR on Kaolin decreased only when pH was higher than 9 (Vimonses et al., 2009). Similar behavior was observed for the adsorption of RB5 on spent tea leaves for pH higher than 7 (Wong et al., 2019) and for MO adsorption on a chitosan/MgO composite for pH higher than 8 (Haldorai and Shim, 2014). The same was reported for different MR adsorption studies on activated carbon from durian seed, activated carbon from custard apple fruit shell activated by H3PO4, and phosphoric acid treated sugarcane bagasse for pH above 7, 5, and 6, respectively (Saad et al., 2010; Ahmad et al., 2015; Khan et al., 2018). Omorogie et al. (2022) reported for MO and CR adsorption on a MnO2/biomass composite that maximum adsorption was attained at pH 3, and it decreased to minimum adsorption capacity when rising pH up to 10 for MO and 8 for CR. However, further increase of pH to 12 led to increasing adsorption capacity (Omorogie et al., 2022).
The optimal pH for maximum CR adsorption ranged from 2 to 4 for 79% of the studies; one study showed maximum adsorption for pH below 9, the results of another study were independent of pH between 3 and 11, and one study did not investigate the effect of changing pH on adsorption. For RB5, the optimal pH was 0.5–3 in 38% of the studies. Eight RB5 studies did not investigate the effect of changing pH; one study found that the optimal pH for RB5 adsorption was at pH 7, and the results of another study were independent of pH with values between 2–10. The optimal pH for MO adsorption was in the range of 1–5 in 80% of the studies. Two studies found the optimal pH between 6 and 9. The optimal pH for maximum OII adsorption extended from 1 to 4.5 for eight studies. The other three studies did not test the effect of pH on adsorption. For MR, the optimal pH was 1–5 in 80% of the studies. One study found it at pH 6, and another reported the highest % DR between pH 2–6.
In conclusion, 53 studies tested the effect of changing the pH of the solution on the adsorption process, and 92.5% found that the adsorption of the five azo dyes was favored at an acidic pH between 1 and 5. In contrast, higher pH resulted in lower adsorption, which agrees with the previously reported pKa values of the azo dyes. While the values differed for the various dyes, most said pKa values were below or around 5, suggesting that if pH was higher than 5, the functional groups of the azo dyes were deprotonated. Hence, less acidic or basic conditions could weaken forces, reduce the attraction, or even lead to repulsion between dye molecules and adsorbent (Travlou et al., 2013). Other review studies, such as Salleh et al. (2011), have reported similar findings for the adsorption of anionic dyes by different agricultural solid wastes. They found that low solution pH resulted in a more positively charged adsorbent surface, which increased negatively charged anionic dye adsorption (Salleh et al., 2011).
The results suggest that electrostatic attraction was a vital adsorption mechanism. Nevertheless, many studies did not report a clear trend with changing pH, suggesting that other interactions were also involved in the adsorption process of azo dyes.
4.6 Effect of temperature
Various textile dye effluents have relatively high temperatures (Dawood and Sen, 2012), which could affect the dye adsorption rate and the adsorption equilibrium (Salleh et al., 2011; Dadfarnia et al., 2015). Overall, 38 studies investigated the effect of increasing temperature on adsorption capacity, and five studies tested the impact of it on % DR (see also Supplementary Tables S1–S5). 60.5% observed an increase in adsorption capacity with increasing temperature, whereas 31.6% reported a decrease in adsorption capacity.
Seven studies for CR, six for RB5, three for MO, three for OII, and four for MR observed that an increase in temperature led to a rise in adsorption capacity, indicating that adsorption was favored at higher temperatures. The adsorption of MR on activated carbon from durian seed, for instance, reported an adsorption capacity increase from 314 mg/g at 30°C to 350 mg/g at 60°C (Ahmad et al., 2015). Similarly, the adsorption of CR on calcined Ni/Mg/Al layered double oxide (NMA-LDO) showed an increase in adsorption capacity with increasing temperature from 1111 mg/g at 20°C to 1385 mg/g at 40°C (Lei et al., 2017). Additionally, the adsorption of CR and RB5 on banana peel powder reported an increase in adsorption capacity from 21.2 to 49.2 mg/g for RB5 and 112–165 mg/g for CR when elevating the temperature from 25°C to 45°C (Munagapati et al., 2018).
Contrarily, in four CR, four MO, three OII studies, and one MR study, a decrease of adsorption capacity with increasing temperature was reported, indicating that adsorption was favored at lower temperatures. For example, the adsorption capacity of OII on sludge-rice husk biochar decreased from 42.1 to 36.2 mg/g when increasing the temperature from 25°C to 45°C (Chen et al., 2019). Similar behavior was observed for MR adsorption on a metal-organic framework. The adsorption capacity decreased from 184 mg/g at 25°C to 163 mg/g at 45°C (Yılmaz et al., 2016).
The % DR was higher with increasing temperature in two out of five cases and decreased in two. In particular, the % DR increased in one MO and MR study. The % DR of MR on eggshell powder increased slightly from 82.2% at 25°C to 85.3% at 55°C (Rajoriya et al., 2021). Contrarily, the % DR decreased in one MO study and one OII study. Wong et al. (2019) reported, for example, that the % DR of MO on modified spent tea leaves reduced from 88.1% at 45 °C to 61% at 60 °C. They also studied the adsorption of RB5 on the same adsorbent and found that the % DR of RB5 was nearly constant over the whole tested temperature range (Wong et al., 2019). Other studies, one for RB5, one for MO, and two for OII, observed an increase in adsorption capacity only until 35°C (308 K) or 30°C, but a decrease for temperatures higher than those (Pedro Silva et al., 2004; Greluk and Hubicki, 2010; Gao et al., 2013; Chen et al., 2020).
On the one hand, an increase in adsorption capacity or % DR with increasing temperature might be attributed to increased surface activity and kinetic energy of the adsorbent particles due to the temperature rise (Ahmad et al., 2015; Munagapati et al., 2018), which might increase the collision frequency between adsorbents and dyes, leading to enhanced adsorption (Munagapati et al., 2018; Omorogie et al., 2022). Besides that, an increase in temperature might also increase the solubility and mobility of the dye molecules, leading to stronger interactions between dye molecules and solvent as well as an increase in diffusion rate (Salleh et al., 2011; Dawood and Sen, 2012; Ghorai et al., 2013; Lei et al., 2017; Wong et al., 2019). Moreover, at elevated temperatures, possible swelling effects within the internal structure of the adsorbent were reported, which could enable further penetration of large dye molecules and, therefore, increase adsorption (Dawood and Sen, 2012; Ghorai et al., 2013).
On the other hand, high temperatures leading to a decrease in adsorption capacity or % DR might be caused by a reduction of surface activity or by desorption due to the higher mobility of dye ions (Ghorai et al., 2013; Chen et al., 2020). Additionally, higher temperatures might weaken physical interactions between dye molecules and adsorption sites (Chatterjee et al., 2007; Vimonses et al., 2009).
4.7 Models
4.7.1 Isotherm models
Adsorption isotherms describe how an azo dye interacts with an adsorbent and indicate its adsorption capacity (Salleh et al., 2011). Supplementary Tables S1–S5 give a detailed overview of the isotherm model, which best describes the adsorption process in the investigated studies, based on the highest linear regression correlation coefficient R2. 62 studies examined the applicability of different isotherm models. Five studies found that two models were equally applicable.
As illustrated in Figure 2, 61.3% of the studies found that the Langmuir isotherm model best described the adsorption process. Specifically, this was the case for eight CR, seven RB5, nine MO, seven OII, and 7 MR studies. The R2 values, indicating how well the experimental data was fitted to the model, ranged from R2 = 0.994–1 for CR, R2 = 0.94–0.998 for RB5, R2 = 0.801–0.999 for MO, R2 = 0.994–0.998 for OII, and R2 = 0.990–0.999 for MR. Langmuir isotherm suggests monolayer adsorption on a homogeneous surface.
[image: Figure 2]FIGURE 2 | Application of isotherm models for the different azo dyes.
For CR, the theoretically calculated maximum monolayer adsorption capacity of the reviewed studies according to Langmuir ranged from 3.77 mg/g for zeolite (Vimonses et al., 2009) to 1250 mg/g for NMA-LDO adsorbent (Lei et al., 2017). High adsorption capacity of 294, 209, and 165 mg/g were also achieved for adsorption on GO/CS/ETCH, XG-g-PAM/SiO2, and banana peel powder, respectively (Ghorai et al., 2013; Du et al., 2014; Munagapati et al., 2018). For RB5, the maximum monolayer adsorption capacity varied from 32.8 mg/g for adsorption on canola stalks (Hamzeh et al., 2012) to 1724 mg/g for adsorption on acid acrylic resins (Greluk and Hubicki, 2010). High adsorption capacity of 639 and 55.6 mg/g were also reported for RB5 adsorption on GO/HCS and peanut hull, respectively (Tanyildizi, 2011; Lai et al., 2020). For MO, the maximum AC, according to Langmuir, was found to range from 13.4 mg/g for bottom ash (Mittal et al., 2007) to 3053 mg/g for adsorption on waste straw powder grafted by citric acid and acrylamide (WS-CA-AM) (Liu et al., 2020). While the adsorption capacity of 3053 mg/g seems relatively high, it should be noted that the R2 value in this study was only 0.801, indicating that the experimental data could not ideally be fitted to the model. Therefore, the information is not scientifically meaningful. High adsorption capacity of 455, 238, 639, and 375 mg/g were also achieved for MO adsorption on UiO-66 metal-organic framework (UiO-66-MOF), Phragmites australis activated carbon, magnetic chitosan composite, and calcined MgNiAl layered double hydroxide (LDH), respectively (Chen et al., 2010; Zaghouane-Boudiaf et al., 2012; Ahmadijokani et al., 2020; Chen et al., 2020). For OII, maximum monolayer adsorption capacity ranged from 2.74 mg/g for de-oiled soya as adsorbent (Gupta et al., 2006) to 435 mg/g for OII adsorption onto iron-benzene dicarboxylate, a metal-organic framework material (García et al., 2014). High adsorption capacity of 420, 42.1, and 67.6 mg/g were also achieved for adsorption on titania aerogel, sludge-rice husk biochar, and a magnetic polymer multi-wall carbon nanotube, respectively (Abramian and El-Rassy, 2009; Gao et al., 2013; Chen et al., 2019). For MR, the maximum adsorption capacity, according to Langmuir, varied from 1.66 mg/g for adsorption on eggshell powder (Rajoriya et al., 2021) to 625 mg/g for adsorption on an iron-based metal-organic framework loaded onto iron oxide nanoparticle (Dadfarnia et al., 2015). High adsorption capacity of 385, 435, and 560 mg/g were also achieved for adsorption of MR on UiO-66-MOF, activated carbon from custard apple fruit shell by H3PO4 activation, and oxidized nanodiamond/UiO-66 hybrid nanocomposite (OND-UiO), respectively (Khan et al., 2018; Ahmadijokani et al., 2020; Molavi et al., 2020).
Experimental data to the Langmuir isotherm model suggests monolayer adsorption of the azo dye on a homogenous adsorbent surface, which was the case in most investigated studies, which means that the uptake of azo dyes on the homogenously distributed adsorption sites, which were all energetically identical, occurred until a monolayer on the adsorbent surface was completed (Hamzeh et al., 2012; Galán et al., 2013; Chen et al., 2020).
In contrast, 16 studies (25.8%) found that Freundlich isotherm provided a better fit to their experimental data. Specifically, this was the case for three CR, four RB5, one MO, five OII, and three MR studies. The R2 values for the CR studies ranged from 0.96 to 0.988, and the KF values from 0.52 for adsorption on zeolite (Vimonses et al., 2009) to 19.2 for raw pinecone powder (Dawood and Sen, 2012). For RB5, R2 varied from 0.94 to 0.98 and KF from 0.0376 for adsorption on sunflower seed shells (Osma et al., 2007) to 5.75 for adsorption on powdered activated carbon (Eren and Acar, 2006). The one MO study that followed Freundlich isotherm, MO adsorption on a polystyrene anion exchanger, reported R2 = 0.998 and KF = 2.12 (Pan et al., 2021). For OII, R2 varied from 0.968 to 0.99, and KF from 1 to 23.6 for adsorption on bottom ash and de-oiled soya (Gupta et al., 2006) and NaOH-modified tea biochar (Mu and Ma, 2021), respectively. The R2 values for MR ranged from 0.983 to 0.999, and the KF values from 0.00707 for adsorption on biomass from the bark of hop bush (Gul et al., 2022) to 48.4 for activated biocarbon from the residues of supercritical extraction of raspberries (Bazan-Wozniak and Pietrzak, 2020). For these studies, adsorption behavior seemed heterogeneous, suggesting that it occurred between interlayer spaces and was not restricted to forming a monolayer (Vimonses et al., 2009; Hamzeh et al., 2012).
Additionally, six studies (9.68%) reported the best fit for their data to the Langmuir-Freundlich model (R2 = 0.973–0.999), which suggests an interaction of homo- and heterogeneous active sites, resulting in monolayer and multilayer coverage of the adsorbent surface. Finally, four studies (6.45%) correlated best with the Temkin isotherm model (R2 = 0.967–0.99) and two each with the Redlich-Peterson (3.23%; no R2 values available) or Liu isotherm model (3.23% and R2 = 0.993–0.996).
The results suggest that the adsorption of azo dyes tends to adsorb according to Langmuir isotherm (monolayer coverage). Hence, they show a trend, but it cannot be generalized and is material dependent. Multiple deviations from an isotherm model could have canceling effects (Metcalf and Eddy Inc, 2014).
While this review primarily focuses on linear models as indicated by R2 values, the limited discussion of chi-square values in nonlinear models highlights a potential area for future research in azo dye adsorption studies.
4.7.2 Kinetic models
Kinetic models study the dynamic of an adsorption process and determine at which rate adsorption occurs (Salleh et al., 2011). Most reviewed adsorption studies applied the pseudo-first-order (PFO) and pseudo-second-order (PSO) models to investigate the adsorption kinetics. Supplementary Tables S1–S5 give a detailed overview of the kinetic model, which best fitted (highest R2 value) the experimental data of the investigated studies. 61 studies investigated the applicability of different kinetic models. Two studies found that two different models matched their data equally well.
As illustrated in Figure 3, 78.7% found that the PSO model presented a good correlation. Specifically, this was the case for 12 CR, 11 RB5, nine MO, seven OII, and 9 MR studies. The R2 values, indicating how well the experimental data was fitted to the PSO model, ranged from R2 = 0.991–1 for CR, R2 = 0.973–1 for RB5, R2 = 0.961–0.999 for MO, R2 = 0.99–1 for OII, and R2 = 0.96–1 for MR. A high R2 indicates a good fit with the PSO model which suggests that “the rate of adsorption of solute is proportional to the available sites on the adsorbent” (Edebali, 2019). For instance, the adsorption of CR onto NMA-LDH, RB5 on sunflower seed shells, MO on WS-CA-AM, OII on NaOH modified tea biochar, and MR on OND-UiO all revealed an excellent fit to the PSO model with R2 values of greater or equal to 0.999 (Lei et al., 2017; Q; Liu et al., 2020; Molavi et al., 2020; Mu and Ma, 2021; Osma et al., 2007).
[image: Figure 3]FIGURE 3 | Application of kinetic models for azo dye adsorption.
Eight studies (13.1%) reported that the PFO model provided a better fit for the experimental data. Specifically, this was the case for one CR (R2 = 0.983), one RB5 (no R2 value given), one MR study, two MO (no R2 value given), and three OII (R2 = 0.940) studies. However, for two MO and three OII studies, only the PFO model was tested, and no comparison with the PSO model was made.
The mixed-1,2-order model was the best fit for MO and CR adsorption onto a MnO2/biomass composite with R2 = 0.998 (Omorogie et al., 2022). For four RB5 studies, all from the same authors, neither PFO nor PSO model was found to be a good fit since the calculated adsorption capacity significantly deviated from the experimental values (Ip et al., 2010).
Adsorption processes are complex, and empirical models, such as PFO and PSO, are more descriptive than predictive (Tan and Hameed, 2017). Thus, to predict accurate behavior, kinetic experiments should be conducted under conditions similar to full-scale operation (Tan and Hameed, 2017).
Similar to isotherm models, the focus on linear regression and R2 values in kinetic models suggests a gap in the application of nonlinear methodologies, pointing to an opportunity for more comprehensive future analyses.
4.8 Thermodynamic parameters
Thermodynamic parameters, such as enthalpy (ΔH0), entropy (ΔS0), and standard Gibbs free energy (ΔG0), help to further understand the nature of an adsorption process. Examining ΔH0, ΔS0, and ΔG0 indicates if an adsorption process is endo- or exothermic (ΔH0), if it happens spontaneously (ΔG0), and if it occurs randomly (ΔS0). Supplementary Tables S1–S5 give a detailed overview of the thermodynamic parameters that were investigated in these studies. Enthalpy change was investigated in 50, entropy change in 41, and standard Gibbs free energy change in 42 studies.
As illustrated in Figure 4, 62% of the investigated studies highlighted the adsorption process to be endothermic (+ΔH0), whereas 38% reported it as exothermic (-ΔH0). The difference was described for nearly all five azo dyes.
[image: Figure 4]FIGURE 4 | Thermodynamic parameters investigated in the various studies of this review paper.
92.9% of the studies found the adsorption process to be spontaneous (-ΔG0) and feasible, implying that those systems did not require energy from external sources. Only 7.1% reported that the process was not spontaneous (+ΔG0), indicating the presence of an energy barrier during the adsorption process.
Furthermore, 80.5% of studies reported an increase in randomness at the solid-liquid interface (+ΔS0) during the adsorption process, suggesting an increase in chaos and a higher degree of freedom at the adsorbate-adsorbent interface. Nevertheless, 19.5% reported a decrease in randomness at the solid-liquid interface (-ΔS0), which indicates that no change in the internal structure of these adsorbents occurred, which was reported in four CR, two MO, and two OII studies.
Most studies reported that the adsorption process was endothermic and spontaneous. They showed an increase in randomness at the adsorbate-adsorbent interface, which was the case for various adsorbents and azo dyes, indicating similar behavior during the adsorption process. For instance, the adsorption of CR and RB5 on banana peel powder (Munagapati et al., 2018), of RB5 on graphite oxide/cross-linked chitosan (Travlou et al., 2013), of MO and CR on a MnO2/biomass composite (Omorogie et al., 2022), of OII on modified tea biochar (Mu and Ma, 2021), and of MR on an iron-based metal-organic framework loaded onto iron oxide nanoparticle adsorbent (Dadfarnia et al., 2015) all reported an endothermic, spontaneous adsorption process that showed an increase in randomness at the adsorbate-adsorbent interface.
4.9 Synergetic or competitive interactions
Studying synergetic or competitive behavior in an adsorption process is vital to assess how well an adsorbent can perform in real wastewater conditions. Few studies investigated the synergetic or competitive adsorption behavior between different types of dyes, but none of them between various azo dyes.
For instance, Yang et al. (2014) investigated the synergetic and competitive interaction between CR and methyl blue for adsorption onto magnetic MnFe2O4 adsorbent. They observed competitive and synergetic effects between the two dyes. In mixed solution, methyl blue adsorption capacity decreased because of competitive interaction, whereas CR adsorption increased. The increase of CR adsorption in the presence of methyl blue was explained by the idea that CR could bind to form a 1:1 complex to already adsorbed methyl blue molecules on the adsorbent surface by hydrogen bonds and van der Waals forces, therefore providing additional adsorption sites for CR (Yang et al., 2014).
Chen et al. (2020) investigated the simultaneous adsorption of MO and methylene blue (a cationic dye) on a magnetic chitosan composite. The results indicated that, in the mixed solution, methylene blue adsorption was substantially augmented by the presence of MO molecules. Additionally, the adsorption capacity of methylene blue was proportional to the MO concentration, while MO adsorption was barely affected by the presence of methylene blue in the solution. The suggested mechanism behind this behavior was similar to the ones mentioned above. It is assumed that free MO molecules are adsorbed on the adsorbent surface by electrostatic attraction and then attract methylene blue molecules, e.g., by electrostatic attraction or π–π interaction, increasing the adsorption of methylene blue (Chen et al., 2020).
Some studies also investigated the effect of salts in the solution, which would be present in real textile wastewater. Yılmaz et al. (2016) investigated MR adsorption from simulated industrial sewage. They found that the presence of salts, especially NaCl, increased the amount of MR adsorbed onto the metal-organic framework adsorbent by 6.4% compared to MR adsorption from pure MR solution (Yılmaz et al., 2016). Liu et al. (2014) investigated the effect of ionic strength on CR adsorption onto surfactant-modified zeolite. They found that ionic strength had a weak influence on the adsorption process. Nevertheless, adsorption capacity decreased slightly from 34.9 to 33.0 mg/g as the NaCl concentration increased from 0 to 1.0 mol/L. The reason for the decrease in adsorption capacity could have been competitive adsorption between chloride anions and CR (Liu et al., 2014).
5 CONCLUSION AND RECOMMENDATION
Many materials are available as alternatives to activated carbon, such as natural materials, biosorbents, industrial and agricultural waste, or biomass, to remove the investigated azo dyes. The adsorbents often have an excellent performance regarding removal rate or adsorption capacity. Hence, the maximum adsorption capacities vary widely, depending on the azo dye and the adsorption material. The highest maximum adsorption capacities were found for CR with 1250 mg/g for adsorption onto NMA-LDO and RB5 with 1724 mg/g for adsorption on acid acrylic resins.
In general, pH value could influence the process. In most cases, the Langmuir model and pseudo-second-order model describe the adsorption process sufficiently. However, many studies focus more on the development of an adsorption material and its characterization than on the adsorption tests.
A clear statement cannot be given based on the experimental setups. Most studies performed their experiments as batch experiments on a lab scale. No comparable standardized procedures were used, so the tests are only relative to a limited extent. Additionally, most studies investigated the adsorption of a dye from distilled water solutions. While some studies investigated ionic strength or even simulated wastewater, more adsorption tests on real textile wastewater would be necessary to understand the effect of salts and other ingredients in textile wastewater on the adsorption of azo dyes. Furthermore, while many studies tested the adsorption of more than one azo dye, competition between different azo dyes was not frequently investigated. Additionally, there are generally fewer MR adsorption studies than the other dyes, even though it is a crucial azo dye used in the textile industry.
Generally, there needs to be more pilot or industrial-scale tests to remove azo dyes from textile wastewater. Additionally, investigations should focus more on the recovery of the materials, which was not an aspect in many papers but is essential for further practical application. Also important are the availability and the costs, which should have been investigated more.
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Oxidized nanodiamond/Ui0-66 hybrid nanocomposite (OND-UiO) MR Molavi et al. (2020)
Iron-benzenetricarboxylate (Fe(BTC) metal-organic framework oI Garcfa et al. (2014)
Metal-organic framework [MIL-53 (Fe)] MR (Yilmaz et al,, 2016),
Metal-organic framework loaded on iron oxide nanoparticles [Fe;O, MIL- MR Dadfarnia et al. (2015)

100(Fe)]
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